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Foreword

Dominique grew up partly in France and partly in several African countries. Having 
been trained in Physics and Mathematics, he obtained his Master’s degree in Phys-
ics at the University of Dakar, Senegal. Back in France, he joined the laboratory 
of Plant Biochemistry at the Centre National de la Recherche Scientifique (Na-
tional Center for Scientific Research; CNRS)/Marseilles University (Prof. Jacques 
Ricard) to prepare a thesis during which he studied the physicochemical and enzy-
matic properties of various hemeproteins from plants. He was recruited at CNRS 
as a Research Associate in the year 1970. It was then that he met with Claudette 
(Research Engineer at CNRS). Claudette was working in the same laboratory and 
wrote a thesis on the structure of these hemeproteins, notably through establish-
ment of their amino acid composition. After their wedding, they spent most of their 
scientific careers at CNRS, working together in different laboratories in Marseilles 
(years 1970–1992) and Lyon (since 1992).

Early works of Dominique focused on studying the oxidation mechanisms of 
auxin, specifically indole-3-acetic acid (IAA), by several isoperoxidases isolated 
from horseradish and turnip toots. Thanks to the purification to homogeneity, from 
hundred kilograms of turnip roots, of such enzymes, these studies relied on the use 
of rapid kinetic techniques (stopped-flow; T-Jump relaxation) and of spectroscopic 
approaches at very low temperature to considerably slow biochemical reactions and 
then be able to follow step-by-step, like in a movie, the reaction cycle of the en-
zymes during catalysis. A general mechanism was proposed to explain the mode 
of action of IAA as a regulator of plant growth. This work was the subject of his 
doctoral thesis in 1975. In particular, he clarified the possibility of oxidative degra-
dation of auxin by peroxidases, supporting their role as auxin oxidases. Until 1978, 
he was during a postdoctoral fellowship at the Department of Chemistry (Profes-
sor Brian Dunford), University of Alberta, Canada; at the University of Newcastle 
upon Tyne, Radiation and Biophysical Chemistry Laboratory (Dr. Peter Jones), 
UK; and then his return to Marseilles, involved in the study of the physicochemical 
properties of plant peroxidases, notably toward deciphering their reactivity toward 
hydrogen peroxide (H2O2) and diverse aromatic substrates. This work contributed 
to understanding the mechanism of action of these hemeproteins in peroxidation 
reactions. The oxidation rates of a series of aromatic substrates proved to follow 
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Hammett relationship, allowing proposing a general mechanism in which the sub-
strate gives an electron to the enzyme and simultaneously loses a proton. Further-
more, the second order rate constants measured for aromatic substrate oxidation 
approached the diffusion-controlled limit for bimolecular reactions. These results 
are regularly cited 30 years after their publication, to explain the features of electron 
transfer occurring at the heme iron in peroxidation reactions. Another highlight was 
the characterization by ESR spectroscopy at very low temperature of a new oxida-
tion state of peroxidases in their reaction with H2O2, that is a compound which they 
named Compound Y, and whose formation proved to precede that of Compound I, 
which was previously classically assumed to be the first intermediate in peroxida-
tion reactions.

In the year 1980, he decided to reorient his scientific activity and initiated, with 
Claudette, a study of the mechanisms of transcription in plants. In particular, they 
succeeded in purifying to homogeneity the three classes of nuclear DNA-depen-
dent RNA polymerases from wheat germ, although these enzymes are very low 
abundant, extremely fragile and possess complex structure, each being composed 
of more than a dozen subunits. Major findings of this research were the elucida-
tion of the mechanisms contributing to the processivity of transcription RNA chain 
elongation, the factors influencing the balance between abortive and productive 
initiation, the mechanism of action of α-amanitin (a specific inhibitor of class II 
DNA-dependent RNA polymerases) and the influence of the sequence and confor-
mation of the DNA template (e.g., right-handed DNA or B-DNA and left-handed 
DNA or Z-DNA) on the velocity and fidelity of transcription. Part of this work was 
done in collaboration with the Department of Molecular Biology of the Max-Planck 
Institut für Biophysikalische Chemie/Institute for Biophysical Chemistry (Dr. Tom 
Jovin), Gottingen, Germany.

In the year 1992, Dominique and Claudette wished to move to the UMR041 
CNRS/Rhône-Poulenc, a public-private joint laboratory (Prof. Roland Douce), 
Lyon, France, now the UMR5240 CNRS/Bayer CropScience. At the request of the 
Directorate of Research and Development of Rhône-Poulenc, they created a small 
research team on the biology of seed development, particularly on germination and 
initial seedling growth. The idea was to gain information on the seed system, in the 
context of the rapid development of commercial seed treatments to increase crop 
yields. Highlights of this research were the discovery of a new class of biotinylated 
proteins (SBP65, Seed Biotinylated Protein of 65 kDa), which belongs to the family 
of LEA (Late Embryogenesis Abundant) proteins and that is specifically expressed 
in seeds, as well as a mechanism of structural reorganization of the 11S globulin, a 
main storage protein present in seeds of dicotyledonous plants.

By that time, Dominique continued to be interested in enzymology and was in-
volved, with several colleagues of the CNRS/Rhône-Poulenc joint laboratory, in 
several studies dealing with the characterization of the enzymatic pathways that in 
plants are responsible for essential amino acids (sulfur amino acids, branch chain 
amino acids) and vitamin (biotin) metabolisms.

More recently, in 1999, realizing the invaluable potential afforded by the knowl-
edge of the first genome sequence of a plant, namely that of Arabidopsis, Dominique 
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and Claudette decided to broaden the scope of their research toward the global elu-
cidation of the germination process by a systematic study of the proteome and tran-
scriptome of this model plant. Their publication in 2001 in Plant Physiology on the 
Arabidopsis seed proteome was probably one of the leading publications in plant 
proteomics combining two-dimensional gel electrophoresis and mass spectrometry. 
The development of reference protein maps then allowed approaching several ques-
tions important in seed biology, as to the role of gibberellins in seed germination, 
the influence of abscisic acid on seed dormancy, and the role of protein oxidation 
(carbonylation) in plants and seeds during development. In addition, an important 
discovery dealt with the role during germination of messenger RNAs that have 
been stored in the dry mature seeds during their maturation on the mother plant. 
This work showed that germination was insensitive to α-amanitin and therefore 
can occur in the absence of de novo transcription1. This feature, being originally 
documented in Arabidopsis, has now been extended by other authors to other spe-
cies, including rice.

Dominique and Claudette were also always willing to translate their work from 
model to crop seeds. To this end, they developed programs in close collaboration 
with industry and the seed sector. The benefits of this research have included the 
development of biochemical markers for monitoring priming (an invigoration treat-
ment of low-vigor seedlots widely used in the seed industry) and patents have been 
filed.

In parallel to these research activities Dominique was successively deputy head 
and head of the joint laboratory CNRS/Rhône-Poulenc then CNRS/Bayer Crop-
Science. Since 2000, he was also heavily involved in collective tasks. Thus, he has 
been for several years the scientific coordinator of the Genoplante programs, the 
French program in plant genomics. Soon, he was willing to establish cooperation 
with other plant genomics programs. In 2000, he set up together with Jens Freitag 
the first joint GABI-Genoplante programs (GABI is the German plant genomics 
program funded by the BMBF). A few years later, with the enthusiastic help of Pab-
lo Vera, they set up trilateral programs in plant genomics, gathering together France, 
Germany, and Spain, with the idea of strengthening public-private partnership. In 
particular, these actions resulted in the creation of the ERA-NET PG (European 
Research Area in Plant Genomics; an instrument of the EU to promote joint re-
search in Europe), which brought together 16 European member states and Canada. 
However, the trilateral projects between France, Germany, and Spain continued to 
exist, giving rise to the Plant-KBBE program, in which now Portugal and Canada 
are partners. Altogether, these activities have enabled the selection and the funding 
of hundreds of plant genomics projects and helped strengthening this discipline in 
France and Europe, which is important in the context of the development of novel 
uses of plant products and the necessity to increase crop yields in a more sustainable 
agriculture. These initiatives also allowed creating a series of international confer-
ences on plant genomics, the Plant GEMs (Plant Genomics European Meetings), of 

1 Rajjou, L, Duval M, Gallardo K, Catusse J, Bally J, Job C, Job D (2012) Seed Germination and 
Vigor. Annu Rev Plant Biol 63:507–533.
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which Dominique organized in Lyon the third meeting (22–25 September 2004), 
which brought together 650 participants. None of these actions could have been 
developed without the constant support of Research Ministries and Funding Agen-
cies. Yet, they demonstrated the power of combining bottom-up and top-down ap-
proaches.

More recently, Randeep Rakwal, Ganesh Kumar Agrawal, and Dominique have 
been active toward the establishment of an International Plant Proteomics Organiza-
tion (INPPO)2 to which have now joined many colleagues around the world (http://
www.inppo.com/). The common goal is to establish the complete proteome of sev-
eral plants, models and crops, as in being done in HUPO for the human proteome 
(http://www.hupo.org/). It is anticipated that this will help toward establishing sus-
tainable agriculture in the context of an increasingly growing world population.

Dominique is a member of the Editorial Board of Molecular & Cellular Pro-
teomics, Seed Science Research, and Associate Editor of Frontiers in Plant Pro-
teomics. Together with Paul A. Haynes and Michel Zivy, he was the guest edi-
tor of a Special issue of PROTEOMICS dedicated to plant proteomics, which was 
published in May 2011. He is consulting professor at AgroParisTech and associate 
member of the French Academy of Agriculture.

Among the many successful collaborations that Dominique and Claudette have 
developed over the years, none have proved more successful and rich, both with 
respect to results and the work as a team, than those with their Ph.D. students and 
postdoctoral fellows: Jacques Dietrich, Laure de Mercoyrol, Yves Corda, Alain 
Kersulec, Manuel Duval, Bertrand Gakière, Karine Gallardo, Loïc Rajjou, Lucie 
Miché, Georgia Tanou, Julie Catusse, Rafika Yacoubi, and Julia Bally.

Still today, Dominique and Claudette continue their scientific journey toward 
‘nothing less than the excellence in their chosen fields of study’. Last but not the 
least, their contributions to seed biology research and development will be remem-
bered for many, many years to come.

2 Agrawal GK, Job D, Zivy M, Agrawal VP, Bradshaw R, Dunn MJ, Haynes PA, van Wijk KJ, 
Kikuchi S, Renaut J, Weckwerth W, Rakwal R (2011) Time to articulate a vision for the future of 
plant proteomics—a global perspective. An initiative for establishing the international plant pro-
teomics organization (INPPO). Proteomics 11:1559–1568.
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Preface

The beginning of the twenty-first century is certainly a great time for plant biology 
research. The beginning of the new millennium has placed an ever growing amount 
of sophisticated technologies at the disposal of the modern scientist to the benefit of 
all. The research performed with these technologies has the potential to provide the 
answers to important and complex biological questions and problems (especially 
those relating to crop plants and the human food supply) within reach.

Of those technologies, transcriptomics, proteomics, and metabolomics are in-
creasingly being utilized for the near complete understanding of plant biology in-
cluding seed development. These technologies are also loosely called the twenty-
first century omics technologies, which have revolutionized the way research was 
being performed in the past in the field of seed developmental biology. Since the 
year 2000 these technologies have been largely optimized for model and nonmodel 
plants. As far as seed development is concerned, these technologies have already 
generated huge amount of data and continue to do so with astonishing pace. Those 
data have been organized and integrated in an efficient and confident manner using 
systems biology approaches. Generated data are being exploited for seed and yield 
improvement by combing these technologies with breeding and other classical mo-
lecular approaches. Indeed, when one looks at the progress achieved to date in the 
field of seed development and its overall impact on biological research, it is clear 
just how essential these technologies are to our understanding of the physiology and 
biology of any organism. It would not be far from the truth to say that the “power of 
technologies” (and indeed the omic sciences as a whole) is one of the driving forces 
of the twenty-first century seed biology research. The principles of good science are 
as true in this age of omics still hold true today and the disciplined scientist must 
keep these principles in mind to avoid rushing blindly into the field (intentionally or 
unintentionally) without first obtaining a thorough understanding of its fundamental 
principles.

When one looks at the impressive progress of above mentioned technologies 
in seed development as well as its immense importance in biological sciences as 
a whole, it is clear that there was a need for a textbook of the subject to translate/
disseminate the knowledge acquired by leading experts in the field to the wider 
scientific community for some time. This was the impetus for the book you are 
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currently reading. Though we knew that such a project would be a formidable chal-
lenge, we also knew that it would bring us the opportunity to work closely with the 
leading experts of the field. What we did not fully appreciate when we started was 
how much of a truly unparalleled experience it would be to work with each and 
every one of the contributors of this book, whom we genuinely thank for being part 
of this ambitious endeavour.

This book is composed of seven sections including appendix in the following 
order: introduction to seed development and omics technologies/transcriptomics/
proteomics/metabolomics/towards systems biology/and discovery-driven seed and 
yield improvement. There are 26 chapters which between them provide excellent 
coverage of almost all the studies conducted to date on seed development toward 
improvement of seed quality and crop yield. Each chapter also provides basic 
knowledge tightly associated with that particular topic. Seed physiology and devel-
opmental patterns have been discussed for most of the crops that are being widely 
utilized as research material; one might think of redundancy but we believe that 
those detailed descriptions are necessary for observed/recorded subtle differences, 
if any, associated with different seed species and to avoid any confusion especially 
for students. More than 1,000 references serve as a great resource for the academic 
and nonacademic communities. We hope this book will be beneficial in scope and 
practical knowledge to you the readers, whose response will be the final judge on 
the validity of the work. Moreover, the editing and organization of book have been 
done in a way that the book and its contents can also be used as text book for all 
level of students. This book is also dedicated to Dominique Job and Claudette Job 
in recognition of their contribution to the field of seed research and development 
(Foreword).

We also wish to thank our colleagues and collaborators around the world with 
whom we have struggled to do “good science”, forming new partnerships and 
friendships in the process. Though during our long journey in science many per-
sons had an effect on us, but Masami Yonekura (Ibaraki University, Japan), Shigeru 
Tamogami (Akita Prefectural University, Japan), Akihiro Kubo (National Insti-
tute of Environmental Sciences, Japan), Nam-Soo Jwa (Sejong University, South 
Korea), Oksoo Han and Kyoungwon Cho (Chonnam National University, South 
Korea), Shoshi Kikuchi (National Institute of Agrobiological Sciences, Japan), Yu 
Sam Kim and Hyung Wook Nam (Yonsei University, South Korea), Kyu Young 
Kang and Sun Tae Kim (Gyeongsang National University and Pusan National Uni-
versity, South Korea), and Oliver A.H. Jones (University of Cambridge, UK) de-
serve both mention and appreciation. We would also like to acknowledge two young 
people, Abhijit Sarkar (Banaras Hindu University, India and Administrative Officer 
at International Plant Proteomics Organization—INPPO, www.inppo.com) and Raj 
Agrawal (Computer Programmer and Webpage Administrator at INPPO) for their 
constant support in our scientific achievements. We would especially like to thank 
Prof. Vishwanath Prasad Agrawal (RLABB, Kathmandu, Nepal) for his directions 
and guidance in our research (this is especially true for Ganesh who started his re-
search under Prof. Vishwanath’s watchful eyes).
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It is without doubt that the support of the Editorial Team (Scientific, Technical, 
Medical, and Scholarly Division) at Springer (The Netherlands), especially the Edi-
torial Director, Jacco Flipsen and the Publishing Assistant, Ineke Ravesloot, was 
instrumental in bringing this book out to light. We greatly appreciate their profes-
sional support and patience with our queries and correspondence.

Finally, to this long list of supporters, we must add our thanks for the personal 
sacrifices by our families, especially our wives [Mrs. Nitu Agrawal for Ganesh 
Kumar Agrawal; Mrs. Junko Shibato Rakwal for Randeep Rakwal] and children 
[Mr. Dakshit Agrawal (son) and Ms. Divya Agrawal (daughter) for Ganesh Kumar 
Agrawal; Mr. Aryan Shibato Rakwal (son) for Randeep Rakwal], who have allowed 
us to devote time meant for them into efforts for completing this project. Randeep’s 
wife Junko Shibato has also contributed greatly with the technical aspects of the 
book at both laboratory and home. Our parents [Mrs. Savitri Devi (mother) and Late 
Sri Gajanand Madwari (father) for Ganesh Kumar Agrawal; Mrs. Meera Rakwal 
(mother) and Brigadier (retd.) Om Parkash Rakwal (father) for Randeep Rakwal], 
who brought us into this world and taught and inspired us to contribute to the soci-
ety and do our job well and in the right way under any circumstances, also deserve 
special mention.

To you the reader we also extend our thanks and appreciation. We hope this work 
will be useful to you.

Ganesh Kumar Agrawal and Randeep Rakwal
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Abstract By and large, the most valuable crops and thoroughly investigated model 
angiosperm species belong to dicotyledonous and monocotyledonous plants. In 
both groups, development of the seed plays a fundamental role in the reproduction 
and in determining the economic value of different species. While investigation of 
seed development is far from being applied to every monocot and dicot species, the 
available information indicates that a large degree of variability in seed develop-
mental patterns exists within both monocots and dicots. At the same time, however, 
specific features characterizing the morphology, physiology, and biochemistry of 
the seed can be identified in these two large taxa. In this chapter, a comparative 
assessment of the salient features characterizing seed development in monocots and 
dicots is presented.

Keywords Dicot · Embryogenesis · Endosperm · Monocot · Seed development · 
Seed physiology

1.1  Introduction

Monocotyledonous (Liliopsida or monocots) and dicotyledonous plants (Magnolip-
sida or dicots) are two major taxonomic groups within the Angiosperms (flowering 
plants). They are found in most environments and comprise the vast majority of cul-
tivated plants. In general terms, the process of sexual reproduction in these plants 
results in the formation of seeds, which are mature, fertilized ovules (although seed 
development can also occur in the absence of fertilization as in the notable case 
of agamospermy—a type of apomixis; Linkies et al. 2010). In a simplified view, 
the seed contains three major structures: the newly formed individual sporophyte 
(i.e., the embryo); a nutrients compartment (i.e., the endosperm and/or one or two 
cotyledons) devoted to supporting embryo development and, sometimes, early post-
embryonic development of the sporophyte; and a protective structure (i.e., the seed 
coat). Species belonging to the monocots and dicots share with other angiosperms 

G. K. Agrawal, R. Rakwal (eds.), Seed Development: OMICS Technologies toward 
Improvement of Seed Quality and Crop Yield, 
DOI 10.1007/978-94-007-4749-4_1, © Springer Science+Business Media Dordrecht 2012
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two key features concerning their reproduction and the development of the seed: 
first, the ovule is contained within an ovary; and second, in a double fertilization 
process, fertilization of the egg within the ovule (generating the zygote, which de-
velops into the embryo) is accompanied by another fertilization event that generates 
a triploid tissue, termed endosperm, which nourishes the embryo and supports its 
development. The most obvious difference between the seeds of monocot and dicot 
species is the presence of one or two embryonic leaves (or cotyledons), respectively. 
Owing to the tremendous variation existing in terms of anatomical, morphological, 
developmental, and metabolic features within the extremely large groups of mono-
cot and dicot plants (Baskin and Baskin 2007; Bewley and Black 1994; Finch-Sav-
age and Leubner-Metzger 2006; Kigel and Galili 1995; Martin 1946; see also the 
website of the Leubner Lab, http://www.seedbiology.de, accessed on 02/17/2011, 
for an excellent online resource on seed biology, morphology, and classification), 
it may be arduous to identify aspects of seed biology that are truly specific to ei-
ther one of these two taxa. In addition, the most important crop species belong to 
legumes and grasses, whose seed developmental patterns may be considered, for 
certain aspects, more exceptions than representative examples of the dicots and 
monocots to which they respectively belong. Yet, the most intensely investigated 
plant model species, as well as the most widespread and valuable crops in the world 
today belong to only a few subgroups within the monocots and dicots. In this intro-
ductory chapter, specific examples drawn from the most important species will be 
described to illustrate salient aspects of seed development in monocots and dicots 
and the main differences between them (summarized in Table 1.1). The goal is to 
provide an overview on seed development for the novice and the reader unfamiliar 
with this subject while helping provide a conceptual framework for in-depth discus-
sion in the following chapters.

1.2  Seed Development: Key Events

The developed, mature seed is a compartmentalized structure that is essential for the 
sexual reproduction of Angiosperms and other Spermatophytes. It contains a fully 
formed embryo, as well as other filial structures, such as the cotyledon(s) and/or the 
endosperm, which are stocked with storage compounds and support the develop-
ment of the embryo and, in some species, of the seedling upon seed germination as 
well. Both the embryo and storage compartments develop and are contained within 
a protective structure of maternal origin, the seed coat. Seed development is a com-
plex and highly coordinated process that involves the integration of many genetic, 
physiological, metabolic, and signaling pathways, which also are affected by en-
dogenous and environmental signals and stimuli. The development of the seed can 
be viewed as a discontinuous, stepwise process where several different phases oc-
cur in succession to ensure the formation of a functional reproductive unit. Gener-
ally, angiosperm seed development starts with a double fertilization event, in which 
one of the two haploid pollen nuclei fertilizes the haploid egg cell while the other 
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fertilizes the diploid central cell within the female gametophyte inside the ovule. 
This syngamic process generates a diploid zygote and triploid primary endosperm 
nucleus, respectively. These filial entities proliferate to form most of the cells com-
prising the embryo and the endosperm within the maternally-derived seed coat. As 
filial seed structures at early stages of development are invariably photosynthetical-
ly inactive, they must derive the nutrients and energy required to sustain cell prolif-
eration and tissue growth from maternal resources both present within the ovule and 
other tissues. Thus, early seed development is also characterized by the absorption 
of storage maternal gametophytic structures, such as the nucellus [through a cell 
degradation process that involves programmed cell death (PCD)], while developing 
filial structures for the appropriation of nutrients from maternal cells, such as the 
suspensor and the endosperm (see below). While symplastic (plasmodesmata) con-
nections are present among cells within both the maternal and filial compartments, 
they are lacking between filial and maternal seed tissues, and thus alternative strat-
egies (i.e., apoplastic transport) must be developed to ensure the flux of nutrients 
from maternal tissues to filial structures. This initial developmental phase generally 
culminates with the differentiation of dedicated transfer cells in particular regions 
of filial tissues and/or the seed coat, to support intense metabolic fluxes from the 
mother plant toward the embryo and/or endosperm that characterize the next phase 
of seed development, the seed maturation phase. During the maturation phase, the 
differentiation of storage cells takes place, which become biosynthetically highly 
active, accumulate vast amounts of storage compounds, and expand in volume con-
siderably. This phase of seed development begins with a transition from maternally-
controlled to filially-controlled growth. In nonendospermic species (that is, species 
that do not retain a sizable endosperm at maturity), the endosperm becomes ab-
sorbed by the growing embryo. As filial structures grow inside the developing seed, 
the seed coat also grows and differentiates in a coordinated manner. Given the high 
degree of coordination between development of different tissues, compartments and 
between various pathways, extensive cross-talk between filial and maternal tissues 
plays a paramount role in seed development (Nowack et al. 2010). The later stages 
of the maturation phase generally involve physiological changes that allow the em-
bryo to tolerate desiccation, and often induce a quiescent state (i.e., dormancy) that 
prevents germination for a period of time.

1.3  Comparative Morphology of Seed Development

1.3.1  Embryogenesis

Embryogenesis is the process by which the plant embryo is formed and developed 
starting with egg cell fertilization. This involves zygotic cell proliferation, cell dif-
ferentiation and patterning, specification of the apical-basal axis with the formation 
of the shoot and root meristems, and the formation of one (as in monocots) or two 
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(as in dicots) cotyledons containing nutrients for the developing embryo (and, in 
some species, the germinating seedling). The later stages of embryo development 
generally involve the establishment of a dormant state that allows its prolonged 
survival until environmental conditions are suitable for the germination of the seed.

In both monocots and dicots, the early stages of embryo development (up to 
the eight- or 16-celled proembryo) are relatively well conserved. However, at later 
developmental stages and at maturity monocots embryos are markedly different 
from those of dicots (Lakshamanan 1972; Table 1.1, Figs. 1.1 and 1.2). Thus, after 
an initial phase of proembryonic development up to the globular stage, which has 
common characteristics in both monocots and dicots, with the appearance of the 
cotyledon(s) specific patterns and structures begin to differentiate the seeds in these 
two groups. Capsella bursa-pastoris provides a classic example of embryogenesis 
in dicots and, relatively to its early stages, in monocots as well (Natesh and Rau 
1984; Raghavan 1986, 1997; Schaffner 1906). Generally, the zygote undergoes a 
‘resting’ period before dividing, the duration of which varies widely with the spe-
cies. During such a period, the zygote becomes highly polarized in its cytoplasmic 
content, with its chalazal-end being rich in organelles and with a prominent nucleus 
(indicating high metabolic activity), and a vacuolated micropylar end.

In plants such as Capsella, the resting zygote also elongates along the micropyle-
chalaza direction (Natesh and Rau 1984). But in other species it can decrease in 
size considerably relative to that of the unfertilized egg cell (Natesh and Rau 1984). 
In the vast majority of cases, the first zygotic division occurs asymmetrically and 
transversally into a small and cytoplasmic-dense axial (also known as terminal or 
apical) cell projected towards the chalaza and a large, vacuolated basal cell an-
chored to the ovule integuments at the micropylar end of the embryo sac. This 
process involves extensive cytoskeletal rearrangements (Kropf 1994; Webb and 

Fig. 1.1  Major phases in the embryogenesis of a typical dicot, Capsella bursa-pastoris. Abbre-
viations: a, axial cell; b, basal cell; c, cotyledons; ep embryo proper; s, suspensor. See main text 
for details. Modified from Schaffner (1906). (Credits: The Ohio State University and the Ohio 
Academy of Science)
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Gunning 1991). The polarization of the zygote together with the initial asymmetri-
cal division is the first sporophytic event that leads to the establishment of the api-
cal-basal bipolarity and the patterning typical of the embryo. Several different types 
of cell division patterns during early embryo development have been described in 
angiosperms (Natesh and Rau 1984; Raghavan and Sharma 1995). In the majority 
of cases, however, the axial cell divides longitudinally (as in Capsella bursa-pasto-
ris or in Arabidopsis among dicots and in the Poaceae among monocots) or trans-
versally (such as in Nicotiana). In many plants, the cells constituting the proembryo 
are generated to a large extent or even entirely by the proliferation of the axial cell. 

Fig. 1.2  Major stages of embryo ( top row) and caryopsis ( bottom row) development in maize. 
Abbreviations: a, axial cell; b, basal cell; an, antipodals; c coleoptile; em embryo; en endosperm; 
l1 and l2, primordia of first and second seedling leaves; h hour; nu nucellus; oi outer integument; 
pen, primary endosperm nucleus; p pericarp; pr plumule-radicle axis; pt pollen tube remnants; 
sc scutellum; su suspensor; sy synergids; z zygote; DAP days after pollination. See main text for 
details. [Modified from Randolph (1936) with permission from the publisher]
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Proliferation of the basal cell primarily generates the suspensor. However, in other 
species including members of the Asteraceae (such as Lactuca sativa), Rosaceae 
and others among dicots, and in the Liliaceae and Poaceae among monocots, both 
the axial and basal cells contribute more evenly to generating embryo structures 
(Natesh and Rau 1984). The functional determination of otherwise seemingly ho-
mogeneous proembryonic cells occurs early in development as shown in Capsella 
bursa-pastoris in which the upper cell tier of the eight-cell proembryo will generate 
the cotyledons and the upper part of the stem, whereas the lower tier will generate 
the hypocotyl (Fig. 1.1). The octant cells of Capsella divide periclinally, which 
results in the globular embryo. This stage is phased into, through a lateral enlarge-
ment of the distal pole, the heart embryo, which is characterized by the emergence 
of two cotyledon primordia.

The following stage of embryo development, the torpedo embryo, is brought 
about by cell proliferation and differentiation of the basal cell tier. As the embryo 
continues to grow, it bends over due to physical constraints within the ovule, thereby 
assuming the typical walking-stick and, later at maturity, horse-shoe shapes. Mean-
while, repeated transversal divisions of the basal cell generate the suspensor and 
the hypophysis—the uppermost suspensor cell that becomes gradually incorporated 
into the embryo proper. The suspensor is typically characterized by a filamentous 
shape and, in species such as Capsella bursa-pastoris and Arabidopsis thaliana, 
terminates at the micropylar end with an enlarged, basal cell. The suspensor differ-
entiates and develops relatively more quickly than the embryo, reaching full size by 
the globular or heart stage. Subsequently, suspensor cells degenerate through a PCD 
mechanism and mature seeds in most species are devoid of suspensor. The hypoph-
ysis is the only persistent cell of suspensor origin, and has important morphogenetic 
roles as it generates the cortex, cap and epidermis of the root. Although ephemeral 
in its nature, the suspensor plays several important roles in the development of the 
embryo: It physically supports the embryo proper and connects it to maternal tissue; 
it absorbs nutrients from the endosperm and maternal tissues and transfers them to 
the embryo proper; and it is a highly active biosynthetic structure in its own right. 
Several structural features make suspensor cells well apt for these tasks: they have 
cell wall (CW) projections and sometimes haustorias; they are rich in plasmodes-
mata and different types of organelles and have an extensive endoplasmic reticulum 
(ER); and, contrary to the cells of the embryo proper, they lack a waxy cuticle layer, 
which facilitates absorption of nutrients from surrounding seed tissues (Kawashima 
and Goldberg 2010; Sharma 2009).

Embryogenesis in monocots has been investigated in less detail than in dicots, 
and studies have largely focused on the Poaceae, whose embryos display specific 
features (Fig. 1.2). Generally in monocots, as shown in Sagittaria sagittaefolia, mor-
phogenetic specification occurs soon after the first zygotic division: the cotyledon 
and the shoot apex originate from the axial cell, while the basal cell generates the 
hypocotyl-shoot axis and the suspensor (Sharma 2009). A major difference between 
embryogenesis in monocots and dicots concerns the origin of the cotyledon(s) from 
the terminal quadrant cells of the eight-celled proembryo. Whereas, in dicots, the 
cotyledons typically arise from two opposite cells, in monocots the origin of the 
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single cotyledon is more variable and may involve contributions from all four cells 
of the quadrant (Lakshamanan 1972). Due to its slow growth rate, the shoot apex 
is displaced laterally from the axis by the rapidly growing cotyledon. In addition, 
the embryo of nongrass monocots has neither the coleoptile nor the coleorhiza. 
The distinct developmental morphologies of the embryos of maize among Poaceae 
monocots and that of the model dicot Arabidopsis reflect fundamental differenc-
es in the orientation of the embryo axis (which is oblique in maize), the presence 
of one (maize) or two ( Arabidopsis) planes of bilateral symmetry, and the lack in 
maize of central-peripheral axis. The action of gene networks and auxin involved 
in the specification of the embryo axis, cell fate, and planes of symmetry has been 
reviewed elsewhere (Chandler et al. 2008).

Early embryo development (including the proembryo stage) in the Poaceae is 
similar to that in dicots and other monocots. Afterwards, however, it follows rather 
atypical patterns, even among monocot plants. In some species, such as maize, cell 
division patterns become unpredictable early in the proembryo (Randolph 1936). 
As already mentioned, the embryo develops less rapidly than the single cotyledon, 
which is termed scutellum, and as a result it becomes displaced laterally off the em-
bryo axis. The scutellum attaches to the axis at the scutellar node, which defines the 
separation between an upper axis region, the epicotyl, which comprises the shoot 
apex and leaf primordia (plumule), and a lower region that comprises the radicle. In 
some species, such as wheat, there is a small flag-like structure opposite the scutel-
lum, called epiblast. Differently from other monocots, the origin of the radicle in 
the grasses is endogenous, from a central domain of the embryo (Natesh and Rau 
1984; Raghavan 1986). Both the epicotyl and the radicle are protected by sheath-
like structures, termed coleoptile and coleorhiza, respectively. During germination, 
the plumule and the radicle break through the coleoptile and coleorhiza.

1.3.2  Endosperm Development

The endosperm originates from the second fertilization event, which involves the 
fusion of one sperm nucleus with two polar nuclei within the central cell of the 
female gametophyte. As a result, the primary endosperm nucleus and cell, as well 
as its derivatives, are triploid, containing two complements of the maternal genome 
and one complement of the paternal genome. The endosperm has long been known 
to provide nutrients to the developing embryo and thus supporting its development. 
In some species it also supports seedling development during and after germination. 
However, more recent research has highlighted a key role for the endosperm in inte-
grating different signals and cross-talk among the major seed compartments, as well 
as representing a conduit for epigenetic mechanisms controlling seed development 
(Berger et al. 2006; Raghavan 1986).

Three major patterns of endosperm development have been identified and termed 
nuclear, cellular, and helobial (Lopes and Larkins 1993). Both the nuclear and cel-
lular type of endosperm development occurs among monocots and dicots, whereas 
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the helobial type is found only in monocots. The nuclear type of endosperm devel-
opment is the most frequently encountered among angiosperms, and the best char-
acterized. It consists of an early proliferative phase in which the mitotic cell cycle 
is uncoupled from cell division, resulting in a single cell containing many nuclei 
(i.e., a syncytium). Usually, but not in all cases, further development of the nuclear 
type endosperm occurs through a resumption of the cell division program. In the 
cellular type, the syncytial phase does not take place and cell proliferation occurs 
through a standard mitotic cell cycle coupled to cytokinesis. Helobial endosperm 
development is a combination of the nuclear and cell type in which, beginning with 
an unequal division of the primary endosperm cell, each of the two progeny cells 
develops following a distinct program by either conventional cell division or acyto-
kinetic mitosis (Vijayaraghavan and Prabhakar 1984).

Generally speaking, development of the nuclear endosperm type follows rath-
er conserved steps in endospermic species, which comprise plants in which the 
endosperm is retained at seed maturity. These steps include early formation of a 
syncytium, cell proliferation, cell expansion coupled to accumulation of storage 
compounds, and maturation, which involves dehydration and dormancy. In so-
called nonendospermic species instead, the endosperm is absorbed by the rapidly 
developing embryo and is virtually missing at maturity. Interestingly, the pattern 
of takeover of the endosperm by the growing embryo is developmentally fixed in 
each nonendospermic species, but varies considerably between species. Thus, the 
embryo can absorb the endosperm before, during, or after endosperm cellulariza-
tion, as shown in pea, bean, or sunflower, respectively (DeMason 1997). That is, 
the process of cellularization of the endosperm does not appear to impinge on its 
absorption by the growing embryo in a universal way. Regardless of these dis-
tinctions, however, the early phases of nuclear endosperm development, up to its 
cellularization, are very similar in monocot and dicot species (Olsen 2004; Sabelli 
and Larkins 2009a). After fertilization, the primary endosperm nucleus generates a 
syncytium by acytokinetic mitosis. Up to several thousand nuclei can thus populate 
the primary endosperm cell. These nuclei are initially distributed in a thin layer of 
cytoplasm at the periphery of the cell because of the expanding central vacuole 
(Olsen 2004). Cellularization of the syncytium ensues through a reorganization of 
the microtubular cytoskeleton that results in the formation of open-ended alveoli 
around each nucleus (Brown et al. 1994). Deposition of periclinal CWs completes 
the formation of the first layer of endosperm cells. Reiteration of alveolation cou-
pled to periclinal CW formation allows the inward formation of additional cell 
layers until virtually the entire central cavity is filled with cells. In cereals, alveola-
tion occurs through a synchronous mitotic process, whereas in Arabidopsis it takes 
place in a sequence of nuclear domains spatially arranged along the micropylar-
chalazal poles in a wave-like fashion (Olsen 2004). However, it is not clear whether 
this distinction can be generalized to all monocots and dicots. Cellularization is 
generally completed by the torpedo stage in Arabidopsis, and by 3–6 days after 
pollination (DAP) in cereals.

The next phase of endosperm development involves cell proliferation through 
mitotic division coupled to cytokinesis, which generates the vast majority of the 
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cells that make up the fully developed endosperm. In the Poaceae family among 
the monocots, a phase of reiterated genome duplication in the absence of mitosis 
or cytokinesis, termed endoreduplication or endocycle, follows the cell division 
phase. This endoreduplication phase results in polyploid cells and is associated with 
increases in nuclear, cell, endosperm and caryopsis sizes, and the accumulation of 
storage metabolites (Kowles 2009; Sabelli 2012; Sabelli and Larkins 2008, 2009a, 
b). It is not clear what the function of endoreduplication in the cereal endosperm 
might be, and this remains a controversial subject. Several different functions have 
been proposed, including a role in supporting increased gene expression, the ac-
cumulation of storage metabolites in DNA molecules, and increased rate of tissue 
growth without cell proliferation among others. But, the evidence in their support 
is still inconclusive. Following endoreduplication, most endosperm cells in cereals 
undergo PCD (Nguyen et al. 2007; Sabelli 2012; Young and Gallie 2000), while 
aleurone cells remain alive.

The diversification of strategies between cereal monocots and nonendospermic 
dicots, particularly with regard to the development of primary storage tissue (endo-
sperm in the former and cotyledons in the latter) and the transition into the phase 
of accumulation of storage compounds involves a complex array of differences in 
genetic, metabolic, signaling and gene expression programs, which genomic ap-
proaches are beginning to dissect (Agarwal et al. 2011; Gallardo et al. 2007; Melkus 
et al. 2009).

1.3.3  Seed Coat Development

In most species, including many dicots and monocots, the seed coat (also known as 
testa) generally originates from the ovule integuments, two structures surrounding 
the nucellus (Beeckman et al. 2000; Schneitz et al. 1995), though single-integument 
ovules can be found in members of certain families. The seed coat provides a me-
chanical shield protecting the embryo and the endosperm from the environment, but 
also plays additional important roles in regulating phloem unloading of assimilates 
in developing seeds (Thorne 1985), fluids and gases exchanges with the environ-
ment, and in controlling seed dormancy and germination (Bewley and Black 1994; 
Debeaujon et al. 2007; Moïse et al. 2005). In Arabidopsis and Fabaceae species, 
development of the testa is coordinated with both embryogenesis and endosperm 
development. Generally, seed coat development and maturation precede that of fil-
ial tissues. Abscisic acid (ABA) plays an important role in seed coat development in 
these species. The five cell layers that define the ovule integuments in Arabidopsis 
for the most part undergo distinct developmental programs following fertilization, 
which involve the accumulation of different sets of metabolites. Several cell layers 
become crushed together at maturity.

In legumes, the seed coat plays an important role in supplying filial tissues with 
nutrients from the mother plant. The CW invertase, localized to seed coat regions, 
is crucial to establishing and sustaining a sucrose gradient that facilitates carbon 
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uptake, as hexoses, by the endosperm and embryo (see below). In certain species, 
seed coat maturation and integrity is also important for seed coat-dependent dor-
mancy and for germination.

In the caryopsis of the Poaceae, the fruit coat (termed pericarp) and the testa are 
fused. In barley, after an initial phase of cell division during the first two days after 
flowering (DAF), pericarp differentiation involves cell elongation along the longi-
tudinal axis between 3 and 10 DAF coupled to PCD, and it coincides with the cel-
lularization of the endosperm (Radchuk et al. 2011). A similar process occurs in the 
placenta-chalazal domain of the maternal tissue of the maize caryopsis, which also 
depends on fertilization, further illustrating a dependence of maternal tissue differ-
entiation and growth on development of the filial tissue (Kladnik et al. 2004). PCD 
in the pericarp may contribute to redistribution of nutrients, relaxation of physical 
constraints of the maternal tissue to allow inner growth of the filial tissue, and the 
re-activation, together with PCD in the nucellus and the nucellar projections, of 
post-phloem transport functions to allow passage of solutes (Kladnik et al. 2004; 
Radchuk et al. 2011). Crosstalk among embryo, endosperm, and seed coat appears 
to be complex, but gene networks that coordinate development of these three seed 
compartments are being elucidated (Debeaujon et al. 2007; Haughn and Chaudhury 
2005; Ingram 2010; Moïse et al. 2005; Ohto et al. 2009).

1.4  Comparative Physiology: Phytohormones, Signaling, 
and Metabolism

Major phytohormones, such as auxins [primarily indole-3-acetic acid (IAA)], cyto-
kinins (CKs), ABA, gibberellins (GAs), and ethylene play important roles in regu-
lating many aspects of seed development. These include growth and development 
of seed tissues, the arrest of growth preceding seed maturation, the biosynthesis 
and accumulation of storage compounds, desiccation tolerance and dormancy, and 
the utilization of storage reserves to support germination. In general terms, higher 
levels of CKs are associated with cell proliferation in the embryo and/or endosperm, 
auxins are associated with cell differentiation and expansion, ABA has long been 
established in regulating maturation, desiccation tolerance and dormancy, but it also 
has a role in arresting seed growth and stimulating storage metabolite biosynthesis 
(Gutierrez et al. 2007; Nambara and Marion-Poll 2003). ABA is counteracted by 
ethylene, whereas GAs are generally associated with germination of the seed. These 
features are common to members of both monocots and dicots, but significant varia-
tion among species in both groups has made it difficult to provide a unifying picture 
(Bewley and Black 1994). This problem has been compounded by the existence of 
substantial cross-talk and feedback between, for example, osmotic state of the cells, 
various environmental stresses, nutrients (such as sucrose), and phytohormones. 
However, as discussed in the previous sections, seed developmental patterns differ 
between these two taxa. It is, therefore, predictable that they are the outcome of dis-
tinct regulatory networks that involve specific interactions among genes, hormones, 
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and metabolites. While comparative studies between dicot and monocot species are 
far from being comprehensive, several different features have been highlighted that 
distinguish the physiology of seed development in monocots and dicots.

During the development of cereal seeds, both auxins and CKs display transient 
increases. The major CKs, zeatin and zeatin riboside (ZR), increase early during 
seed development at a stage corresponding to the peak in mitotic activity of the 
endosperm (for example, between 3 and 8 DAP in maize; Morris 1997). The major-
ity of CKs are synthesized in the cereal grain. The decrease in CKs levels observed 
at later stages of seed development is primarily due to cytokinin oxidase activity. 
The peak in IAA usually follows that of CKs and correlates with the expansion/
endoreduplication phase of endosperm development (Lur and Setter 1993a, b). In 
addition, GA and ABA are also involved in cell differentiation and grain filling 
(Nguyen et al. 2007; Yang et al. 2006). ABA also appears to inhibit the cell cycle 
while inducing seed maturation, possibly by upregulating inhibitors of cyclin de-
pendent kinases, the master cell cycle regulators (Barrôco et al. 2006; Coelho et al. 
2005; Sreenivasulu et al. 2010). However, there appears to be a division of labor for 
ABA between the endosperm, where it influences the synthesis and accumulation of 
storage compounds, and the embryo, where it is involved in conferring desiccation 
tolerance (Sreenivasulu et al. 2006).

Phytohormones appear to be also involved in PCD, which is prevalent during 
development of the pericarp and the endosperm in cereal monocots. Both anatomi-
cal and transcriptome analyses associated with PCD in barley indicate that there are 
marked differences between maternal (i.e., nucellus, nucellar projections, and peri-
carp) and filial (i.e., endosperm) tissues. These primarily correlative studies suggest 
that distinct sets of genes/enzymes and hormones play different roles in regulating 
PCD in maternal and filial compartments of the seed. For example, maternal PCD 
involves a thorough disruption of the cell culminating with the degradation of the 
CW and the remobilization of the cellular content. This process seems to require 
various CW degrading enzymes and also hydrolases, such as α-amylase. Jasmonic 
acid (JA) and ethylene also appear to be involved. On the contrary, during PCD 
in the filial endosperm, CW degradation and cell disruption are not prominent, α-
amylase activity appears suppressed, and while ABA and ethylene are required, JA 
biosynthesis is inhibited (Nguyen et al. 2007; Sreenivasulu et al. 2006, 2010; Young 
and Gallie 2000).

In legumes, the developing seed coat functions early as a transient storage or-
gan, accumulating starch and proteins that later are redistributed to the growing 
embryo. There is evidence suggesting that ABA, ADP-glucose pyrophosphorylase 
(AGPase) and other enzymes related to sink strength play important roles in seed 
coat development (Weber et al. 2005). The CW-bound invertase activity, localized 
in the sucrose-unloading area of the seed coat in Vicia faba or in the basal trans-
fer cell layer of the maize endosperm, is responsible for converting sucrose into 
hexose sugars that can be utilized for cell division by the growing embryo and/or 
endosperm. A critical role for invertase has been proposed in regulating the supply 
of hexose sugars to fuel cell division in the developing embryo, thereby sustain-
ing sink strength early in seed development (Weber et al. 1997). However, as the 
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seed transitions into the maturation phase and filial control, sucrose increases at the 
expense of hexoses, possibly as a result of the inhibition of CW invertase by ABA-
induced inhibitors (Weber et al. 2005).

Complex metabolic changes occur during seed development. Convincing evi-
dence implicates glucose and sucrose, ABA, and sucrose nonfermenting-1-related 
protein kinase (SnRK1 kinase) as key players in a signaling network that coordinates 
the utilization of difference sources of carbon, nutrients allocation and processing, 
the balance between anabolic versus catabolic processes, the regulation of energy 
states, and metabolic homeostasis in developing seeds (Melkus et al. 2009; Rad-
chuk et al. 2010; Weber et al. 2005). As already mentioned, in addition to its well-
known function as nutrient sugar, sucrose also plays an important signaling role in 
stimulating the accumulation of storage compounds and grain filling (Koch 2004; 
Weber et al. 2005). During the transition from maternal to filial control, increased 
concentrations of sucrose stimulate expression of key sugar metabolism genes, such 
as sucrose synthase (SUS) and AGPase, as well as developmental events associated 
with grain filling such as reprogramming gene expression, the cell proliferation/
cell expansion switch and endoreduplication (Koch 1996; Sreenivasulu et al. 2010; 
Weber et al. 2005). Because the cleavage of sucrose into fructose and UDP-glucose 
is a reaction that can be inhibited, and reversed, by high concentrations of hexose, 
sustained sink strength is facilitated by the prompt utilization of hexose products 
for starch biosynthesis.

1.5  Comparative Biochemistry

1.5.1  Storage Compounds

The seeds of both dicots and monocots take up sucrose and nitrogen (primarily in 
the form of amino acids) from the mother plant and utilize them to synthesize dif-
ferent storage compounds such as starch, protein, lipids, and CW storage carbohy-
drates like cellulose (Table 1.2), and other minor components.

In general, the main seed storage tissues in both groups of plants are of filial ori-
gin but can be further distinguished between embryonic (such as in dicots) and en-
dospermic (such as in the Poaceae among the monocots; Ruan and Chourey 2006). 
Nutrients generally move symplastically through the plasmodesmata from phloem 
unloading sites in maternal tissues as well as within filial (storage) tissues. How-
ever, an important aspect of nutrients uptake in the seed is the fact that filial and 
maternal tissues are not symplastically connected, as plasmodesmata are absent on 
the cells at the maternal/filial tissue interface. Thus, movement of nutrients from 
maternal to filial cells generally requires transport via the noncellular space, the 
apoplast, through tightly regulated nutrients membrane efflux from maternal cells 
to the apoplast and membrane influx from the apoplast to filial cells. In addition, 
in some species (such as wheat and rice), specific cell layers become lignified dur-
ing the seed-filling stage thereby spatially limiting apoplastic transport to localized 
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regions. The sites, where apoplastic transport takes place, are commonly equipped 
with membrane transporter proteins and enzymes dedicated to sucrose breakdown 
and its re-synthesis or the transport and synthesis of other storage compound pre-
cursors. In many cases, special cell types known as transfer cells differentiate at 
the maternal/filial tissue boundaries to facilitate transport of nutrients (Offler et al. 
2003; Patrick and Offler 2001). From an ultrastructural point of view, these cells are 
characterized by increased cell surface due to extensive secondary CW ingrowths. 
Depending on the species, transfer cells can be localized in filial or maternal tissues, 
or in both (Davis et al. 1990; Offler et al. 2003).

1.5.2  Carbohydrates

During the cell-division phase of filial tissue development, the prominent source of 
carbon for both monocot and dicot seeds are hexoses. Hexoses are derived from the 
degradation of phloem-unloaded sucrose by CW-bound invertase (sucrose + H2O → 

CROPS Composition (Percentage 
dry weight)
Carbo-
hydrate

Protein Lipid

Cereals (Monocots)
Wheat ( Triticum aestivum) 82 14  2
Barley ( Hordeum vulgare) 80  9  1
Corn ( Zea mays) 84 10  5
Rice ( Oryza sativa) 88  8  2
Oat ( Avena sativa) 67 28  1
Sorghum ( Sorghum vulgare) 82 12  4
Rye ( Secale cereale) 82 14  2
Pulses (Dicots)
Lentil ( Lens culinaris) 65 27  1
Pea ( Pisum sativum) 68 27  2
Chickpea ( Cicer arietinum) 65 23  5
Common bean ( Phaseolus vulgaris) 70 24  2
Mung bean ( Vigna radiata) 69 26  1
Pigeon pea ( Cajanus cajan) 65 21  1
Soybean ( Glycine max) 32 38 20
Cowpea ( Vigna unguiculata) 60 24  1
Lupin ( Lupinus albus) 37 38 20
Oilseeds (Dicots)
Rapeseed ( Brassica napus) 25 23 48
Sunflower ( Helianthus annuus) 48 20 29
Flax ( Linum usitatissum) 32 26 38
Peanut ( Arachis hypogea) 25 27 45
Sesame ( Sesamum indicum) 19 20 54
Hemp ( Cannabis sativa) 27 29 41
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Table 1.2  Chemical 
composition of seeds of 
some important grain crops. 
[Modified from Chibbar et al. 
(2004) with permission from 
Elsevier]
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glucose + fructose). In addition to being a source of carbon, hexoses may play an 
important role in signaling filial tissues to sustain their engagement in cell division 
(Cheng and Chourey 1999; Weber et al. 1997). In cereals, hexoses, once taken up 
by the filial tissues, are generally reconverted into sucrose by SUS phosphate (UDP-
glucose + Fructose-6-P ↔ sucrose-6’-P + UDP). In both dicot and monocot seeds, 
the switch to the cell-expansion/storage phase is accompanied by increased levels 
of sucrose, which is utilized to synthesize starch, storage proteins (SPs), and lipids 
(Ruan and Chourey 2006; Weber et al. 1997, 2005). Coincident with this, inver-
tase activity drops. Starch biosynthesis in cereals involves several enzymatic steps, 
the most important being catalyzed by SUS (sucrose + UDP ↔ fructose + UDP-
glucose), AGPase (glucose-1P+ ATP ↔ ADP-glucose + PPi), starch synthase, and 
starch branching and de-branching enzymes (Hannah 2007; James et al. 2003). Al-
though there are exceptions, in general legume seeds accumulate more disaccharides 
and oligosaccharides (i.e., raffinose, stachyose, verbascose, and α-galactosides) than 
cereal grains, in which starch represents up to about 75 % of the dry weight (DW; 
Chibbar et al. 2004; Table 1.2). In addition, there is evidence to suggest that the SUS 
pathway in legumes plays an important role in coordinating amino acid and lipids 
biosynthesis with that of storage carbohydrates (Ruan and Chourey 2006).

1.5.3  Storage Proteins

Monocots and dicots synthesize and accumulate large amounts of SPs during the 
maturation phase of seed development (Coleman and Larkins 1999: Shewry et al. 
1995). In developmental terms, as already mentioned, seed maturation requires 
halting the cell-proliferation phase, and appears to be brought about by a signaling 
network that involves sugars and ABA. Monocots seeds accumulate SPs primarily 
in the endosperm, whereas in the case of dicots SPs accumulate mostly in the coty-
ledons (Table 1.1). Seed SPs have best been characterized in the Poaceae among 
monocots and in legumes among dicots. Based on their solubility properties, seed 
SPs have been historically classified as albumins (soluble in water), globulins (sol-
uble in dilute salt solutions), prolamins (soluble in alcohol), and glutelins (soluble 
in diluted acids or bases; Osborne 1924). The SPs represent 10–45 % of the seed 
DW in dicots and comprise mostly globulins and albumins. They have also been 
classified with respect to their molecular masses expressed as sedimentation coef-
ficients (S) determined by sedimentation equilibrium ultracentrifugation (Shewry 
2004a). Thus, dicot seeds primarily contain 7S and 11S globulins and 2S albumin, 
which often have also been termed according to the taxonomic group/species of ori-
gin. Globulins are typically polymeric proteins composed of nonidentical subunits: 
7S globulins are trimeric and with a molecular weight (MW) of ~ 150–200 kDa, 
whereas 11S globulins are hexameric with a MW of ~ 300–400 kDa. The 2S albu-
mins generally comprise two subunits of 8–10 kDa and 4–5 kDa, linked by disulfide 
bonds. Both polypeptides derive from proteolytic digestion of a single precursor. 
The relative proportions of 7S and 11S globulins and 2S albumins can vary widely 
among different species and even within a species. The nutritional quality of the 
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seed is influenced considerably by the relative proportions of the different classes of 
SPs as they have distinct amino acid compositions. The SPs of dicot seeds are poor 
in the essential amino acids cysteine and methionine. In addition, members of these 
protein classes are known allergens in several species.

The seed SPs in monocots have best been characterized in cereal grains, where 
they represent about 10–12 % of the seed DW. In most Poaceae, SPs are primar-
ily made of prolamins, though globulins are prevalent in some species, such as 
oats and rice (Coleman and Larkins 1999; Shewry and Halford 2002; Shewry et al. 
1995). Prolamins include monomeric and polymeric forms, the latter stabilized by 
interchain disulfide bonds. Like in the case of legumes, SPs in the Poaceae are often 
named according to the species of origin. Prolamins are generally rich in proline 
and glutamine, and poor in the essential amino acids lysine and tryptophan. Their 
unusual amino acid composition is due to the presence of repeated motifs rich in 
proline and glutamine. The prolamin fraction is usually made of many proteins, and 
its composition and the features of individual components influence profoundly 
not only the nutritional value of the seed, but also its technological properties (e.g., 
bread- and pasta-making in the case of wheat).

Mature seed SPs are normally found in dense organelle known as protein bodies. 
While this feature is common to monocots and dicots, different pathways determine 
their intracellular trafficking and targeting (Herman and Larkins 1999; Shewry 2004b; 
Vitale and Denecke 1999). SPs are synthesized on the rough ER and cotranslationally 
targeted to the ER lumen by a signal peptide located at their N-terminus. Inside the 
ER lumen, they undergo a number of modifications including cleavage of the signal 
peptide, chaperone-assisted folding, the formation of intrachain and chain-to-chain 
disulfide bonds, and polymerization through noncovalent bonds. 

The 2S albumins as well as 7S and 11S globulin are targeted through the ER and 
the Golgi apparatus to specialized storage vacuoles, often undergoing further process-
ing, and form intravacuolar dense bodies. Protein bodies may eventually result from 
division of the vacuoles.

The prolamins of cereals, instead, undergo relatively little processing in the en-
domembrane system, although they may form large polymers through disulfide 
bonds. Depending on the species, protein body formation in the Poaceae occurs 
through distinct pathways, which may include the direct budding off of ER vesicles 
containing protein accretions, and the ER/Golgi apparatus/vacuole pathway, or a 
combination of both.

1.5.4  Other Compounds

Although carbohydrates and SPs are the two major classes of storage compounds 
containing carbon and nitrogen, seeds also accumulate other important types of 
elements and molecules, such as lipids, phosphate, minerals, and protease inhibi-
tors. Space limitations prevent their discussion here, but they have been compre-
hensively reviewed in several publications (Bewley and Black 1994; Browse 1997; 
Raboy 1997; Wilson and Larkins 1984; Weselake 2005).
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1.6  Dormancy and Desiccation Tolerance

The term dormancy refers to a state of embryonic quiescence that is established dur-
ing seed maturation during/after the accumulation of storage compounds that effec-
tively prevents germination (even under favorable conditions; Baskin and Baskin 
2004; Finch-Savage and Leubner-Metzger 2006). Dormancy can be determined by 
conditions internal to the embryo (endogenous dormancy) or it can depend on the 
tissues that surround it (exogenous dormancy), or a combination of both. Dormancy 
and the release from it are complex processes that may take various different forms 
resulting from a vast array of interactions between genetic and environmental fac-
tors (Finch-Savage and Leubner-Metzger 2006). To further complicate matters, the 
behavior of developing seeds with regard to their ability to stay dormant or undergo 
germination covers a wide-ranging spectrum, from fully-dormant to nondormant 
seeds, sometimes even within one species. It is well established that ABA functions 
as a critical physiological inducer and maintenance factor of dormancy, whereas 
GAs, brassinosteroids, ethylene, reactive oxygen species (ROS), and nitrogen-
containing compounds, such as nitrate and nitric oxide (NO) play important roles in 
the release from it and promoting seed germination (Finkelstein et al. 2008). In par-
ticular, a delicate balance between biosynthesis and degradation of ABA and GAs 
appears to be critical for tipping the ABA/GAs concentration level ratio towards 
either dormancy or release from it. Equally important in determining the dormant 
state of a seed is its sensitivity to the levels of ABA and GAs, and this characteristic 
changes dynamically during seed maturation. In addition to physiological factors, 
and often in combination with them, physical factors (such as a water-impermeable 
seed coat) can also contribute significantly to dormancy (Debeaujon et al. 2007; 
Finch-Savage and Leubner-Metzger 2006).

During the late-maturation stages, seeds undergo dehydration, sometimes rap-
idly, but remain viable. This seed property is termed desiccation tolerance (Berjak 
2006). ABA is known to induce a desiccation-tolerant state through a mechanism 
that in part appears to impinge on the ability of the seed to counteract oxidative 
stress and ROS. Also, during desiccation tolerance, ABA induces the accumula-
tion of a class of proteins, known as late embryogenesis abundant (LEA) proteins, 
which, in combination with the accumulation of certain sugars, determines the so-
called “glassy state” (Finkelstein et al. 2008). LEA proteins appear to be ubiquitous 
in both monocots and dicots (Shih et al. 2008).

1.7  Concluding Remarks

Monocot and dicot seeds develop through a series of broad processes that are 
essentially common to both taxa. These include a morphogenetic phase character-
ized by intense cell proliferation, a transition to an accumulation phase of storage 
metabolites that involves a switch from maternal to filial control, and a matura-
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tion phase, during which the accumulation of storage reserves is completed, a 
quiescent state of the embryo is frequently established, and the seed undergoes 
dehydration. However, the details of seed development vary considerably among 
different species even within a taxonomic group. Yet, several features distinguish 
the development of the seed in monocots and dicots, the most obvious one being 
the presence of one or two cotyledons, respectively. This implies the establish-
ment of specific cell fate patterns early in embryogenesis, which, in turn, affect 
the morphology of the developing embryo in different ways in these two groups. 
As discussed here, the presence of one or two cotyledons in the embryo is associ-
ated with different morphological, physiological, and biochemical features char-
acterizing developing seeds, at least as far as the best characterized monocot and 
dicot species are concerned. However, it remains to be established whether these 
differences hold true across the large number of members constituting these two 
diverse taxa.
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Abstract Sugarbeet is a crop of high economic importance because it is one of the 
two main sources of plant sugar, the other being sugarcane. The sugarbeet seeds 
have the peculiarity of containing at maturity a large starchy storage tissue, called 
the perisperm. In contrast to the well-documented cereal endosperm, the physiology 
of this perisperm is completely unknown. Here, we used proteomics of perisperm 
isolated either from dry mature or imbibed sugarbeet seeds to unravel the mecha-
nisms of starch remobilization during germination. We also carried out a compara-
tive proteomics analysis with the perisperm isolated from the dry mature sugarbeet 
seeds. We observed an accumulation of α-amylase in the perisperm isolated from 
imbibed whole seeds but not from the isolated imbibed perisperm alone, suggest-
ing a role of the embryo in triggering the accumulation of this starch-mobilizing 
enzyme in the perisperm during germination. In this way, the mechanisms occur-
ring in the sugarbeet seed perisperm during germination would appear to be similar 
to those documented for the endosperm of cereals. In contrast, an accumulation of 
β-amylase and α-glucosidase was observed in the isolated imbibed perisperm, sug-
gesting that the embryo was not mandatory for induction of these enzymes in the 
perisperm during imbibition.
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2.1  Introduction

2.1.1  Seed Physiology

In the botanical sense, the seed is the organ issued from the double fertilization 
of the ovule by the pollen grain. It contains a zygotic embryo that will form upon 
germination the new plant and a storage tissue, usually a triploid endosperm, but 
that may derive from the maternal nucellus in some species such as sugarbeet ( Beta 
vulgaris L.), and that will contribute to successful seedling establishment following 
germination. In their mature form, most seeds ensure the dispersion of plant spe-
cies in the environment (Bewley and Black 1994; Linkies et al. 2010; http://www.
seedbiology.de/; accessed April 28th 2011). Embryos from seeds of most plants be-
longing to the orthodox family have the remarkable property of being able, through 
intense desiccation during maturation, to interrupt their metabolic activity on the 
mother plant and to restart this activity after a simple imbibition during germination 
(Angelovici et al. 2010; Boudet et al. 2006; Buitink et al. 2000).

The seed is thus one of the rare and remarkable examples in eukaryotes where 
there is disruption of development and preservation of the competence of an em-
bryo in the dry state over long periods of time. Remarkably, radiocarbon dating 
allowed the determination of the age of date ( Phoenix dactylifera L.) seeds at about 
2000 years (Sallon et al. 2008), sacred lotus ( Nelumbo nucifera) seeds at 1300 years 
(Shen-Miller 2002; Shen-Miller et al. 1995), or canna ( Canna compacta) seeds at 
600 years (Lerman and Cigliano 1971). This implies the existence of specific mo-
lecular and biochemical mechanisms to maintain the state of metabolic quiescence 
of mature dry seeds while preserving their viability (longevity), but also to ensure 
the restart of cellular metabolism during germination (Bewley and Black 1994; Ca-
tusse et al. 2011; Holdsworth et al. 2008a; Rajjou and Debeaujon 2008; Rajjou et al. 
2008). These mechanisms determine the potential of seed germination, that is to say 
the success with which the new plant will be established. A better understanding 
of these mechanisms would allow the development of molecular and biochemical 
markers reflecting this potential, which could be used as quality markers in the seed 
sector for the marketing of high-vigor seed lots (Catusse et al. 2011). Knowing that 
our food depends on agricultural production, the concept of seed quality is central in 
a socio-economic context where agriculture is heavily industrialized, refocused on a 
few crops, and where it is expected that there will be 9 billion people to feed within 
the next 40 years (The U.S. Census Bureau: http://www.census.gov/ipc/www/idb/ 
(accessed April 28th 2011)).

In angiosperms, seed formation results from a double fertilization (Dumas and 
Rogoswki 2008). Initially, the male gametophyte (pollen grain) germinates on the 
stigma of the flower, thus forming a pollen tube carrying two sperm nuclei to the 
egg. There is then a double fertilization, one giving the zygotic embryo, the other 
a storage tissue (triploid endosperm) by fusion of a sperm nucleus and two polar 
nuclei from the female gametophyte. The embryo can be considered as a miniature 
plant with a root (radicle), a draft of stem (hypocotyl), and cotyledons. By definition, 
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embryos of seeds of dicotyledonous plants have two cotyledons (e.g., legumes and 
oilseeds), while there is only one cotyledon in seeds of monocotyledons (e.g., rice, 
maize, and wheat). Seeds can be classified by the presence or absence of a mature 
well-formed endosperm. In the latter case, the initial endosperm is readily consumed 
during development and other structures, as the cotyledons (e.g., Arabidopsis) but 
also perisperm (e.g., sugarbeet), becomes the main storage organs. In contrast, some 
seeds such as cereals contain at maturity a large dead starchy endosperm surrounded 
by a few living cell layers of endosperm, called the aleurone layer (Fig. 2.1). The 
death of the starchy endosperm cells is a developmental phenomenon (programmed 
cell death) rather than one induced by water loss (Bethke et al. 1991; Golovina et al. 
2000). However, cells of the aleurone layer can express a specific developmental 
program allowing them to survive desiccation. The barley ( Hordeum vulgare) aleu-
rone layer can be separated from the other seed tissues and maintained in culture, 
allowing studying the effect of added signaling molecules in an isolated system 
(Bethke et al. 1997; Finnie et al. 2011).

Two main phytohormones, ABA and GAs control seed formation, dormancy, and 
germination; ABA being an inhibitor of germination involved in the development 
of the embryo, accumulation of seed reserves, and maintenance of dormancy, while 
GAs stimulate seed germination and mobilization of the stored reserves (Hilhorst 
and Karssen 1992; Ho et al. 2003; Koornneef and van der Veen 1980; Koornneef 
et al. 2002; Kucera et al. 2005; Lovegrove and Hooley 2000).

2.1.2  Proteomics in Addressing Biological Questions

With the completion of the genome sequence for several organisms and the accel-
erated development of analytical methods for protein characterization, proteomics 
has become an indispensable approach to functional genomics (Bradshaw and Bur-
lingame 2005; Rabilloud et al. 2010; Walther and Mann 2010), notably in plants 
(Agrawal and Rakwal 2006, 2008, 2011; Agrawal et al. 2006, 2011a, b; Job et al. 
2011; Wienkoop et al. 2010; http://www.inppo.com/; accessed April 28th 2011). In 

Fig. 2.1  Schematic structure of dicot and monocot seeds
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particular, several proteomics studies on the development and germination of seeds 
have been published in recent years (Agrawal et al. 2008; Bourgeois et al. 2009; 
Bykova et al. 2011; Dam et al. 2009; Finnie et al. 2002, 2004; Gallardo et al. 2001, 
2003, 2007; Hajduch et al. 2005, 2006, 2010; Irar et al. 2010; Miernyk and Hajduch 
2011; Méchin et al. 2004; Müller et al. 2010; Nadaud et al. 2010; Nautrup-Pedersen 
et al. 2010; Rajjou et al. 2006; Sheoran et al. 2005; Wang et al. 2010; Yang et al. 
2007). Moreover, the study of biosynthetic pathways responsible for the accumula-
tion of the various seed storage compounds is of major importance for at least two 
reasons: (i) these reserves support the early growth of seedlings after germination, 
hence contributing to seedling vigor; and (ii) they are widely used as food and 
feed. Many biotechnological applications focus on improving the nutritional value 
of seeds and also to promote other non-nutritional uses (e.g., biofuel production) 
or the use of seeds as plants for the production/storage of recombinant proteins 
(Boothe et al. 2010; Gressel 2008; Job 2002).

2.1.3  Seed Proteins: A brief Historical Event

The systematic study of seed proteins dates from the nineteenth century. Particularly 
the work of Osborne (Osborne 1924) on proposed classification of proteins is still in 
use, according to their solubility properties in water (albumins), dilute salt solutions 
(globulins), alcohol-water mixtures (prolamins), or dilute acid or alkaline solutions 
(glutelins). Besides all these proteins, mature dry seeds also contain stored mRNA 
during maturation. Rajjou et al. (2004) showed that germination of Arabidopsis seeds 
could be observed even in the presence of an excess of a fungal toxin α-amanitin, 
which is a potent specific inhibitor of transcription elongation by eukaryotic DNA-
dependent RNA polymerase II (Jendrisak 1980; de Mercoyrol et al. 1989). On the 
contrary, Arabidopsis seed germination (radicle protrusion) was completely inhib-
ited in the presence of cycloheximide, an inhibitor of protein synthesis in eukaryotic 
cells that blocks translation elongation (Rajjou et al. 2004). These findings have 
been confirmed both in Arabidopsis (Kimura and Nambara 2010) and rice (He et al. 
2011). These results disclosed that the germination potential is largely programmed 
during the process of seed maturation on the mother plant. They also highlighted 
the usefulness of a proteomics approach for studying the germination process since 
germination can be evidenced in the absence of de novo transcription, thus illustrat-
ing the role of stored proteins and of translation of mRNAs also stored in the seeds 
(Catusse et al. 2008a; He et al. 2011; Holdsworth et al. 2008b; Rajjou et al. 2004).

2.1.4  Sugarbeet and its Importance

Sugarbeet ( Beta vulgaris), a dicotyledonous biennal plant belonging to the Ama-
ranthaceae, can be grown commercially in a wide variety of temperate climates. 
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It has a high economic importance because it is one of the two main sources of plant 
sugar (the total world production in 2005 was about 250 million metric tons, http://
www.sugarindustrybiotechcouncil.org/sugar-beet-faq/; accessed April 28th 2011), 
the other being sugarcane ( Saccharum officinarum L.). The agronomic productivity 
of this direct seeded sugarbeet crop is determined significantly by the uniformity of 
seedling emergence in the field (de Los Reyes and McGrath 2003; Elamrani et al. 
1992; Job et al. 1997; Mukasa et al. 2003). Besides food applications, its culture is 
attracting renewed interest, particularly in Europe, for the production of bioethanol 
(http://www.biofuelstp.eu/bioethanol.html; accessed April 28th 2011). The plants 
from which descend the current varieties and that were described as ‘versatile gar-
den plants’, originated in the Middle East and their discovery dates back about 
800 years BC. The high sugar content of their roots was noticed at the end of the 
sixteenth century by the French agronomist Olivier de Serres (years 1539–1619; 
http://www.bookrags.com/research/olivier-de-serres-scit-0312/; accessed April 
28th 2011). Then, the German chemist Andreas Marggraf (1709–1782) used al-
cohol to extract the juices from several plants, including, in particular, sugarbeet. 
Andreas Marggraf is internationally recognized as the founding father of this tech-
nique (http://en.wikipedia.org/wiki/Andreas_Sigismund_Marggraf; accessed April 
28th 2011). Fifty-four years later, in the year 1801, the world’s first beet sugar fac-
tory opened at Cunern in Silesia (now Konary, Poland) and produced about 70 kg of 
sugar per day. Original forms contained only about 4 % sugar but careful selection 
and breeding have raised this to a content of 20 % (http://en.wikipedia.org/wiki/
Sugar_beet; accessed July 11th 2011).

Sugarbeet seeds contain a large starchy storage tissue, called the perisperm. The 
perisperm is a dead tissue at maturity and consists of a network of thin-walled cells 
filled with starch grains in the form of globoids (Artschwager 1927). The perisperm 
exists in all seeds, but for the majority of them, it is consumed during embryogen-
esis or seed development. Only in certain cases (like sugarbeet), this tissue becomes 
the major storage tissue of the seed. In watermelon ( Cucumis melo), the perisperm 
surrounds the embryo and forms an envelope that intervenes in the control of ger-
mination. This envelope is composed of two- to four-cell layers of perisperm and 
a single layer of endosperm. In the dry seed, the role of this envelope is to prevent 
the diffusion of solutes, but not water (Welbaum and Bradford 1990). Although in 
the case of the grain of coffee species the storage tissue was originally suggested to 
correspond to perisperm (Houk 1938), it is now identified as endosperm (Mendes 
1941). Here, during development the grain is dominated by a well-developed mater-
nal perisperm tissue up to approximately the halfway stage of maturation, following 
which the locular space is progressively filled with endosperm up to full grain matu-
rity (Rogers et al. 1999). In contrast, among Chenopodiaceae and Amaranthaceae, 
the perisperm is located in a central position and is mainly dedicated to the accumu-
lation of starch reserves (Fig. 2.1). This has been demonstrated in seeds of sugarbeet 
(Artschwager 1927), Amaranthus hypochondriacus (Coimbra and Salema 1994), 
Chenopodium quinoa (Prego et al. 1998), and some Salicornioideae (Shepherd 
et al. 2005), a subfamily of Amaranthaceae. In contrast to the well-documented ce-
real endosperm (Ritchie et al. 2000), the physiology of this perisperm is completely 
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unknown. In particular, it is presently unknown if the mechanisms of storage com-
pound (starch, proteins) remobilization established for the cereal endosperm during 
germination can apply to the perisperm.

Starch can be degraded by hydrolysis in reactions catalyzed by the amylase fam-
ily (Buchanan et al. 2000; Hills 2004; Machovic and Janecek 2006; Sun and Hen-
son 1991; Yamasaki 2003). The α-amylases are endoenzymes that break α-(1,4) 
bonds at random within polysaccharide chains to produce shorter chains called limit 
dextrins, glucose, and maltose. The β-amylases are exohydrolases that hydrolyze 
α-(1,4) bonds in polysaccharides to remove successive units maltose (disaccharides 
of α-glucose) from nonreducing ends of α-1,4-linked poly- and oligoglucans until 
the first α-1,6-branching point along the substrate molecule is encountered. In ger-
minating barley seeds, α-glucosidases can initiate the attack of starch granules and 
exert a marked synergistic effect on the initial stages of native starch granule deg-
radation by α-amylases (Sun and Hanson 1990). Their roles are to degrade maltose 
and limit dextrin. All these three enzymes are particularly active during germina-
tion, and their expressions are induced by GAs secreted by the embryo (Bak-Jensen 
et al. 2007; Bethke et al. 1997; Buchanan et al. 2000; Fincher 1989; Gubler et al. 
1987; Hills 2004; Jones and Jacobsen 1991; Laidman 1983; Sun and Gubler 2004; 
Zentella et al. 2002). In the presence of endogenous GAs, α-amylase is synthesized 
de novo in the aleurone layer surrounding the endosperm. In contrast, a precursor 
form of β-amylase is present in seeds in the dry state as a proenzyme devoid of 
enzyme activity, which is activated during germination after cleavage of a peptide 
sequence at the C-terminal part of the enzyme. Moreover, if the α-glucosidases are 
already partly accumulated in the dry seeds, they are for the most part newly syn-
thesized in response to GAs in the aleurone layer and transported to the endosperm 
(Buchanan et al. 2000). Unlike for cereals, the mechanisms of regulation of starch 
degradation during germination are not known in species such as sugarbeet, which 
store starch reserves in a perisperm tissue. Also, the existence of an aleurone layer 
similar to that of cereals and Arabidopsis (Bethke et al. 1997; Finnie et al. 2011; Sun 
and Gubler 2004; Tasleem-Tahir et al. 2011) has not been described in these seed 
species, containing a large perisperm at maturity.

The α-glucosidases have previously been characterized in sugarbeet seeds (Chi-
ba et al. 1978; Matsui et al. 1978; Yamasaki and Suzuki 1980). Also, the initiation of 
starch metabolism has already been documented during sugarbeet seed germination 
(Lawrence et al. 1990). This metabolism results in the transfer of sugars from the 
perisperm to the various tissues of the embryo upon imbibition and seedling growth 
(Lawrence et al. 1990). In particular, these authors reported a rise of α-glucosidase 
activity just before root extrusion. Although the work of Lawrence et al. (1990) 
firmly established an increase in certain enzyme activities (α-amylase, β-amylase, 
and α-glucosidase) in the sugarbeet seed perisperm during germination, the mecha-
nisms responsible for such an induction were not addressed. At least two possi-
bilities can be envisaged to account for the observed behavior. In the first one, the 
starch metabolizing enzymes would have been stored in an inactive precursor form 
in the perisperm during maturation and they became activated during the course of 
germination, for example owing to specific protein modifications occurring in the 
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precursor protein. In the second, as the mature perisperm is a dead tissue and hence 
presumably incapable of supporting protein synthesis, de novo synthesis of these 
enzymes could occur in the embryo upon seed imbibition followed by their trans-
port in the perisperm. To address these questions, we presently studied the modi-
fications occurring in the sugarbeet seed perisperm proteome during germination.

2.2  Experimental Strategies

2.2.1  Materials and Experimental Design

Fruits of a triploid monogerm sugarbeet seed lot (ref. 302–688C) were cleaned, pol-
ished, and calibrated after harvest according to commercial standards (KWS SAAT 
AG, Einbeck, Germany). They were previously used in proteomics (Catusse et al. 
2008b, 2011) and transcriptomics (Pestsova et al. 2008) studies. Germination assays 
were carried out with triplicates of 400 seeds (true seeds plus pericarp) placed in 
covered plastic boxes (13 × 18 × 6 cm) on pleated filter paper wetted with 30 mL 
of distilled water and incubated at 10 °C in the dark. Germination started at about 
60 h of imbibition and about 90 % of the imbibed seeds had germinated after 3 days 
imbibition.

Two protocols were used to characterize the role of perisperm during germina-
tion. In the first one, the whole seeds were incubated for 3 days as above, and the 
perisperm tissue was collected. In the second, the perisperm was first isolated from 
the dry mature seeds, and then imbibed for 3 days as above.

To isolate the perisperm from the dry mature seeds, the operculum, which is the 
ovary cap of the fruit at the upper part of the pericarp was removed from the fruit 
by prying it off with high precision reverse action tweezers and a scalpel, starting 
just in front of the position where is located the radicle (Hermann et al. 2007). Then, 
the botanical true seed appears as being layered in the remaining pericarp and it can 
be carefully removed from the pericarp. Tissues were then dissected using a scalpel 
under a binocular microscope. In particular, by the gentle action of the scalpel, the 
perisperm can be detached from the embryo, without contamination from adjacent 
tissues. The dissection of 100 seeds gave about 100 mg perisperm tissue. The isola-
tion of the perisperm tissue from 3 days imbibed seeds was much easier, since at 
this imbibition time the tissue was fully hydrated and presented a viscous aspect.

2.2.2  Preparation of Protein Extracts, 2-DGE,  
Protein Staining, and Gel Analyses

Protein extracts were prepared from 100 seeds or perisperm tissue using a low ion-
ic-strength buffer containing 50 mM HEPES (pH 8.0) and 1 mM EDTA (pH 9.0), 
yielding the albumin fraction as described (Catusse et al. 2008b). The 2-DGE was 
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carried out using an amount of 100 µg protein as described (Catusse et al. 2008b). 
Three gels loaded with biological replicates were run for each treatment. Following 
protein staining with silver nitrate, image analysis of the scanned 2-D gels was car-
ried out using the ImageMaster 2-D Elite version 4.01 software (Amersham Biosci-
ences; Catusse et al. 2008b).

2.3  Results and Discussion

Protein extracts from perisperm tissues of mature dry and imbibed seeds were pre-
pared as described above and separated by 2-DGE (Fig. 2.2). Among the 182 pro-
teins identified in the perisperm from dry mature seeds (Fig. 2.2b), 120 proteins are 
specifically expressed in this tissue, testifying of the purity of this tissue preparation 
(Catusse et al. 2008b).

We then characterized changes in protein accumulation levels occurring in the 
perisperm during imbibition using the two protocols described under EXPERI-
MENTAL STRATEGIES. A number of spots displayed varying accumulation pat-
terns, as depicted in Fig. 2.3, in which either the accumulation pattern was similar or 
different when comparing the isolated imbibed perisperm or the perisperm isolated 
from whole imbibed seeds. Here, we concentrate on the spots related to starch me-
tabolism as this metabolism has been very well detailed in the endosperm of cereal 
seeds during germination (Buchanan et al. 2000).

Highly abundant proteins (window b of Fig. 2.3) corresponding to soluble starch 
synthase dominated the proteome of the perisperm isolated from the dry mature 
sugarbeet seeds. As this enzyme catalyzes starch synthesis during seed maturation, 
it is therefore not surprising to observe its disappearance in the perisperm isolated 

Fig. 2.2  Proteome of the dry mature sugar beet seed. a 2-DGE analysis of total soluble proteins 
(100 µg) from whole dry mature seeds (759 proteins identified; Catusse et al. 2008b). b 2-DGE 
analysis of total soluble perisperm proteins (100 µg) isolated from dry mature sugarbeet seeds (172 
proteins identified; Catusse et al. 2008b)
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Fig. 2.3  Accumulation patterns of specific proteins in the sugarbeet perisperm during germination 
corresponding to 3 days imbibition on water. The perisperm was isolated from whole mature dry or 
imbibed seeds. For comparison the perisperm was also isolated from whole dry mature seeds then 
imbibed for 3 days on water. 2-DGE analysis of total soluble perisperm proteins (100 µg) was car-
ried out as described under EXPERIMENTAL STRATEGIES. a Total soluble perisperm proteins 
isolated from dry mature sugarbeet seeds. The indicated portions of the gel (a, b, c, d, e and f) are 
reproduced in b. b Enlarged windows (a–f) of 2-D gels as shown in a for the perisperm isolated 
from imbibed whole seeds (left; IP/WS), the perisperm isolated from whole dry mature seeds 
(middle; DP/WS), or from the perisperm isolated from whole dry mature seeds then incubated for 
3 days on water (right; IP/I). Window a, the train of spots corresponds to α-glucosidase; Window 
b, the train of spots corresponds to soluble starch synthase; Windows c and d; the major spots cor-
respond to granule-bound starch synthase; Window e, the white arrows correspond to β-amylase; 
Window f, the white arrows correspond to α-amylase. Proteins were previously identified by mass 
spectrometry (Catusse et al. 2008b)
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from the imbibed whole seeds (window b of Fig. 2.3). The same behavior was 
observed with the imbibed isolated perisperm only (window b of Fig. 2.3). In addi-
tion to the soluble starch synthases, we also found granule-bound starch synthases 
in several spots (window c of Fig. 2.3). All of them showed the same accumulation 
behavior than seen for soluble starch synthase in imbibed perisperm isolated from 
whole seeds and imbibed isolated perisperm. From these data, we conclude that the 
perisperm is autonomous for the specific degradation of such proteins, meaning that 
this degradation does not require the synergic action of the embryo. This finding is 
in agreement with our previous work documenting the existence of several protein-
ases and proteasome subunits in the mature dry perisperm (Catusse et al. 2008b).

In the perisperm isolated from imbibed whole seeds, we observed a strong 
accumulation of α-amylase containing spots (white arrows within window f of 
Fig. 2.3b). However, such an increased protein accumulation was not seen with the 
imbibed isolated perisperm (window f of Fig. 2.3).

Two spots containing β-amylases were detected in very low amounts in the 
perisperm isolated from the dry mature sugarbeet seeds (white arrows within 
window e of Fig. 2.3b). Their accumulation increased substantially both in the peri-
sperm isolated from imbibed whole seeds and in the imbibed isolated perisperm 
(window e of Fig. 2.3).

The α-glucosidases were present in the perisperm of the mature dry seeds and 
their protein abundances increased both in the perisperm isolated from the imbibed 
whole seeds and the imbibed isolated perisperm (window a of Fig. 2.3).

As mentioned above, the enzymes involved in starch degradation could either 
be stored in the perisperm in the form of zymogens, or be newly synthesized in 
the embryo and then transported. In our study, it appears that the first assumption 
might not apply. Indeed, for α-amylases, β-amylases, and α-glucosidases, we did 
not observe on the 2-D gels the transition described for the β-amylase of barley 
endosperm, that is the transition from one form of the enzyme of high molecular 
weight in the proteome of the perisperm isolated from the dry seeds to a form of 
lower molecular weight in the proteome of imbibed perisperm. Moreover, de novo 
synthesis of the enzymes in the perisperm tissue is quite unlikely since it is a dead 
tissue (Artschwager 1927). The remaining possibility to explain the increase in vol-
ume of the spots of amylases and glucosidases in this tissue is de novo synthesis 
of these proteins in the embryo. This mechanism would be analogous to that estab-
lished for starch mobilization in the endosperm of monocots.

2.4  Concluding Remarks

This study presents for the first time data on the accumulation of enzymes of starch 
mobilization (e.g., α-amylase, β-amylase, and α-glucosidase) in the perisperm of 
imbibed sugarbeet seeds. We noted important differences between the accumulation 
patterns of α-amylase in the perisperm isolated from imbibed whole seeds and the 
isolated imbibed perisperm alone. This observation suggests a positive role of the 
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embryo in triggering the accumulation of this starch-mobilizing enzyme (s) in the 
perisperm during germination. In this way, the mechanisms occurring in the sugar-
beet seed perisperm during germination would appear to be similar to those docu-
mented for the endosperm of cereals (Bethke et al. 1997; Finnie et al. 2011; Sun and 
Gubler 2004). However, an accumulation of β-amylase and α-glucosidase was also 
observed in the isolated imbibed perisperm alone, suggesting that the existence of 
embryo was not mandatory for induction of these enzymes in the perisperm during 
imbibition. It is also noted that the catabolic processes leading to the disappearance 
of the highly-abundant soluble and granule-bound starch synthase can occur to the 
same extent in the perisperm isolated from imbibed whole seeds and the isolated 
imbibed perisperm alone, indicative of some autonomy of the perisperm concerning 
proteome changes during imbibition. Pending questions concern the role of GAs 
in the observed modifications in accumulation levels of the starch degradation en-
zymes and the existence of an equivalent of the cereal aleurone layer in sugarbeet 
seeds. Further work will allow addressing these questions.
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Abstract As the global population increases, so does the demand for caloric intake 
provided from agricultural crops. Agricultural food production depends predomi-
nantly on those species which propagate through seed formation, such as cereals 
and legumes. The available seed supply of agriculturally important crop varieties 
with enhanced disease resistance and improved yield is critical for improving food 
crop production. Traditional techniques used to identify favorable crop characteris-
tics for use in plant breeding are often inadequate in determining specific gene-trait 
associations. This has resulted in a shift towards integrating plant breeding with 
new omics technologies. Twenty-first century omics technologies take advantage 
of many recently released crop genome sequences to investigate gene-function 
through four disciplines: First, genomics characterizes genome wide expression 
of DNA; secondly, proteomics studies global protein function and expression; 
thirdly, transcriptomics is the study of RNA regulation; and fourthly, interactomics 
is the analysis of complex protein-protein interactions. Examining gene-function of 
important seed characteristics, through use of omics technology, could reveal criti-
cal components that could be exploited for improving seed quality and yield.
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Transcriptomics
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3.1  Introduction

As the global population increases—with an estimated 2 billion more people by 
2050 to total 9 billion—so does the demand for caloric intake provided from agri-
cultural crops (Expert Meeting on How to Feed the World et al. 2009). World food 
production is largely dependent on plant species that propagate through seed forma-
tion, such as cereals and legumes, and consequently must rise to meet higher global 
demand (Borlaug 1983). Advancement in scientific methods and tools has necessi-
tated the need for new technological systems to tackle computational based annota-
tion and comparative genome annotation for the rapid evolution in high-throughput 
DNA sequencing technologies (Zhang et al. 2010b). As more genome sequences are 
released, it becomes increasingly important to develop technologies that can rapidly 
investigate gene function in crop species that correspond to important plant physi-
ological characteristics (Springer and Jackson 2010). Increasingly, application of 
state-of-the-art omics technologies (i.e., genomics, proteomics, transcriptomics, and 
metabolomics) are becoming available that hold the promise to detect tissue-specific 
changes with increasing sensitivity. These methods permit the simultaneous analysis 
of thousands of genes, proteins or metabolites (Kroeger 2006). This is more relevant 
than ever, potentially improving overall human wellness through several avenues.

Development of a modern seed industry system is important for providing farm-
ers with consistent, high quality seeds in order to provide optimum crop yield. 
Coupled with new genome insight, integration of new omics technologies with tra-
ditional breeding strategies are vital for providing plant breeders with tools required 
for commercial criteria of seed production (Flavell 2010). A critical component for 
improved food crop development and production, especially in developing nations, 
is the available supply of seed for agriculturally important crop varieties with en-
hanced disease resistance and improved yield and quality. Traditional trait mapping 
of favorable crop characteristics used to efficiently breed plants with alleles of in-
terest is often inadequate for precisely identifying favorable gene-trait associations 
(Flavell 2010). This has resulted in a paradigm shift towards incorporating twenty-
first century omics technologies with traditional plant breeding to locate specific 
gene functions that are important for seed improvement. Providing developing na-
tions with the capacity to produce rapidly improved seed through integrated omics 
technologies and plant breeding is vital for establishing a mature seed industry that 
is accessible by the public sector.

Concomitantly to developing an established modern seed industry, many char-
acteristics of economically important crops could potentially improve through 
state-of-the-art omics technologies. Examining gene function of certain seedling 
developmental stages, such as grain filling or embryogenesis, could reveal critical 
components regulating important metabolic processes that could be exploited for 
improving seed quality (Thompson et al. 2009). Characteristics important for seed 
improvement include seed dormancy, pathogen and insect resistance, increased abi-
otic stress tolerance, and carbohydrate accumulation and biosynthetic pathways. 
The aim of this chapter is to provide an introduction to the so-called omics technol-
ogies developing and applying in twenty-first century, their synergistic relationship 

R. D. Syrenne et al.



45

with plant breeding, and to elucidate how these technologies have provided a funda-
mental understanding of seed physiology for improved seed quality and crop yield.

3.2  Biotechnologies Role in Improving Seed Quality  
and Development

3.2.1  Plant Breeding

The core supply of improved crop varieties has traditionally arisen through farmers 
selecting and breeding plants with favorable characteristics and then trading those 
seeds amongst peers. As a result, farmers were limited to select traits observed in 
the field and improve upon only the natural genetic variation found in the crop spe-
cies. Because traditional plant breeding at its heart involves the transfer of large 
genetic portions of parental plants to offspring, specific gene-function association 
with observed phenotypes is difficult (Flavell 2010; Langridge and Fleury 2011; 
Varshney et al. 2005). Cross pollination between favorable and unfavorable traits 
among agricultural crops is difficult for rural farmers to control and often dimin-
ishes hybrid vigor, also known as heterosis, resulting in inconsistent seed quality 
(Guei et al. 2010). The omics platforms can provide support for seed improvement 
through two aspects. First, crop improvement is essentially dependent upon the 
natural genetic variation among the species; and breeding programs aim to extend 
or increase that amount of genetic variation. New omics technologies allow breed-
ers to characterize allelic content of crop germplasm in detail, increasing the ability 
to discover novel genes and pathways responsible for certain traits (Flavell 2010; 
Langridge and Fleury 2011). Second, plant breeding requires selection of traits con-
ferred through increased genetic variation. Intensively bred species such as cereal 
crops often evaluate a million lines every year to maintain high natural genetic 
variation (Langridge and Fleury 2011) analysis for selection strategies, in part, 
because of the large computational-based annotation capability and revolutions in 
DNA sequencing technologies.

3.2.2  Genetic Engineering

For the past millennia, farmers have selected and crossed crops possessing desired 
traits to improve yield or provide resilient plants through hybrid vigor. Selective 
pressure towards desirable traits to generate improved crops fundamentally lies in 
the transfer of allelic material between parent and offspring. This is indirect genetic 
engineering at its infancy, and has remained with us since the domestication food 
crops. As human population grew, demand for food and livestock feed increased 
and crops high in starch, such as cereals and other grain crops, became immensely 
important (Wan et al. 2008). Contemporary omics platforms and advances in com-
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putational biology and other bioinformatics skills enabled the ability to integrate 
complex gene expression, crosstalk, and protein function of seeds in different de-
velopmental stages (Lonneke and van der Geest 2002). Mutant study analysis of 
seed gene-function through introduction of recombinant DNA, such as T-DNA, to 
create knockout or over expressed genes has played a significant role in elucidating 
complex biochemical and metabolic pathways responsible for the dynamic changes 
that occur during seed development (Lonneke and van der Geest 2002). A more 
direct approach to colloquially defined genetic engineering involves the insertion of 
genes into germplasm outside the scope of sexual crossing. The annotated genome 
of the model reference Arabidopsis thaliana has provided a wealth of information 
for seed biology (North et al. 2010). Inserting genes with known functions into 
economically important crops and subsequent screening for favorable phenotypes 
is a classic reverse genetics approach, using genetic engineering, in developing 
improved seeds. When complimented with new omics technology, use of recom-
binant DNA can offer exquisite detail of gene-functions, protein interactions, and 
metabolic biosynthetic pathways important for developing seeds.

3.2.3  Understanding Fundamental Plant Biology for Efficient 
Concomitant Development of Biotechnology

Twenty-first century omics technologies have enabled in-depth understanding of 
seed specific cellular processes by observing the abundance of various biological 
molecules as a function of environmental conditions and genomic expression (Zhang 
et al. 2010b). High-throughput analysis of various seed molecular components in 
model plant species (such as Arabidopsis) has provided an invaluable tool for de-
velopment of improved crop cultivars. Common to all seeds are the storage reserves 
required for seed germination and survival. Ninety percent of seed DW consists of 
starch (carbohydrates), oils (triacylglycerols), and SPs, and represent the major com-
ponents of economic value (Ruuska et al. 2002). Advances in fundamental biology 
have enhanced our understanding of gene function, metabolic regulatory networks, 
and protein function for economically important seed characteristics. Traditionally, 
biotechnology has sought to exploit this basic understanding to provide improved 
seed development for enhanced crop yield through integration of plant breeding and 
genetic engineering. Recently, these efforts have led to the generation of several 
new omics technology platforms, system biology, and synthetic biology strategies 
to facilitate real world application of biotechnology for improved seed development.

3.2.4  Twenty-First Century Omics Platforms

Seed quality improvement and development of high yielding crop varieties revolves 
around the integration of high-throughput computational data and functional un-
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derstanding of cell-wide biological processes. The term omics is collectively used 
to describe the comprehensive analysis of all biological components of a given 
system, and often consists of systems biology approaches to assimilate tremen-
dous amounts of data generated by omics technology (Yuan et al. 2008). Generally, 
shared features of omics technologies and approaches include; holistic and data 
driven top-down methodologies, the attempt to understand biological gene expres-
sion, metabolism, and protein function as one integrated system, and the generation 
of large datasets (Zhang et al. 2010b). Advances in molecular biology techniques 
and technologies have resulted in subsequent generation of copious amounts of 
data, making possible the study of genome-wide expression of DNA (genomics), 
global protein function and expression (proteomics), RNA regulation and analysis 
(transcriptomics), and complex protein-protein interactions (interactomics; Singh 
and Nagaraj 2006). Related to seed improvement and development, omics tech-
nologies have allowed detailed study of many facets governing seed biology. In 
legumes, omics technologies have been used to dissect gene expression at different 
levels of resolution (organelle, whole seeds), study seed developmental phenomena 
such as embryogenesis and germination, and understand how biotic and abiotic 
stresses influence phenotypic traits (Thompson et al. 2009). The remainder of the 
chapter will describe the evolution and current application towards seed improve-
ment and development of several omics technologies: genomics, transcriptomics, 
proteomics, and interactomics.

Genomics Seed development and physiology involves many events occurring in 
different cellular compartments, such as the embryo, endosperm, and seed coat. 
Therefore, a mosaic of gene expression programs occurs in parallel among seed tis-
sues during different developmental stages (Le et al. 2007). An organism’s genome 
is defined by all the hereditary information encoded in its DNA. Genomics is the 
study of how the entire set of genes in a given genome are expressed and regulated. 
Because genomics technologies rely on the sequence of bases in DNA, sequencing 
technologies have played a crucial role in unraveling the genome.

The original sequencing technology, termed ‘Sanger sequencing’ for its inven-
tor, was used to determine nucleotide sequences in DNA. Sanger chemistry uses 
specifically fluorescence labeled nucleotides, Dideoxy nucleoside triphosphates 
(ddNTPs), which are incorporated into newly synthesized DNA fragments using 
an original DNA template and DNA polymerase. This allows automated sequenc-
ing machines the capability to read through a DNA template during DNA synthesis 
to determine the order of nucleotides (Zhang et al. 2011). However, even through 
a series of technological improvements, Sanger sequencing is unable to read frag-
ments of DNA longer than 1 kb which severely limits this technology for sequenc-
ing genomes. This is mainly due to the fact that beyond a certain distance from the 
sequencing primer, very few products are produced because of chain termination.

In order to sequence longer sections of DNA in attempt to obtain the entire ge-
nome, a new technology had to be developed. Shotgun sequencing, a DNA sequenc-
ing approach developed during the Human Genome Project, allowed the capacity to 
sequence larger portions of DNA. Shotgun sequencing strategies involve shearing 
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genomic DNA into smaller fragments, either enzymatically or mechanically, and 
cloning into sequencing vectors such as Bacterial Artificial Chromosomes (BAC) 
where they can be sequenced individually. Cloning large fragments of DNA into 
BACs is then used to create a genomic library for a set of recombinant clones that 
contain the entire DNA for a given organism. These libraries with large genomic 
inserts are important for genome sequencing and have become invaluable genomic 
tools because of BACs inherent ability to maintain large DNA fragments for easy 
manipulation (Shizuya et al. 1992).

Next-generation genome sequencing technology, or massively parallel sequenc-
ing, uses the core philosophy of shotgun sequencing approaches for generating cost 
effective and efficient methods of genome sequencing (Zhang et al. 2011). Next-
generation sequencing (NGS) technology reads the DNA template along the entire 
genome by first fragmenting the DNA, and then ligating the DNA fragments to 
adaptors that are randomly read during DNA synthesis. However, because the read 
lengths are typically shorter than those produced by Sanger sequencing (50–500 
base pairs), increasing coverage is important. Coverage is the total amount of frag-
mented DNA sequences that overlap within a specific region and is important to 
accurately assemble the fragments (Zhang et al. 2011). Because of the prohibitive 
costs associated with sequencing and assembling large eukaryotic genomes, next-
generation massively parallel sequencing using only the Illumina Genome Analyzer 
was first carried out for the giant panda genome (Li et al. 2010a).

Comparative genomics is an approach used in conjunction with the aforemen-
tioned technologies to exploit similarities between sequenced model species, such 
as Arabidopsis, and species of interest in order to identify novel genes and infer 
gene function (Buckley 2007). So far, there are more than 25 plant model organ-
isms were applied for whole genome sequencing, such as beans, rice, grasses, corn, 
maize, grape, sorghum, banana, wheat, etc. (http://www.arabidopsis.org/). The 
release of these whole genomes sequencing data makes the life much easier for 
molecular breeding. Because closely related cultivars generally used for crossing 
material lack sufficient known DNA polymorphisms due to their genetic related-
ness, and next-generation sequencing allows the identification of a massive number 
of DNA polymorphisms, such as nucleotide polymorphisms (SNPs) and insertions-
deletions between highly homologous genomes. Most recently, Arai-Kichise et al. 
(2011) performed whole-genome sequencing of a landrace of japonica rice, Oma-
chi, which is used for sake brewing and is an important source for modern cultivars. 
In this study, they identified 132,462 SNPs, 16,448 Insertions, and 19,318 deletions 
between the Omachi and Nipponbare genomes (Arai-Kichise et al. 2011). This is 
incredible for conventional molecular breeding scientists. There are also numerous 
whole-genome sequencing works that have been done, and all of these efforts will 
dramatically reform the situation of molecular breeding and seed development.

Genomics technologies have elucidated many complex physiological and devel-
opmental characteristics exhibited during different stages of seed growth. Informa-
tion gained through genomics studies of seeds have led to various discoveries that 
could prove useful in applications for improved seed development. Gene expression 
studies have led to the discovery of genes that contribute to cell wall weakening 
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during germination, such as expansin, and other genes such as those involved in 
energy metabolism (Bradford et al. 2000; Lonneke and van der Geest 2002).

Transcriptomics The measure of all mRNA molecules or transcripts produced 
in a given cell, often called genome-wide expression profiling, is known as tran-
scriptomics (Zhang et al. 2010b). Transcriptomics have allowed the develop-
ment of analyses that relate the abundance of mRNA molecules, or transcripts, 
to gene expression and regulation under varying environmental conditions. As 
a result, transcriptomics is the dynamic link between genomics and proteomics 
and thus can elaborate on the complex cellular processes responsible for adapt-
ing to environmental conditions (Singh and Nagaraj 2006). Seed development 
is associated with enormous differential gene expression depending on growth 
stage, setting the importance of transcriptomics in context for seed development 
and improvement.

Like genomics, transcriptomics has seen a revolution in technological improve-
ments. Microarray technology has been at the forefront for studying simultaneous 
changes in gene expression and quantification across the entire genome. Microarray 
technology essentially works through the principle of DNA hybridization. That is, 
when mRNA molecules are fluorescently labeled and mixed with individual genes 
of an organism on a microarray plate, single mRNA molecules will hybridize with 
only one complimentary DNA strand. The amount of mRNA that attaches to its 
complimentary DNA strand is proportional to the abundance of mRNA transcripts 
in the sample. In its infancy, microarray technology used only one labeled probe to 
attach to mRNA molecules, which allowed only the expression of genes under one 
condition of the sample to be analyzed. Two-color microarray technology, devel-
oped by Patrick Brown, allowed the differential quantification and gene expression 
of two samples (test and control) based on two different labeled probes, green cya-
nine (Cy)3 and red Cy 5 (Schena et al. 1995).

Affymetrix microarrays, as compared to two-color systems, use one color-la-
beled fluorescent probe to detect mRNA hybridizations with cRNA. Several advan-
tages lie with the Affymetrix system over traditional two-color microarrays: first, 
the fabrication process for Affymetrix GeneChips allows for very high density ar-
rays to be produced, and second, because a single sample is hybridized to each array 
more precision in measurement is achieved by minimizing array-array variability 
often seen in two-color microarrays (de Reynies et al. 2006; Woo et al. 2004). Also, 
it was found that single color Affymetrix GeneChips were capable of higher levels 
of reproducibility compared to two-color microarrays (de Reynies et al. 2006).

Concomitant to the two-color microarray systems for quantifying transcripts 
in a cell, in fact published in the same article of Science, another technique for 
measuring gene expression based on mRNA quantification was developed, called 
Serial Analysis of Gene Expression (SAGE). Two principles define SAGE: first, 
short nucleotide sequence tags contain enough information to identify individual 
transcripts, even among thousands; and second, joining sequence tags into a string 
followed by sequencing in a single clone allows for efficient analysis of transcripts 
(Velculescu et al. 1995). Quantification and identification of novel expressed genes 
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can also be accomplished through using SAGE, as well as the analysis of eukaryotic 
genomes other than the human genome.

Specific hybridizations of probes to microarrays or GeneChips, and counting of 
tags on DNA fragments used in SAGE are subject to many sources of variation. In 
tackling the shortcomings of these technologies, Brenner et al. (2000) developed 
a technology that does not require physical separation of DNA fragments, termed 
Massively Parallel Signature Sequencing (MPSS). MPSS benefits reside in the abil-
ity to handle highly variable mixtures of nucleic acid fragments and subsequent 
cloning onto a million microbeads (Brenner et al. 2000). Millions of template mi-
crobeads are then analyzed and sequenced through flow cytometry using a fluores-
cent imaging system. Since MPSS does not require separate isolation and process-
ing of templates, it is suited well for gene expression analysis.

Technical advancements in high-throughput mRNA transcript analysis through 
technologies such as microarray, Affymetrix, and multiple parallel signature 
sequencing have greatly contributed to our understanding of biological gene func-
tion. Recently, the tools developed for massively parallel sequencing have brought 
about another major breakthrough in the field of transcriptomics, known as RNA 
sequencing (RNA-seq; Malone and Oliver 2011). While microarray technology was 
used for genome-wide expression studies during the 1990s, new RNA-seq tech-
nology offers several select advantages, making it an attractive alternative. RNA-
seq technologies, such as those offered by Illumina, sample the amount of starting 
transcripts present in the tissue by direct sequencing of cDNA in order to derive 
information about RNA (Malone and Oliver 2011). Molecular hybridization to a 
probe for capture and determination of transcript abundance is often irrespective of 
the actual transcript expression level, resulting in reproducibility errors and limit-
ing the accuracy of gene expression experiments (Marioni et al. 2008). RNA-seq 
experiments using Illumina are, on the other hand, highly reproducible with little 
technical variation when compared to traditional gene expression assays (Marioni 
et al. 2008). Also, since RNA-seq provides direct information about the sequence, it 
is useful for measuring gene expression for organisms which there is no full genome 
sequence (Malone and Oliver 2011).

Recently, transcriptomics has become more and more of a hot topic. For in-
stance, Yang and coworkers presented the first comprehensive characterization of 
the O. longistaminata root transcriptome using 454 pyrosequencing, and revealed 
expressed genes across different plant species, and also identified 15.7 % of un-
known ESTs (Yang et al. 2010a). These sequence data are publicly available and 
will facilitate gene discovery and seed development studies. RNA-seq technology 
also used to explore the transcriptome of a single plant cell type, the Arabidopsis 
mal meiocyte, detecting the expression of approximately 20,000 genes (Yang et al. 
2011b). In this study, Yang et al. (2011b) identified more than 1000 orthologous 
gene clusters that are also expressed in meiotic cells of mouse and fission yeast. 
These RNA-seq transcriptome data provide an overview of gene expression in male 
mieocytes and invaluable information for future functional studies.

Transcriptomics data has provided a valuable resource for molecular studies 
of many important agricultural crops, such as cereals and legumes. Affymetrix 
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arrays have proved invaluable for developing the transcriptome and elucidating 
seed developmental changes for grain development of wheat (Wan et al. 2008). 
RNA-seq using Illumina has provided a high quality in-depth view of the Soy-
bean transcriptome during seed developmental stages and has potentially identi-
fied novel genes previously undetected (Severin et al. 2010). Combined microar-
rays, Affymetrix fluorescent fluorophoresGeneChip’s, MPSS, and next-genera-
tion RNA-Seq have contributed greatly to our current understanding of the seed 
transcriptome.

Proteomics Proteins are essential components for organisms since they comprise 
many of the biological building components, catalytic enzymes for metabolic 
pathways, and signal transduction elements in the cell (Zhang et al. 2010b). When 
integrated with previously mentioned omics technologies, proteomics provides 
powerful insight into referencing protein properties and functions for improved 
seed development and crop yield (Tyers and Mann 2003). Proteomics analysis is 
critical in improved seed development for incorporation into modern plant breed-
ing strategies because proteins directly affect phenotypic traits as opposed to gene 
sequence (Singh and Nagaraj 2006).

The ability to detect and measure protein molecules has traditionally relied on 
several methods to separate and observe protein structure: two-dimensional PAGE 
(2-DGE) and mass spectrometry (Zhang et al. 2010b). 2-DGE separates proteins 
based on two distinct properties: mass and isoelectric point ( pI). Basically, the 
protein is first separated based on its isoelectric point; a property wherein proteins 
will remain charged at all pH values other than their pI. This is accomplished 
through use of a pH gradient. After proteins are separated based on isoelectric 
point, they are washed and treated with sodium dodecyl sulfate (SDS) to denature 
the protein and yield a linear, negatively charged polypeptide. Separation of the 
protein is then done by applying an electric current to the gel, where proteins are 
separated by size similar to traditional gel electrophoresis (for review see, Righetti 
et al. 2008).

Difference gel electrophoresis (DIGE) is similar to 2-DGE, but involves labeling 
the amino group of lysines in the polypeptides with fluorescent fluorophores (Cy2, 
Cy3, and Cy5; Wu et al. 2006). DIGE allows the comparison of proteins for differ-
ent treated samples on the same gel, thus removing inter-gel variation commonly 
associated with traditional 2-DGE. Even though 2-DGE has undergone several 
technical innovations, protein coverage still lacks compared to gel-free proteomics 
techniques, such as mass spectrometry (MS)-based shotgun proteomics.

MS-based shotgun proteomics approach for protein identification and quantifi-
cation are quickly becoming the preferred method, namely for their high-throughput 
platforms and ability to analyze complex samples at high resolution (Webb-Robert-
son and Cannon 2007). Traditionally, proteomics studies relied on protein separa-
tion via 2-DGE followed by identification of excised gel bands using MS. However, 
this method is limited by the fact that only the most abundant proteins in the sample 
are analyzed, which leads to an issue of coverage (Tyers and Mann 2003). Gel-free 
analysis of complex mixtures now dominates the repertoire of analytical techniques 
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used for protein identification of low-abundance peptides. Liquid chromatography 
(LC) tandem MS (LC-MS/MS) is one such preferred analytical technique for pro-
tein identification.

Multidimensional protein identification technology (MudPIT) is quickly becom-
ing a common approach for protein identification using gel-free based LC-MS/MS 
methods. Relative protein quantitation using MudPIT technology takes essentially 
two different approaches: label and label free (Cooper et al. 2010). The most popu-
lar stable-isotope labeling uses isotope-coded affinity tags (ICAT) technology for 
protein quantitation (Wu et al. 2006). Essentially, isobaric tags and prototypical 
isotope labeling results in a shift of labeled protein mass and allows for comparison 
between differentially labeled ions, ion peak height, and the resulting mass spectra 
produced (Cooper et al. 2010). Label-free approaches are also used to determine 
amounts of peptide in sample mixtures, and are based on the relationship between 
protein abundance, determined by the mass spectral peak analysis, and sampling 
statistical analysis (Bridges et al. 2007; Cooper et al. 2010). MudPIT technology 
first requires site specific enzymatic digestion of protein followed by separation 
of digested fragments using liquid chromatography, typically with a C18 reverse-
phase (RP) column, based on cation exchange (Wu et al. 2006; Bridges et al. 2007). 
Protein fragments are then subjected to MS/MS for protein identification and quan-
tification.

Right now, proteomics is a very popular technology and platform, and has been 
widely applied in plant tissue specific studies alone or together with other omics 
technologies. In previous studies, proteomics approach has been used to study the 
mechanism of action of grape seed proanthocyanidin extracts on arterial remodeling 
in diabetic rats (Li et al. 2010b). It also used to identify pathogenesis-related (PR) 
proteins in rice (Yang et al. 2011c), soybean (Yang et al. 2011a), etc. Some scien-
tists used proteomics technology to identify the stress-related proteins (Lee et al. 
2011; Wen et al. 2010; Zhou et al. 2011). Integration of proteomics and transcrip-
tomics, even metabolomics technologies provides deep and new insights into the 
plant systems biology (Fig. 3.1). For instance, Barros and colleagues applied three 
profiling technologies to compare the transcriptome, proteome, and metabolome 
of two transgenic maize lines with the respective control line, and revealed that the 
environment was shown to play an important effect in the protein, gene expression 
and metabolite levels of the maize samples (Barros et al. 2010).

In addition, shotgun proteomics technology has also been used to help develop 
the proteome and understand the metabolic processes of seed filling in soybean. It 
was found by Agrawal and coworkers, that when using 2-DGE, membrane proteins 
were under represented in soybean samples when compared to MudPIT technology 
(Agrawal et al. 2008). However, proteins involved in metabolism, protein transport, 
and energy were equally represented using both 2-D gel technologies and MudPIT, 
highlighting the respective strengths of each technology for application in improved 
seed development (Agrawal et al. 2008).

Interactomics Understanding genome-wide mRNA expression profiling has pro-
vided exceptional information regarding gene-function analyses studies, but lacks 
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the ability to provide information regarding gene product destination, and post-
transcriptional modification (PTM) behaviors (Singh and Nagaraj 2006). The large 
scale detection of aggregated protein complexes in similar functional pathways, 
coupled with protein-protein interactions is collectively defined as interactomics 
(Zhang et al. 2010a). Protein-protein interactions are important considerations for 
understanding terminal gene function of different seed developmental stages and 
metabolic processes, such as embryogenesis and grain filling. Understanding how 
proteins interact could provide the fundamental knowledge necessary for improved 
seed development and crop yield.

The recent advent of the systems biology age and the accumulation of tremen-
dous amounts of data concerning protein-protein interaction networks have resulted 
in several major technologies. Yeast two hybrid (Y2H) systems and affinity pu-
rification MS (AP-MS) have underpinned major technological breakthroughs for 
understanding protein interaction networks (Zhang et al. 2010a).

Y2H systems, first introduced in 1989, have seen a major evolution in techni-
cal improvement, resulting in adaptation for the various needs in studying protein-
protein interaction networks (Zhang et al. 2010a). Y2H is a molecular biology tech-
nique used to identify association between proteins based on interaction of tran-
scription factor components to express a reporter gene, such as green fluorescent 
protein (GFP). Fundamentally, Y2H relies on the ability of fragmented transcrip-
tion factors to function when concatenated under close proximity to activate down-

Fig. 3.1  Overview of 21st ‘omics’ technologies for seed development
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stream reporter gene expression. The yeast transcription factor GAL4 is often used 
in Y2H studies because it binds with the UAS promoter and contains two functional 
domains; the transcription activation domain and the DNA-binding domain (Zhang 
et al. 2010a). Y2H fuses these two domains with a bait protein, which is usually 
known, and ‘prey’ protein typically derived from a library of known or unknown 
proteins, and relies on the interaction with bait and target ‘prey’ proteins to form 
a functional GAL4 transcription factor to activate UAS-driven expression of the 
reporter genes.

However, limitations of the Y2H system for identify protein interactions have 
resulted in incomplete data for developing a comprehensive interactome. For ex-
ample, Y2H systems have a tendency for increasing high false-positive rates for 
protein interactions, in particular for membrane proteins and proteins with strong 
expression signals in the cytoplasm (Zhang et al. 2010a). This is due because Y2H 
interaction systems are often limited to the nucleus.

AP-MS has proven more successful for identifying protein-protein interactions 
and components of protein complexes through highlighting several of the major 
limitation present in Y2H techniques (Zhang et al. 2010a). An intrinsic limitation 
with Y2H technology is that only two proteins can be examined for interaction, 
whereas AP-MS is capable of elucidating protein interactions of much larger pro-
tein complexes.

AP-MS combine’s affinity purification of bait protein’s labeled with affinity 
tags, such as his-tag, with MS to identify novel protein complexes (Van Leene 
et al. 2008; Zhang et al. 2010a). In AP-MS, multi-component protein complexes 
are isolated from cell’s via affinity purification of the labeled tags and then subject 
to downstream analysis by MS or MS/MS. Several advantages of AP-MS tech-
niques for identifying protein-protein interaction complexes are apparent: first, 
AP-MS is conducted under native physiological conditions, which represents a 
more accurate picture of in vivo protein binding compared to Y2H; and second, the 
dynamics of protein interactions can be observed under various conditions (Zhang 
et al. 2010a).

Bimolecular fluorescent complementation (BiFC) is another molecular biologi-
cal approach often used to examine peptide interactions. BiFC approaches are based 
on the idea that when two proteins are close together, the probability of interac-
tion is high. Basically, BiFC uses a split, nonfunctional, fluorescent reporter protein 
combined to a bait and target protein. When these two nonfunctional fluorescent 
reporter components are reconstituted, through close proximal interaction of bait 
and labeled proteins, a functional GFP complex is formed to emit an observable 
signal. Self-fluorescence of plants generally precludes the use of GFP, and instead, 
red fluorescent or yellow fluorescent proteins are used as reporters (Zhang et al. 
2010a). Although not considered a high-throughput system, and thus a major draw-
back as a next-generation protein interaction analytical tool, BiFC advantages lie in 
its high sensitivity and its ability to be used to explore protein interactions in various 
cellular compartments.
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3.3  Concluding Remarks

The twenty-first century omics technologies are an essential component for im-
proved seed development and crop yield. Genomics, transcriptomics, proteomics, 
and interactomics have provided biologists with comprehensive data concerning 
global gene function and identification, dynamic changes between gene expres-
sion, protein identification and function, and interaction of entire protein networks. 
When combined, these information technologies present a snapshot of entire cel-
lular functional pathways, such as genome structure and metabolic regulatory net-
works. Combined, the twenty-first century omics are capable of characterizing a 
comprehensive picture of seed developmental physiology and morphology, vital 
for transcending the gap between fundamental biology knowledge and application 
towards improved seeds important for establishing modern seed industry and plant 
breeding programs for increased food production.

References

Agrawal GK, Hajduch M, Graham K, Thelen JJ (2008) In-depth investigation of the soybean seed-
filling proteome and comparison with a parallel study of rapeseed. Plant Physiol 148:504–518

Arai-Kichise Y, Shiwa Y, Nagasaki H, Ebana K, Yoshikawa H, Yano M, Wakasa K (2011) Discov-
ery of genome-wide DNA polymorphisms in a landrace cultivar of Japonica rice by whole-
genome sequencing. Plant Cell Physiol 52:274–282

Barros E, Lezar S, Anttonen MJ, Van Dijk JP, Röhlig RM, Kok EJ, Engel KH (2010) Comparison 
of two GM maize varieties with a near-isogenic non-GM variety using transcriptomics, pro-
teomics and metabolomics. Plant Biotechnol J 8:436–451

Borlaug NE (1983) Contributions of conventional plant breeding to food production. Science 
219:689–693

Bradford KJ, Chen F, Cooley MB, Dahal P, Downie B, Fukunaga KK, Gee OH, Gurusinghe S, 
Mella RA, Nonogaki H, Wu CT, Yang H, Yim KO (2000) Gene expression prior to radicle 
emergence in imbibed tomato seeds. In: seed biology: advances and applications. Proceedings 
of the sixth international workshop on seeds, Merida, Mexico, 1999, Black M, Bradford KJ, 
Vazquez-Ramos J (eds), CABI, CABI International, Wallingford, pp 231–251

Brenner S, Johnson M, Bridgham J, Golda G, Lloyd DH, Johnson D, Luo S, McCurdy S, Foy M, 
Ewan M, Roth R, George D, Eletr S, Albrecht G, Vermaas E, Williams SR, Moon K, Burcham 
T, Pallas M, DuBridge RB, Kirchner J, Fearon K, Mao J, Corcoran K (2000) Gene expres-
sion analysis by massively parallel signature sequencing (MPSS) on microbead arrays. Nat 
Biotechnol 18:630–634

Bridges SM, Magee GB, Wang N, Williams WP, Burgess SC, Nanduri B (2007) ProtQuant: a tool 
for the label-free quantification of MudPIT proteomics data. BMC Bioinformatics 8(Suppl 
7):S24

Buckley BA (2007) Comparative environmental genomics in non-model species: using heterolo-
gous hybridization to DNA-based microarrays. J Exp Biol 210:1602–1606

Cooper B, Feng J, Garrett WM (2010) Relative, label-free protein quantitation: spectral counting 
error statistics from nine replicate MudPIT samples. J Am Soc Mass Spectrom 21:1534–1546

de Reynies A, Geromin D, Cayuela JM, Petel F, Dessen P, Sigaux F, Rickman DS (2006) Com-
parison of the latest commercial short and long oligonucleotide microarray technologies. BMC 
Genomics 7:51

3 Omics Platforms: Importance of Twenty-First Century Genome-Enabled …



56

Expert Meeting on How to Feed the World, i., Food and Agriculture Organization of the United 
Nations (2009) Proceedings of the expert meeting on how to feed the world in 2050 (electronic 
resource), FAO Headquarters, Rome, 24–26 June 2009

Flavell R (2010) From genomics to crop breeding. Nat Biotechnol 28:144–145
Guei RG, Food and Agriculture Organization of the United Nations (2010) Promoting the growth 

and development of smallholder seed enterprises for food security crops: case studies from 
Brazil, CoÌ‚te d’Ivoire and India/coordinated by Robert G. Guei. Rome, Food and Agriculture 
Organization of the United Nations

Kroeger M (2006) How omics technologies can contribute to the ‘3R’ principles by introducing 
new strategies in animal testing. Trends Biotechnol 24:343–346

Langridge P, Fleury D (2011) Making the most of ‘omics’ for crop breeding. Trends Biotechnol 
29:33–40

Le BH, Wagmaister JA, Kawashima T, Bui AQ, Harada JJ, Goldberg RB (2007) Using genomics 
to study legume seed development. Plant Physiol 144:562–574

Lee DG, Park KW, An JY, Sohn YG, Ha JK, Kim HY, Bae DW, Lee KH, Kang NJ, Lee BH, Kang 
KY, Lee JJ (2011) Proteomics analysis of salt-induced leaf proteins in two rice germplasms 
with different salt sensitivity. Can J Plant Sci 91:337–349

Li R, Fan W, Tian G, Zhu H, He L, Cai J, Huang Q, Cai Q, Li B, Bai Y, Zhang Z, Zhang Y, Wang 
W, Li J, Wei F, Li H, Jian M, Li J, Zhang Z, Nielsen R, Li D, Gu W, Yang Z, Xuan Z, Ryder 
OA, Leung FCC, Zhou Y, Cao J, Sun X, Fu Y, Fang X, Guo X, Wang B, Hou R, Shen F, Mu 
B, Ni P, Lin R, Qian W, Wang G, Yu C, Nie W, Wang J, Wu Z, Liang H, Min J, Wu Q, Cheng 
S, Ruan J, Wang M, Shi Z, Wen M, Liu B, Ren X, Zheng H, Dong D, Cook K, Shan G, Zhang 
H, Kosiol C, Xie X, Lu Z, Zheng H, Li Y, Steiner CC, Lam TTY, Lin S, Zhang Q, Li G, Tian J, 
Gong T, Liu H, Zhang D, Fang L, Ye C, Zhang J, Hu W, Xu A, Ren Y, Zhang G, Bruford MW, 
Li Q, Ma L, Guo Y, An N, Hu Y, Zheng Y, Shi Y, Li Z, Liu Q, Chen Y, Zhao J, Qu N, Zhao S, 
Tian F, Wang X, Wang H, Xu L, Liu X, Vinar T, Wang Y, Lam TW, Yiu SM, Liu S, Zhang H, 
Li D, Huang Y, Wang X, Yang G, Jiang Z, Wang J, Qin N, Li L, Li J, Bolund L, Kristiansen K, 
Wong GKS, Olson M, Zhang X, Li S, Yang H, Wang J, Wang J (2010a) The sequence and de 
novo assembly of the giant panda genome. Nature 463:311–317

Li XL, Li BY, Gao HQ, Cheng M, Xu L, Li XH, Zhang WD, Hu JW (2010b) Proteomics approach 
to study the mechanism of action of grape seed proanthocyanidin extracts on arterial remodel-
ing in diabetic rats. Int J Mol Med 25:237–248

Lonneke A, van der Geest HM (2002) Seed genomics: germinating opportunities. Seed Sci Res 
12:145–153

Malone J, Oliver B (2011) Microarrays, deep sequencing and the true measure of the transcrip-
tome. BMC Biol 9:34

Marioni JC, Mason CE, Mane SM, AStephens M, Gilad Y (2008) RNA-seq: an assessment of tech-
nical reproducibility and comparison with gene expression arrays. Genome Res 18:1509–1517

North H, Baud S, Debeaujon I, Dubos C, Dubreucq B, Grappin P, Jullien M, Lepiniec L, Marion-
Poll A, Miquel M, Rajjou L, Routaboul JM, Caboche M (2010) Arabidopsis seed secrets unrav-
elled after a decade of genetic and omics-driven research. Plant J 61:971–981

Righetti PG, Antonioli P, Simò C, Citterio A (2008) Gel-based proteomics. In: Agrawal GK, Rak-
wal R (eds) Plant proteomics: technologies, strategies, and applications. Wiley, Hoboken, 
pp 11–30

Ruuska SA, Girke T, Benning C, Ohlrogge JB (2002) Contrapuntal networks of gene expression 
during Arabidopsis seed filling. Plant Cell 14:1191–1206

Schena M, Shalon D, Davis RW, Brown PO (1995) Quantitative monitoring of gene-expression 
patterns with a complementary-DNA microarray. Science 270:467–470

Severin A, Woody J, Bolon YT, Joseph B, Diers B, Farmer A, Muehlbauer G, Nelson R, Grant 
D, Specht J, Graham M, Cannon S, May G, Vance C, Shoemaker R (2010) RNA-Seq Atlas of 
Glycine max: a guide to the soybean transcriptome. BMC Plant Biol 10:160

Shizuya H, Birren B, Kim UJ, Mancino V, Slepak T, Tachiiri Y, Simon M (1992) Cloning and 
stable maintenance of 300-kilobase-pair fragments of human DNA in Escherichia coliusing an 
F-factor-based vector. Proc Natl Acad Sci U S A 89:8794–8797

R. D. Syrenne et al.



57

Singh OV, Nagaraj NS (2006) Transcriptomics, proteomics and interactomics: unique approaches 
to track the insights of bioremediation. Brief Funct Genomics Proteomics 4:355–362

Springer NM, Jackson SA (2010) Realizing the potential of genomics for crop improvement. Brief 
Funct Genomics 9:93–94

Thompson R, Burstin J, Gallardo K (2009) Post-genomics studies of developmental processes in 
legume seeds. Plant Physiol 151:1023–1029

Tyers M, Mann M (2003) From genomics to proteomics. Nature 422:193–197
Van Leene J, Witters E, Inzé D, De Jaeger G (2008) Boosting tandem affinity purification of plant 

protein complexes. Trends Plant Sci 13:517–520
Varshney RK, Graner A, Sorrells ME (2005) Genomics-assisted breeding for crop improvement. 

Trends Plant Sci 10:621–630
Velculescu VE, Zhang L, Vogelstein B, Kinzler KW (1995) Serial analysis of gene expression. 

Science 270:484–487
Wan YF, Poole RL, Huttly AK, Toscano-Underwood C, Feeney K, Welham S, Gooding MJ, Mills 

C, Edwards KJ, Shewry PR, Mitchell RAC (2008) Transcriptome analysis of grain develop-
ment in hexaploid wheat. BMC Genomics 9:121

Webb-Robertson BJM, Cannon WR (2007) Current trends in computational inference from mass 
spectrometry-based proteomics. Brief Bioinformatics 8:304–317

Wen FP, Zhang ZH, Bai T, Xu Q, Pan YH (2010) Proteomics reveals the effects of gibberellic acid 
GA3 on salt-stressed rice ( Oryza sativa L.) shoots. Plant Sci 178:170–175

Woo Y, Affourtit J, Daigle S, Viale A, Johnson K, Naggart J, Churchill G (2004) A Comparison 
of cDNA, oligonucleotide, and Affymetrix GeneChip gene expression microarray platforms. J 
Biomol Tech 15:276–284

Wu WW, Wang G, Baek SJ, Shen RF (2006) Comparative study of three proteomic quantitative 
methods, DIGE, cICAT, and iTRAQ, using 2D gel- or LC-MALDI TOF/TOF. J Proteome Res 
5:651–658

Yang H, Huang YP, Zhi HJ, Yu DY (2011a) Proteomics-based analysis of novel genes involved in 
response toward soybean mosaic virus infection. Mol Biol Rep 38:511–521

Yang H, Lu P, Wang Y, Ma H (2011b) The transcriptome landscape of Arabidopsis male meiocytes 
from high-throughput sequencing: the complexity and evolution of the meiotic process. Plant 
J 65:503–516

Yang L, Su N, Wu M, Wang C, Hu H (2011c) Proteomics to identify pathogenesis-related proteins 
in rice roots under water deficit. Biologia 66:477–483

Yuan JS, Galbraith DW, Dai SY, Griffin P, Stewart CN Jr (2008) Plant systems biology comes of 
age. Trends Plant Sci 13:165–171

Zhang Y, Gao P, Yuan JS (2010a) Plant protein-protein interaction network and interactome. Curr 
Genomics 11:40–46

Zhang W, Li F, Nie L. (2010b) Integrating multiple ’omics’ analysis for microbial biology: applica-
tion and methodologies. Microbiol 156:287–301

Zhang J, Chiodini R, Badr A, Zhang G (2011) The impact of next-generation sequencing on ge-
nomics. J Genet Genomics 38:95–109

Zhou L, Bokhari SA, Dong CJ, Liu JY (2011) Comparative proteomics analysis of the root apo-
plasts of rice seedlings in response to hydrogen peroxide. PLoS One 6:e16723

3 Omics Platforms: Importance of Twenty-First Century Genome-Enabled …



Part II
Transcriptomics



61

Abstract Rice is an experimental model for monocot grain crop biology. Its seeds 
provide a major portion of the diets of many human cultures. Recently, microarray 
and RNA-sequencing methods have produced highly resolved genome-wide inven-
tories of RNA transcripts present in cell types and regions of rice seeds, including 
the development of embryo and endosperm tissues and the changes that accom-
pany germination. This chapter describes these rice seed transcriptome inventories 
and highlights the novel biological insights that they provide regarding the regional 
specialization of biological processes in endosperm and embryo. The spatial and 
temporal patterns of expressed genes support some of the anatomical homologies 
that have long been proposed for regions of the monocot embryo and endosperm.

Keywords Embryo · Endosperm · Germination · Rice · Transcriptome · Seed

4.1  Introduction

Rice ( Oryza sativa L.) seeds are the essential food staple of many cultures. In Asia, 
rice accounts for half the calories consumed (Khush 1997, 2005; Kovach et al. 
2007). Rice has become an experimental model for monocots, thanks to its small 
sequenced genome, diverse germplasm collections, high seed number per plant, 
and amenability to transgenic manipulation (Agrawal and Rakwal 2006; Goff et al. 
2002; International Rice Genome Sequencing Project 2005; Krishnan et al. 2009; 
Yu et al. 2005). Rice is a useful representative of the cereal grain crops, since the 
genomes of rice, corn, wheat, oats, rye, sorghum, and barley exhibit considerable 
synteny (Gaut 2002).
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The seeds of rice and other monocot grain crops include an embryo with a flat-
tened morphology that is optimized for its association with a massive endosperm. 
The developmental and metabolic processes that produce the distinct features and 
resources of the rice seed and that utilize them during rice seed germination are re-
flected in the dynamic changes in inventories of mRNAs, proteins, and other mole-
cules from fertilization to germination. The cellular resolution of transcriptome dy-
namics in various regions of developing and germinating grain seeds has improved, 
thanks to recent technical advances. The first mRNA inventories represented whole 
seed or endosperm samples, and generally were limited to specific gene sets or par-
tial transcriptomes. Recent sampling methods, such as laser microdissection, pro-
vide finer resolution, selecting individual cell types or highly defined sub regions 
of organs and tissues (Asano et al. 2002). Similarly, recent improvements in the 
rice genome sequence and annotation have enabled whole genome transcriptome 
inventories of these spatially restricted samples. Together, these advances provide 
highly resolved views of the transcriptome dynamics that underlie the changing 
functions and activities of developing and germinating seed. With cellular resolu-
tion, they provide inventories of genes that are coexpressed at key times and places 
in seed processes and therefore provide candidates for roles in specific processes 
and molecular interactions.

4.2  Rice Seed Morphology, Development, and Germination

4.2.1  Morphology

Rice seeds, like those of most grains, include an embryo flattened around a substan-
tial endosperm. The mature embryo extends from the plumule (a region including 
the embryonic leaves and shoot meristem) to the radicle, the embryonic primary 
root (Fig. 4.1a and b). The rice plumule contains three leaves and is enclosed by 
the coleoptile. The radicle is ensheathed by the coleorhiza. Together they mark the 
extremes of the embryonic axis. The coleoptile is the first organ to emerge from the 
globular embryo and is soon surrounded by the scutellum and epiblast. The cole-
optile appears to have evolved to protect the emerging leaves during germination 
and early seedling growth, although the derivation of the coleoptile is controversial. 
From histological examinations, the coleoptile has variously been suggested to be: 
(i) a cotyledon; (ii) sheath or ligule tissue from a cotyledonary leaf; (iii) a modi-
fied foliar leaf; (iv) an axillary bud; or (v) a palea, a leaf-like bract that protects 
the grass floret (Brown 1960). The scutellum is a circular or oval-shaped tissue 
in transverse sections near the base (Fig. 4.1a) and appears as a fleshy, shield-like 
structure in longitudinal sections (Fig. 4.1b). The embryonic axis is bounded on the 
inner side by the scutellum, which is generally agreed to correspond to a cotyledon, 
has rudimentary vasculature and is differentiated independently of the shoot apical 
meristem (SAM; Hinton 1948; Satoh et al. 1999). The epidermal layer of the scutel-
lum is composed of palisade-shaped cells and is the site of lipid and protein storage 
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and of considerable seed-specific gene expression (Miyoshi et al. 2002; Sugimoto 
et al. 1998). The epiblast is a flap of tissue opposite the scutellum to which no spe-
cific function has yet been attributed. The epiblast has no vasculature, is not present 
in all grasses, and seems to be dependent on the SAM for differentiation (Hinton 
1948; Itoh et al. 2005). The epiblast has been suggested to be a second cotyledon, a 
cotyledonary outgrowth, the ligular region of a cotyledon, a scutellar appendage, or 
an outgrowth from the scutellum or the coleorhizae (Brown 1960). The comparison 
of spatially resolved transcriptomes from seed regions should provide a new basis 
for sorting out the homologies and roles of monocot embryonic structures that have 
been proposed based on histology and developmental anatomy.

4.2.2  Embryo and Endosperm Development

Embryo and endosperm development proceed adjacently but relatively indepen-
dently. Embryo formation begins with an unequal cell division of the fertilized e.g., 

4 Rice Seed Development: Highly Resolved Transcriptomic Views

Fig. 4.1  Anatomy of a germinating rice grain. a–c Summary diagram of cell types and regions 
of rice seeds. a Cross and b Longitudinal section through a germinating rice grain after 12 h of 
imbibition. Abbreviations: AL aleurone; CL coleoptile; ED endosperm; EP epiblast; PL plumule; 
RA radicle; and ST scutellum. Not drawn to scale. d–e Light micrograph and longitudinal section 
of a germinating rice seed. White frame in d shows section region. d Bar = 1 mm; e Bar = 200 µM
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followed by rapid divisions that form a globular embryo with a protoderm layer by 
2 days (Jones and Rost 1989). Organ development is initiated at 4 DAP, starting 
with the scutellum, followed closely by the coleoptile, shoot apical meristem, and 
radicle. Finally, the leaf primordia are formed in the plumule. The embryo itself 
accumulates starch grains, first in the coleorhiza and then throughout the embryo 
except for meristematic or procambial cells. Lipid and protein bodies accumulate in 
the scutellum from about 6 DAP. The coleoptile also acquires protein bodies (Jones 
and Rost 1989).

The endosperm develops initially as a syncytium, followed by cellularization, 
cellular differentiation, and maturation (Sabelli and Larkins 2009). Grain filling oc-
curs largely when embryo development is finished. The switch from cellularization 
to grain filling in rice is associated with a global shift in gene expression pattern, 
as observed also in seeds of barley and wheat (Drea et al. 2005; Sreenivasulu et al. 
2004).

The aleurone is the outermost layer of endosperm cells and is the source of hy-
drolytic enzymes required during germination for release of the stored sugar in 
the endosperm (Becraft and Yi 2011). In maize, the calpain-like dek1 ( defective 
kernel 1) is one of the few identified regulators of the development of aleurone cells 
(Gruis et al. 2006; Lid et al. 2002). The expression of its rice homolog ( Osdek1, 
Os02g47970) has not yet been characterized. Aleurone cells store protein, lipid, 
sucrose, and minerals, but little starch. The epidermis of scutellum is similar to the 
aleurone in that it also provides hydrolytic enzymes for the breakdown of starch in 
the endosperm and appears to be specialized for synthesis and exportation of pro-
tein (Negbi 1984).

Maturation of the seed includes the programmed death of endosperm cells (ex-
cept aleurone), followed by embryo dormancy, and desiccation of the embryo and 
endosperm. Desiccation achieves the removal of almost all water, thus allowing 
the seed to survive adverse environmental conditions (Bewley and Black 1994). 
The transcriptome dynamics during the processes of grain filling, desiccation, and 
dormancy have been described in several seed plants, although not yet fully in rice. 
The overlap in developmental timing of these processes makes it challenging to 
associate particular transcripts with a single process based solely on their spatial 
and temporal dynamics. Many seed desiccation-related genes are also responsive to 
environmental dehydration stress (Cooper et al. 2003; Sivamani et al. 2000).

4.2.3  Dynamic Processes during Seed Germination

The processes of rice seed germination occur in the sequence imbibition > activa-
tion > post germination growth (Bewley and Black 1994; Yoshida 1981). During 
imbibition, the seed rapidly absorbs water to a content of 25–30 % (Yoshida 1981). 
The aleurone and scutellum become activated by imbibition and produce proteins 
for starch breakdown. As early as one hour after imbibition, rice embryos are active 
in RNA synthesis (Howell et al. 2009). The metabolically inactive embryo resumes 
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growth and germination, which is considered complete when the embryo emerges 
from the seed coat.

Numerous mRNAs are stored in the desiccated seed (“stored” or “long-lived” 
mRNAs), and only translation is necessary for germination to proceed (Bewley and 
Black 1994; Dure and Waters 1965; Holdsworth et al. 2008; Marcus and Feeley 
1964; Rajjou et al. 2004). The transcriptome has been shown to change during the 
dry seed stage (Bove et al. 2005; Comai and Harada 1990; Leubner-Metzger 2005), 
even before the dramatic changes triggered by imbibition.

4.3  Seed Transcriptomics

Several recent projects have produced comprehensive transcriptome datasets from 
whole rice seeds, embryos, or regions of embryos at successive developmental stag-
es (Gibbings et al. 2003; Howell et al. 2009; Jain et al. 2007; Li et al. 2007; Ma et al. 
2005; Meyers et al. 2004; Nakano et al. 2006; Wang et al. 2010b; Xue et al. 2009; 
Zhu et al. 2003). A recent Rice Atlas project produced quantitative transcriptome 
datasets from a variety of selected rice embryo tissues isolated by laser microdis-
section from dry seed or after 12 h or 24 h of imbibition (Jiao et al. 2009). Detailed 
transcriptome information from this project is cited below as “Rice Atlas” and is 
available at http://bioinformatics.med.yale.edu/riceatlas/. The transcriptomes of 
embryo organs included 10,733 of the 30,731 rice genes represented on the whole 
genome Rice Atlas microarrays (Jiao et al. 2009). In the following sections, we 
focus on the dynamic changes in the transcriptomes of regions of the developing 
embryo that are associated with key features of seed development and germination.

4.3.1  Dynamics of GA3- and ABA-Related Transcripts

ABA and gibberellic acid (GA3) provide opposing signals that coordinate seed 
development and germination. ABA induces dormancy and inhibits germination 
(Kucera et al. 2005; Leubner-Metzger 2005). Maternal tissues provide ABA to the 
seed early in development. GA3 provides a later signal associated with imbibition 
that promotes growth activities. The balance between ABA remaining in the dry 
seed and GA3 induced by imbibition appears to regulate the developmental switch 
between dormancy and germination (Holdsworth et al. 1999; Ogawa et al. 2003). 
Several ABA-related genes are expressed in highly region-specific patterns within 
the germinating embryo. Transcripts from the rice orthologs of the Arabidopsis 
ABA-related genes ABI1-ABI5 (Finkelstein and Somerville 1990; Finkelstein et al. 
2008) are particularly region-specific. The ABI5 ortholog Os05g28350 accumulates 
at 24 h post imbibition only in scutellum and coleoptile, while the ABI5 ortholog 
Os08g43600 accumulates in scutellum in dry seed, in plumule at 12 h post imbibi-
tion, and in radicle at 24 h post imbibition (Rice Atlas), similar to the pattern for the 
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Arabidopsis ABI5 (Brocard et al. 2002). In the plumule, transcripts for two ABA re-
ceptors ( Os03g18600 and Os01g61210, homolog to RCAR10/PYL4 of Arabidopsis) 
increase specifically from dry seed to 24 h post imbibition (Klinger et al. 2010; Park 
et al. 2009), while transcripts for their likely ABA signaling partners, PP2C and 
SnRK family members, accumulate less specifically, suggesting that organ-specific 
responses may be regulated by specific expression of the receptors alone.

Many GA-responsive genes contain GAREs (GA-response elements) as cis-pro-
moter elements. Included among these are genes for degradative enzymes, which 
are important during the mobilization of stored carbohydrate and protein. The scu-
tellum is a source of GA3 and of at least one GA-induced transcription factor (TF), 
namely, OsGAMYB, during the early stages of imbibition (Kaneko et al. 2004). The 
transcripts for 15 out of 28 (54 %) GARE-containing protease genes increase to a 
maximum at 12 or 24 h after imbibition in the scutellum (Rice Atlas). A subset of 
four hydrolase genes exhibits a contrasting pattern of very high initial expression 
that declines during imbibition.

4.3.2  Dynamics of Transcripts Related to other Hormones

Auxin The transcriptional changes among families of auxin-responsive genes have 
been profiled during five stages of seed development in field-grown Indica rice. 
Those gene families include the GH3 (Jain et al. 2006b), Aux/IAA (Jain et al. 2006a), 
ARF (Auxin response factor; Jain and Khurana 2009), and SAUR (Small Auxin-Up 
RNA; Jain et al. 2006c). At least nine GH3, 13 Aux⁄IAA, 18 ARF, and 17 SAUR 
genes are differentially expressed through developmental stages (Jain and Khurana 
2009), many in a tissue-specific and stage-specific manner. Most ARF family mem-
bers (17/21) have significant expression in one or a few embryo organs during ger-
mination (see Rice Atlas; Jiao et al. 2009). Since the targets of ARF TFs generally 
have an AuxRE cis-element, it should be possible to build candidate lists of ARFs 
and their cognate seed targets based on cell- or region-specific coexpression. Tran-
scripts for Aux/IAA factors increase with germination, reflecting the diverse roles 
of auxin signals in seedling growth and development (Howell et al. 2009).

The ARFs and TIR1-like F-box genes are regulated at the posttranscriptional 
level by microRNAs (miRNAs; Bishopp et al. 2006). Two of the 19 rice Argonaute 
genes, which encode components of miRNA-dependent gene silencing, exhibit in-
creases in expression specifically in developing rice seeds (Kapoor et al. 2008), 
suggesting that this mode of regulation plays a role in seed development. Of the 
several miRNAs that accumulate specifically in the rice embryo or endosperm (Xue 
et al. 2009), one ( Osa-miR167) targets ARF6 and ARF8 and increases with auxin 
treatment.

Cytokinin The CKs affect endosperm development through the stimulation of cell 
division (Yang et al. 2002). The loss of cytokinin oxidase/dehydrolase ( OsCKX2), 
which degrades CK, results in an increased number of grains and an enhancement 
of grain production (Ashikari et al. 2005). In Arabidopsis, CK-responsive genes 
are significantly upregulated in developing endosperm (Brugière et al. 2008; Lur 
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and Setter 1993; Yang et al. 2002). In rice, CK-related transcripts increase both 
in developing endosperm and germinating embryo. The CK response factor 2 
( Os01g12440) and the type A response regulator ( Os02g58350) increase strikingly 
in the embryo with imbibition (Rice Atlas).

Ethylene Ethylene affects the release of dormancy and germination. The binding of 
ethylene to membrane receptors activates AP2/EREBP TFs (APETALA2/ethylene-
responsive element binding proteins), a diverse family with roles in organ identity 
determination, cell fate specificity, stress response, and other processes (Dietz et al. 
2010; Kizis et al. 2001; Riechmann et al. 1996). Some members are expressed in all 
embryo cell types with maxima at 12 h post imbibition in scutellum, followed by the 
other organs with tendency to peak at 24 h, suggesting that these genes are involved 
in later phases of germination (Rice Atlas).

Brassinosteroids At least 13 genes related to brassinosteroid (BR) signaling have 
significant expression in the dry seed and imbibition stages, and all are expressed 
nonspecifically throughout embryo tissue types and regions (Rice Atlas). The non-
specific pattern is consistent with the diverse roles of BRs in the development of 
seeds and other plant parts (Tanabe et al. 2005; Wu et al. 2008). BR-insensitive 
mutants bear shortened and small seeds (Tanabe et al. 2005), and transgenic rice 
with elevated BR levels show increased number of tillers and seeds (Wu et al. 
2008). BRs also regulate rice seed germination and can stimulate aged rice seeds to 
germinate (Takeuchi et al. 1995).

4.3.3  Dynamics of Transcripts for Carbohydrate Metabolism

The transcriptional patterns of genes for carbohydrate synthesis and degradation are 
particularly dynamic during seed development and germination. During grain fill-
ing, sucrose is imported and converted into the endosperm starch that fuels seed-
ling growth (Fincher 1989). The genes for starch synthesis enzymes, including 
AGPS2/shrunken2 and others, are upregulated in developing endosperm during its 
period of rapid DW increase (Ohdan et al. 2005). Members of the same gene families 
exhibit increases in expression after fertilization, each with slightly different kinet-
ics. The developing endosperm uses sucrose and starch synthesis genes and isozymes 
distinct from those active in leaf metabolism (Bak-Jensen et al. 2007; Ohdan et al. 
2005). Two rice sucrose synthase ( SUS) genes are expressed early in grain filling, 
another one later in filling, and additional members only in stem or root, but not in 
endosperm (Zhu et al. 2003). A comparison of the transcriptomes and metabolomes 
of normal and heat-treated rice grains linked decreases in metabolites (e.g., glucose-
1-P) needed for starch accumulation with the down regulation of the genes encod-
ing particular anabolic enzymes (e.g., starch-branching enzyme) or upregulation of 
genes encoding catabolic enzymes (e.g., α-amylase; Yamakawa and Hakata 2010).

Imbibition triggers the expression of metabolic genes in the embryo organs that 
enlarge first, the coleoptile and radicle (Rice Atlas), followed by the plumule. Some 
gene family members are specific to embryo organ. Genes for sucrose metabolism 
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are differentially expressed among rice embryonic organs undergoing imbibition 
(Rice Atlas). Of the six rice SUS genes, SUS2 ( Os06g09450) is particularly region 
specific, accumulating in coleoptile at 24 h post imbibition (Rice Atlas), consistent 
with its absence in dry whole seed and appearance with germination (Hirose et al. 
2008). In coleoptile and radicle, transcripts for ~ 70 % of annotated sucrose meta-
bolic genes increase, while in plumule only ~  30 % increase (Rice Atlas).

Many rice genes currently annotated as ‘response to water’ and ‘embryonic de-
velopment’ are expressed in developing rice endosperm with dynamics similar to 
genes for carbohydrate metabolism (Wang et al. 2010b). Water-response genes might 
be associated with rice desiccation- and germination-specific processes, while em-
bryonic development transcripts may just reflect the derivation of annotation from 
Arabidopsis orthologs. For example, genes, that in Arabidopsis may have embryo-
specific functions, might be active in rice in both the aleurone and scutellum.

4.3.4  Dynamics of Transcripts for Storage  
and Desiccation-Tolerance Proteins

The transcripts for storage and dessication-tolerance proteins have the same dynam-
ics as their well-documented patterns of protein accumulation during endosperm 
and embryo development. In rice endosperm, SPs include the glutelins (12 genes 
and ~ 75 % of the total protein), cupin (one gene), globulin (four genes), prolamin 
(two genes), and albumin (five genes; Takaiwa et al. 1991). Genes for cupin, seed 
storage lipid transfer protein, seed maturation protein, and glycine-rich proteins 
(GRPs) are expressed endosperm-specifically and with distinct developmental dy-
namics (Wang et al. 2010b). For example, seed maturation proteins are highly ex-
pressed at 14 and 21 DAP, but not at 7 DAP, whereas the opposite is true for cupin 
(Wang et al. 2010a). Genes encoding glycosylation enzymes that act on SPs and 
polysaccharides are upregulated during endosperm development.

In embryos, transcripts for desiccation-tolerance proteins appear late in the matu-
ration period. Transcripts for the LEA, germins, and germin-like proteins are abun-
dant in all regions of dry seeds and disappear with imbibition (Rice Atlas), as do the 
proteins (Rorat 2006). Transcripts for LEA dehydrin ( Os01g50700) are most abun-
dant in coleoptile, plumule, and scutellum, and decline abruptly at 12 h post imbibi-
tion for all embryo organs, a general pattern shared by other LEA genes, including 
OsLEA8 ( Os05g50710) and OsLEA30 ( Os03g06360; Rice Atlas; Wang et al. 2007).

4.3.5  Dynamics of Transcripts for Cell Wall Extension  
and Modification Genes

Imbibition triggers a global increase in transcripts for genes associated with the 
CW synthesis and expansion as the seedling elongates, including those for GRPs, 
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expansins (EXPs) and xyloglucan transferase/hydrolases (XTHs). GRP transcripts 
are most abundant in plumule of dry seed, in scutellum and epiblast 12 h post im-
bibition, and in coleoptile and radicle 24 h post imbibition. Similar expression pat-
terns appear for the expansins and xyloglucan genes (Rice Atlas). Of the over 22 
EXP rice genes, there are four EXP-like and one EXP-related gene (Lee and Kende 
2001, 2002), and seven predominate ( EXPB2, EXPA5, EXPA7, EXPA10, EXPA12, 
EXP16, and EXPA29; Rice Atlas). Transcripts from the 29-member OsXTH gene 
family are abundant in all cell types of dry and germinating seeds (Rice Atlas), con-
sistent with previous studies of these gene families (Huang et al. 2000; Yokoyama 
et al. 2004).

4.3.6  Dynamics of Transcripts for TFs

The global changes in function and composition of the seed through its develop-
ment and germination are reflected in the dynamics and locations of specific TFs 
that regulate particular developmental and metabolic processes. A recent review 
compares the Arabidopsis TFs known to be essential for seed formation with those 
of rice (Agarwal et al. 2011). While there are many similarities in TF-expression 
patterns in rice and Arabidopsis seeds (e.g., post germination induction of HAP 
TFs), the patterns for many corresponding TFs differ. Global changes in TFs cor-
respond to biological shifts. The ‘transcription’ GO category is well represented in 
early endosperm transcriptomes, but declines during the processes of grain filling 
and cell death (Wang et al. 2010b). The opposite occurs as the seeds imbibe water 
and begin germination-associated metabolism. The Rice Atlas datasets (Jiao et al. 
2009) document the embryo germination expression dynamics of 1,174 genes from 
19 predicted TF families. Approximately 55 % (644) changed significantly in at 
least one embryo organ during imbibition, including the plumule (66 %, 441), radi-
cle (62 %, 404), scutellum (57 %, 370), coleoptile (55 %, 352), and epiblast (54 %,  
346). TFs are thus generally enriched in the plumule and radicle, the two organs 
destined to become the vegetative seedling. The dynamics are similarly striking in 
studies of whole seed TF transcripts through times points of germination (Howell 
et al. 2009).

MADS box TFs The 54 of 75 rice MADS-box genes are expressed in more than one 
embryo organ of dry seeds and post imbibition seeds (Rice Atlas), and 12 appear 
to be expressed only in seeds (Arora et al. 2007). The rice orthologs of Arabidop-
sis ABC class genes displayed an increase in coleoptile, plumule, and/or radicle 
(Rice Atlas), including Os01g66030 and Os05g34940 ( PISTILLATA orthologs), 
Os06g49840 ( APETALA3 ortholog), and Os09g32948 (SEPALLATA1 ortholog). 
This suggests that they have roles in the establishment and maintenance of the veg-
etative organs in rice, consistent with previous observations (Arora et al. 2007).

bZip (basic leucine zipper) TFs The bZip TFs have a key role in regulating the 
accumulation of endosperm SPs (Oñate et al. 1999; Schmidt et al. 1992; Vicente- 
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Carbajosa et al. 1998). Nine rice bZip family members are preferentially expressed 
during seed development (Nijhawan et al. 2008). Two rice bZip genes with major 
roles in seed development ( RITA-1 and REB) are also expressed in non seed tissues 
(Izawa et al. 1994; Nakase et al. 1997).

C2H2 Zinc-finger TFs A significant subset of the rice C2H2 zinc-finger TF family 
(12/189) is seed specific in expression (Agarwal et al. 2007).

ABI3/VP1 TFs The rice genome has 63 predicted ABI3/VP1 TFs, some of which 
have been associated with morphogenesis, maturation, dormancy, and germination 
in seed development. Transcripts for 33 genes increase during germination (Rice 
Atlas); the majority, 24 and 22, of them are highly expressed respectively in radicle 
and plumule. As an exception, the transcript level of Os11g05740 peaks in dry seed 
and declines during imbibition, and this is consistent with previous observations of 
its dynamics (Bassel et al. 2006; Nambara et al. 1995).

MYB TFs The transcript levels of many MYB family genes are modulated during 
germination. Transcripts for 85 MYB genes are elevated at the very early stage of 
rice seed germination (Rice Atlas), including many identified in previous studies, 
such as OsMybS1 ( Os01g34060), and OsMybS3 ( Os10g41200; Lu et al. 2002). Sev-
eral of the germination-induced MYB genes respond to GA and regulate α-amylase 
gene expression (Assmann 2005).

bHLH TFs Fifteen basic helix-loop-helix (bHLH) genes are induced during rice 
germination (Rice Atlas), all belonging to the relatively conserved OsbHLH sub-
family. All are highly induced during the imbibition stage from their dry seed levels; 
ten increase in all seed tissues. Among rice bHLH genes, transcripts for OsSPCH1 
accumulate primarily in coleoptile, while transcripts for OsMUTE accumulate in all 
organ tissues of dry and developing seeds, despite the documented specific roles of 
their Arabidopsis orthologs in stomatal development (Barton 2007; Liu et al. 2009).

HDZIP TFs At least 37 homeodomain leucine zipper (HD-ZIP) genes accumulate 
predominantly during one or more stages of seed development (Jain et al. 2008). 
In Arabidopsis, the HD-ZIPIII genes REVOLUTA (REV), PHABULOSA (PHB), 
PHAVOLUTA (PHV), and ATHB8 have roles in the establishment of the embry-
onic SAM and in the development of organ polarity and leaf venation (McConnell 
and Barton 1998; McConnell et al. 2001). In rice, transcripts for the four HD-
ZIPIII genes OSHB1 to OSHB4 ( Os03g01890, Os03g43930, Os10g41230, and 
Os01g10320, respectively) accumulate in the SAM, leaf primordial, and vascular 
tissue (Itoh et al. 2008). These transcripts are most abundant in plumule and radicle 
(Rice Atlas), consistent with in situ hybridization data (Itoh et al. 2008).

CCAAT-HAP TFs In plants, a substantial gene family encodes the three interact-
ing HAP2, HAP3, and HAP5 subunits (Agarwal et al. 2011), which resemble the 
yeast HAP or mammalian NUCLEAR FACTOR-Y (NF-Y) factors (Gusmaroli 
et al. 2001; Lotan et al. 1998; Mantovani 1999). In Arabidopsis the HAP3 genes 
LEAFY COTYLEDON1 (LEC1) and LEC1-LIKE influence embryogenesis (Kwong 
et al. 2003; Lotan et al. 1998). Their rice homologs OsHAP3D and OsHAT3E are 
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actively transcribed during embryogenesis (Thirumurugan et al. 2008), and 17 out 
of 26 rice HAP genes exhibit distinct developmental dynamics and cellular pat-
terns in the embryo (Rice Atlas), suggesting they may regulate distinct aspects of 
embryogenesis.

TCP TFs The transcripts of 16 rice TCP-domain TFs accumulate significantly in 
dry seeds and germinating tissues (Rice Atlas). Most exhibit maximum expression 
in the early seed stages (Sharma et al. 2010).

Dof TFs Plant DOF (DNA-binding-with-one-finger) domain TFs have roles in the 
regulation of diverse processes, such as endosperm SP synthesis, seed germination, 
light regulation, phytohorm one and defense responses, and guard cell-specific gene 
regulation (Yanagisawa 2002). In rice, 36 DOF proteins have been identified, of 
which 22 are induced specifically in seeds (Rice Atlas).

The tissue- and stage-specific inventories of TFs described above should facili-
tate the association of seed-relevant cognate pairs of TFs and their potential targets 
from candidate pools. For example, the seed-expressed member of a duplicated 
pair of genes with a target cis-regulatory region was identified by its cell-specific 
expression pattern (Ray et al. 2007). Cognate pairs of TFs and potential gene tar-
gets were also identified among a group of genes sharing developmental dynamics 
during grain filling (Zhu et al. 2003). The highly resolved coexpression analysis 
for classes of TFs should also facilitate the analysis and modeling of regulatory 
networks for seed development and germination.

Many of the cited studies revealed that some seed development/germination TFs 
are also induced by abiotic stresses, such as heat and anoxia. For example, at least 
11 rice bZIP genes are expressed both during panicle/seed development and more 
generally under abiotic stress conditions (Nijhawan et al. 2008).

4.3.7  Dynamics of Transcripts Associated with Light Regulation

Light affects the germination and postgermination growth of rice through phy-
tochrome. Transcripts for phytochromes A, B, and C ( OsPHYA, OsPHYB, and 
OsPHYC) accumulate with distinct dynamics in dry and imbibed seeds (Takano 
et al. 2001; Rice Atlas). Transcripts for OsPHYB ( Os03g19590) and OsPHYC 
( Os03g54084) are present in dry seed, but increase in all cell types during imbibi-
tion. Transcripts for the blue-light photoreceptor PHR2 ( Os03g22330) are present 
in dry seeds, suggesting that it may have a role in the control of seed germination 
as well.

Comprehensive surveys have identified many genes associated with light-reg-
ulated growth and development (Jiao et al. 2005; Ma et al. 2003). Over 300 genes 
have been identified via light-induced transcriptome inventories (Jiao et al. 2005, 
2007). Twenty with growth defects in corresponding T-DNA mutant lines (Jung 
et al. 2008) are expressed specifically in one or more embryo regions (Rice Atlas). 
For example:transcripts are evident in coleoptile for Os01g08460 (TMS membrane 
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protein, dwarf phenotype); scutellum is rich in transcripts for Os01g45274 (carbon-
ic anhydrase, oxidative stress phenotype) and Os05g47540 (phosphoethanolamine 
N-methyltransferase, slender phenotype); plumule is rich in those for Os04g37619 
(zeaxanthin epoxidase, Aba1; dwarf phenotype) and Os07g32880 (ATP synthase 
gamma chain, pale green phenotype); radicle in that for Os08g40160 (thylakoid 
lumen protein, dwarf phenotype); and both coleoptile and plumule are rich in tran-
scripts for Os01g40710 (expressed protein, pale green phenotype).

4.3.8  Dynamics of Transcripts Associated with Submergence  
and Anaerobiosis

Rice is the one of the few plant species that can tolerate long-term flooding, a sig-
nificant abiotic stress. Submergence, hypoxia, and anoxia inhibit seed germination 
of the majority of higher plants. However, most rice seeds can germinate even when 
deprived of oxygen completely (anaerobiosis). Submergence-1 ( SUB1 A), a quanti-
tative trait locus associated with several ERF genes, has been associated with high 
tolerance to anaerobiosis (Fukao et al. 2006; Siangliw et al. 2003; Xu et al. 2006). 
A survey of Sub1 A-regulated genes revealed the AP2/ERF TF gene family mem-
bers may form a complex that is expressed during both submergence tolerance and 
anaerobic germination (Jung et al. 2010). Transcriptome analysis of anoxia-treated 
rice seed associated the EXP gene family members EXPA7 and EXPB12 with an-
oxia-induced coleoptile elongation (Lasanthi-Kudahettige et al. 2007). Anoxia also 
upregulates genes encoding ethylene signaling response and HSPs, but reduces the 
expression of cytochrome P450 enzymes which use oxygen as a substrate (Lasan-
thi-Kudahettige et al. 2007). A comprehensive study of oxygen-response genes in 
rice associated 10 metabolites and over 1,100 genes with tolerance to anaerobiosis; 
13 metabolites and 730 genes were defined as anaerobic responders (Narsai et al. 
2009). Other types of stress-response genes, such as heat shock responsive genes 
(Sarkar et al. 2009) and many of those induced by flooding and anoxia, are utilized 
during normal seed development.

4.4  Comparative Transcriptome Evidence  
for Monocot Embryo Organ Homologies

As described in the INTRODUCTION above, various homologies have been pro-
posed for the specialized structures of the monocot embryo, including epiblast, scu-
tellum, plumule, and coleoptile, based on comparative anatomy and development. 
Can comparative transcriptomics clarify these relationships? Although endosperm 
and embryo transcriptomes differ significantly at all stages (Anderson et al. 2003; 
Zhu et al. 2003), there are relatively few regional differences within the embryo un-
til root/shoot functions are activated by germination (Rice Atlas). Several of these 
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embryo regional differences warrant comment. Transcripts of genes from several 
metabolic pathways exhibit a consistent pattern of differential expression in embryo 
regions. The transcriptome patterns for pathways such as glycolysis are most similar 
for the shoot-related regions coleoptile and plumule, when compared to the likely 
cotyledon homologs, scutellum, and epiblast. At all stages measured, the glycolysis 
pathway transcriptomes of scutellum and epiblast are consistently different from 
coleoptile and plumule (~ 45 % of pathway members), but much less different from 
radicle (~ 10 %). Scutellum, epiblast, and radicle exhibit similar expression patterns 
for members of the HSF, MADS, MYB, and TCP TF gene families. Radicle differs 
from all other embryo regions in its use of members of bHLH and bZIP TF families.

The lack of extensive differentiation among regional transcriptomes is consistent 
with observations that a variety of embryo mutants with defective radicle regions 
can organize roots upon germination, despite loss of the presumptive sites for these 
(Hong et al. 1995), although mutants lacking plumule are shootless. As plumule and 
radicle develop, their transcriptomes begin to overlap with leaf and root, but at earli-
er stages there is little to distinguish them from other embryo regions. For example, 
at 48 h post germination, the embryo radicle expresses many genes associated with 
mature root (Wang et al. 2010a), but at earlier stages resembles all other embryo 
regions. At this same 48 h stage, the plumule and radicle transcriptomes overlap 
considerably, reflecting the rapid growth of both organs (Wang et al. 2010a); the 
cellulose synthase family is particularly active in both (Wang et al. 2010b). Tran-
scriptome datasets have revealed some similarities in patterns for aleurone and scu-
tellum, as might be expected if their functions overlap. Rice scutellum accumulates 
transcripts for the aleurone-related genes Osdek1, Ossal1 ( Os06g43590, homolog 
of maize supernumerary aleurone1, sal1; Shen et al. 2003), and Os02g53510 (Ku-
wano et al. 2011).

4.5  Concluding Remarks

The transcriptomes obtained recently for stages and regions of rice seed develop-
ment provides a depth and breadth of information that is only beginning to be ex-
ploited. Initially, it provides an independent confirmation for expression patterns 
reported previously in studies of single genes or gene families. Using reliable tran-
scriptomic datasets, genes with known functions in processes, such as starch me-
tabolism and desiccation tolerance can serve as discovery tools to identify function-
ally related genes via coexpression patterns highly resolved by stage, region, and 
even cell type. This has the potential to associate cognate members of functional 
complexes, targets of TFs and other binding proteins, members of pathways and 
networks, and other partner relationships that imply expression in the same cell 
at the same time. The global patterns of transcription revealed in these datasets 
provide support for the relatedness of coleoptile to plumule and of scutellum to 
epiblast (and perhaps the relation of both to cotyledons). However, it is striking 
that there is so little transcriptome differentiation among rice embryo regions until 
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postgermination growth. Further exploration may reveal where the key differences 
reside that confer anatomical identity.
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Abstract Maize ( Zea mays L.) is an important source for food, feed, and fuel with 
rapidly increasing global demand. According to the Food and Agriculture Organi-
zation, it is amongst the top three crops in terms of its production and consump-
tion throughout the world. To date, several studies have unraveled many aspects 
of the physiological, biochemical, transcriptomics, and proteomics properties of 
maize seed development. Those studies have helped in better understanding the 
underlying genetic control of this important event in maize, and cereal seeds in gen-
eral. In this chapter, we discuss the transcriptomic behavior of maize plants during 
seed developmental phase and highlight the regulatory roadmap for the synthesis 
of starch, fatty acids, and storage proteins in seeds. Genes associated with seed 
development will not only provide information for understanding the transcrip-
tional network during seed development, but also will provide a blueprint for future 
modification of seed quality and seed vigor through genetic engineering in maize, 
and other important cereal crops.

Keywords Embryogenesis · Endosperm · Maize · Starch synthesis · Storage protein · 
Transcriptomics · Transcriptional regulation

5.1  Introduction

Seed development is one of the key biological processes in the life cycle of higher 
plants, not only for facilitating the species survival and distribution but also for 
accumulating storage compounds. Seed formation is a complicated and delicate 
process that requires the coordinated development of three distinctly-originated tis-
sues, embryo, endosperm, and integument (Baud et al. 2008). The zygotic tissues 
(embryo (diploid, 2n) and endosperm (triploid, 3n)) are derived from the double 
fertilization event, which is a unique characteristic of higher plants (Berger 1999; 
Chaudhury et al. 1998). However, the integuments of maternal origin mainly consti-
tute the seed coat (diploid, 2n) and protect the embryo and endosperm. Seed is one 
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of the major food sources for human society, and serves as industrial raw materials. 
Due to its economical and nutritional values, the seed developmental aspects have 
been thoroughly analyzed cytologically and genetically (Chaudhury et al. 2001; 
Olsen 2001).

In the present time, global agriculture is suffering from multiple challenges 
like—shortening of agricultural lands, energy hikes, climate change, etc., which 
ultimately results in severe ‘food crisis’. According to Fedoroff (2010), the ‘food 
crisis’ alone has sparked riots in many countries in every continent (i.e., Africa). 
So, to fight these challenges, and have a better and sustainable food supply; we 
should find potent crops with higher vigor and superior adaptability for future en-
vironment. Maize ( Zea mays L.; also called corn), one of the most important crops, 
belongs to the cereal family and has long been a model species for genetic studies. 
Maize is a highly photosynthetic-efficient C4 grass and has recently been proposed 
for use as a key model system for gene discovery relating to biomass yield and qual-
ity in the bioenergy grasses (Carpita and McCann 2008). To meet the dramatically 
growing, global demand for grain, it is estimated that an additional 200 million 
tonnes/year of corn and wheat ( Triticum aestivum L.) would have to be produced 
by 2017 (Edgerton 2009). It is widely considered that gene engineering strategies 
are powerful approaches to increase crop productivity. Therefore, a complete list of 
genes expressed in developing seeds will help in constructing the gene transcrip-
tional regulation network and provide a blueprint for future modification of grain 
quantity and quality in cereal crops.

Thanks to the application of high-throughput omics technologies to crops and to 
the knowledge gained from the model plants (like Arabidopsis and rice), our current 
understanding of the genetic control underlying cereal seed development has been 
greatly enhanced. During the past decade, several studies have unraveled many as-
pects of the biochemical, transcriptomics, and proteomics properties of maize seed 
development (Alexandrov et al. 2009; Guo et al. 2003; Lai et al. 2004; Liu et al. 
2008; Méchin et al. 2004, 2007; Prioul et al. 2008; Verza et al. 2005). In addition, a 
collection of at least 300 endosperm-defective mutants of maize identified in nature 
or created in the laboratory, is also a significant resource for the molecular charac-
terization of genes involved in this biological process (Neuffer and Sheridan 1980). 
In this chapter, we mainly discuss the transcriptomics-driven findings, and our cur-
rent understanding of maize seed development.

5.2  A Portrait of Maize Seed Development

For most grass crop species, the value of grain is largely determined by the quantity 
and quality of the endosperm. The endosperm originates from the fertilization of 
two polar nuclei in the central cell of the embryo sac by one sperm cell nucleus 
(triploid, 3n, 3C), whereas the embryo originates from fertilization of the egg cell 
by the second sperm cell nucleus (diploid, 2n, 2C). The seed development of maize 
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contains several distinct but considerably overlapping phases (Fig. 5.1), including 
early development (double fertilization, syncytium formation, and cellularization), 
differentiation (formation of the main cell types), periods of mitosis and endoredu-
plication, accumulation of storage compounds, and maturation (programmed cell 
death, dormancy, and desiccation) (Sabelli and Larkins 2009).

During genesis, the embryo follows a sequence of developmental phases: cell di-
vision, cell enlargement, deposition of reserves, maturation, and desiccation of the 
seed. The embryo proper is formed consisting of histodifferentiation, followed by 
acquisition of polarity and bilateral symmetry and, morphogenesis. Finally, storage 
reserves accumulation, dehydration, and quiescence take place during the matura-
tion phase (Fontanet and Vicient 2008; Kiesselbach 1998). Noticeably, the expres-
sion of metabolic enzymes is most active around 20 DAP, when morphogenesis and 
cell division processes basically stop and, storage and desiccation processes begin.

In contrast to the dicot plants, the cereal endosperm is not a transient tissue ab-
sorbed at later stages of seed development, but instead provides a continuous favor-
able environment for the developing embryo. The endosperm development includes 
several partially overlapping stages. The first stage of development extends up to 
12 DAP and characteristically involves cell division resulting in rapid expansion of 
the endosperm. Subsequently, 12–40 DAP is called the ‘kernel filling’ stage, refer-
ring to the activity of several metabolic pathways that convert imported sucrose and 
amino acids into starch and storage proteins. Finally, 40–70 DAP is the desiccation 
stage and leads to the formation of mature seeds (Olsen 2001; Prioul et al. 2008; 
Wang et al. 2010).

Fig. 5.1  Cytological images of maize kernels. a Transverse section of resin-embedded seed at 25 
DAP; bar, 0.05 mm. b Transmission electron microscopy image of developing seed at 25 DAP; 
bar, 1.0 µm. c Magnified section of b; bar, 500 nm. d and e The peripheral and central parts of the 
mature seed, respectively; bar, 100 µm. f Close to d; bar, 30 µm
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5.2.1  Early Seed Development

After double fertilization, the fertilized egg cell enters into the embryogenesis pro-
cess, differentiating into a mature embryo containing a number of cell types and tis-
sues with different biological functions. It is important to understand the transcrip-
tional regulation networks from early embryogenesis to maturity of seeds. Several 
studies have focused on the gene expression analyses of developing maize embryo 
using a transcriptomics approach, providing invaluable insights into the mechanism 
underlying early embryo development (Lee et al. 2002; Liu et al. 2008).

Genome-wide analysis of embryo development has been performed on two elite 
maize inbred lines B73 and X178 (Lee et al. 2002; Liu et al. 2008). During the early 
kernel embryogenesis, cell division and enlargement were the dominating activities 
for the formation of tissues and organs. The highly-expressed genes in the growing 
embryo during 1 through 5 DAP fell into several abundant functional categories: the 
biogenesis of cellular components (30 %), protein-related function (29 %), and cell 
cycle and DNA processing (20 %). These genes could also be grouped into three 
pathways: CDC2, SCF, and CDC5 (Liu et al. 2008). In the CDC2 pathway, one gene 
encoding the CDC2 protein, a member of the Ser/Thr protein kinase, might control 
the G1-S-G2-M checkpoint transition of the cell cycle during the cell-division pro-
cess. A gene encoding a β-glucosidase was differentially expressed in this stage. It 
supports the hypothesis that β-glucosidase might stimulate tyrosine dephosphory-
lation, activating CDC2 kinase and indirectly promoting cell division. The SCF 
complex (SKP1, Cullin, and F-box) could associate with E3 and help in the recruit-
ment and degradation of target proteins during the G1-S transition of the cell cycle 
(Vodermaier 2004). Genes encoding SKP1, Cullin, and F-box were differentially 
expressed, suggesting that the SCF complex pathway is also involved in the regula-
tion of cell division during the maize kernel formation. Another gene encoding a 
putative CDC5 was upregulated from 5 to 15 DAP and then downregulated. The 
CDC5 was considered as an activator of the Anaphase-Promoting Complex, which 
regulates the G2-M transition of cell cycle through targeting cyclins for degradation 
(Lei et al. 2000), indicating that CDC5 could enhance the activity of cell division 
during the early kernel development.

The maternal-to-zygotic transition is one of the interesting developmental events 
of early seed development. It happens after fertilization and causes extensively gene 
expression patterns, leading to the establishment of an embryo-specific develop-
mental program (Grimanelli et al. 2005). In animals and plants, early embryonic 
development is largely dependent on maternal control during gametogenesis. How-
ever, the actual timing of zygotic genome activation is unknown. Grimanelli et al. 
(2005) used maize microarrays to compare the expression profile between unfer-
tilized ovules from apomictic maize-Tripsacum hybrid plants with a developing 
proembryo (but no endosperm) and ovules from sexual reproduction maize plants 
with neither endosperm nor embryo at 3 and 7 DAP. Of the 7,300 unique sequences, 
111 differentially-expressed genes were identified. Of these, 77 genes were dif-
ferentially expressed between both the samples, and the expressions of another 34 
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genes were significantly different from null expression. The results indicate that 
the maternal-to-zygotic transition in maize does not occur until at least 3 days af-
ter the initiation of embryo development. Unlike the early embryogenesis, early 
endosperm development in maize correlates with significant novel transcriptional 
regulation in the ovule, which suggests that different mechanisms are involved in 
the initiation of endosperm and embryo development.

5.2.2  Seed Metabolism

Accumulation of Starch and Other Carbohydrates Starch, a renewable car-
bohydrate polymer, comprises approximately 70 % of the DW of maize kernel. 
Toward the prospect of designing starch for increased quantity and quality by 
genetic manipulation of genes involved in starch biosynthesis, the pathways of 
starch metabolism in cereal endosperms have been studied intensively and thor-
oughly. A full list of genes involved in starch biosynthesis in maize genome has 
been summarized in Table 5.1.

Sucrose, originating from the source leaves, is imported into the developing 
cob tissue of maize and converted into a mixture of fructose and UDP-glucose in 
the cytosol of endosperm cells. This conversion was accomplished by SUS, which 
can cleave sucrose to generate UDP-glucose. Four genes encoding SUS were sig-
nificantly upregulated from 10 DAP, which may imply their essential functions in 
supplying raw materials for starch synthesis (Liu et al. 2008). Then UDP-glucose 
is converted into activated hexoses and glucose-1-P, followed by synthesized the 
starch precursor ADP-glucose, which is then transported into the plastid (Glawis-
chnig et al. 2002). The transcripts of identified genes, involved in starch and soluble 
carbohydrate metabolism, represent 15–23 % of the expressed sequence tags (ESTs) 
expressed in the kernel cDNA libraries at 10, 14, and 21 DAP (Prioul et al. 2008). 
Starch biosynthesis was initiated at a very early stage of the kernel development, as 
illustrated by upregulation of starch synthase III b1 and b2 at 3 DAP. The AGPase 
catalyzes the first reaction in starch biosynthesis, producing the activated glucosyl 
donor ADP-glucose (James et al. 2003). Of the six AGPase listed in Table 5.1, their 
expression patterns in seed development could be divided into two groups. The 
first group consists of those genes, which were stably expressed during the devel-
opmental process, such as AGPL1 and AGPS1. The second group generally tended 
to increase and maintained high expression intensity, such as AGPL2 ( Shrunken2), 
AGPL3, and AGPS2 ( Brittle2). Soluble and granule-bound starch synthases uti-
lize ADP-glucose to specifically elongate amylopectin and amylose, respectively. 
All starch synthase isoforms (Table 5.1) were differentially expressed during maize 
seed development. Except upregulation of SSIIIb1 and SSIIIb2 genes at the early 
stage, expression levels of the remaining genes increased gradually and peaked 
between 15 and 18 DAP. Starch branching enzymes (SBEs) generate α-1,6 link-
ages by cleaving internal α-1,4 bonds and transferring the released reducing ends to 
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C6 hydroxyls. The SBEIIa gene was expressed at the early stage, while SBEI and 
SBEIIb were highly expressed at the middle stage of seed development. Two types 
of debranching enzymes (DBEs) families exist in plants, isoamylase and pullula-
nase types. Both types hydrolyze α-1,6 linkages, but they differ in substrate speci-
ficity (James et al. 2003). Three isoamylase ( ISO) genes share a similar expression 
pattern, whose expressions were increased gradually and reached to maxima around 
18 DAP. Together, the expression pattern of these genes and overrepresentation of 
starch and sucrose metabolism imply that starch accumulation occurs in a large 
quantities from 10 DAP, peaks at 15 DAP, and remains steady thereafter (Liu et al. 
2008; Yan et al. 2009).

Synthesis of Fatty Acids and Lipids Maize oil is one of the most valuable coprod-
ucts from industrial processing of maize grain through milling and the oil is of high-
quality for human consumption. It is stable because the oil contains quite little (less 
than 1.0 %) linolenic acid, which is susceptible to oxidation (Shen et al. 2010). In 
plant, oil is synthesized from glycerol-3-P and fatty acyl-CoA in the ER as triacylg-
lycerols (TAGs). In maize seeds, lipid reserves are synthesized and stored primarily 
in a specialized tissue of the embryo, known as scutellum.

A bunch of key genes are involved in fatty acid (FA) biosynthesis and oil storage. 
In Arabidopsis, the plastidial FA biosynthetic pathway includes at least 24 enzymes 
or subunits, including acetyl-CoA carboxylase (ACCase), enoyl-acyl carrier protein 
(ACP) reductase, malonyl-CoA:ACP transacylase, beta-ketoacyl-ACP synthase I, 
and FA desaturase. The majority of these genes were significantly upregulated from 
10 DAP in the maize kernel development (Lee et al. 2002; Liu et al. 2008). ACCase 
is a major control point of the pathway. The transcripts of ACCase accumulated to a 
high level in whole kernels as early as 5 DAP and remained high in embryos until 20 
DAP. The expression of malonyl-CoA: ACP transacylase, -ketoacyl-ACP synthase 
III, enoyl-ACP reductase, and ACP reached to their highest levels between 15 to 20 
DAP. A seed-specific desaturase (stearoyl-ACP desaturase) was also found to ex-
press to its maximum level between 15 DAP and 20 DAP, but decreased significant-
ly at later developmental stages (Lee et al. 2002). Storage lipids in maize kernels 
were transported into lipid bodies for storage. The genes encoding the lipid body 
proteins, including steroleosin, oleosin, and caleosin, were significantly upregu-
lated starting from 25 DAP and continued to accumulate till 35 DAP. Transcripts 
of oleosin 16, 17, and 18 started to accumulate till 15 DAP and maintained until 
25 DAP, followed by slight reduction thereafter (Liu et al. 2008). These divergent 
expression patterns indicate that the expressions of genes related to FA synthesis 
occurred prior to lipid body proteins for oil storage. In maize embryo, the rate of 
oil synthesis peaks between 15 and 25 DAP and the concentration of oil reaches its 
optimal level at 30 DAP (Curtis et al. 1968). It is interesting to note that many tran-
scripts encoding the appropriate enzymes and proteins involved in oil biosynthesis 
accumulate several days before the maximal storage oil accumulation. Therefore, it 
is valuable to understand the transcriptional control underlying oil and other storage 
reserves biosynthetic pathways during maize seed development by large-scale gene 
expression analysis.

5 A Transcriptional Roadmap for Seed Development in Maize
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Amino Acid Metabolism and Storage Proteins Biosynthesis The total content 
of amino acids and their composition of seed storage proteins (SSPs) significantly 
impact the nutritional value of maize seeds. SSPs are specifically synthesized 
and highly accumulated in the endosperm tissue. According to their solubility in 
water or alcohol, SSPs are classified into albumin, globulin, prolamin, and glutelin 
(Kawakatsu and Takaiwa 2010).

The metabolism of amino acids is tightly correlated with the nitrogen use ef-
ficiency from the environment, which is a key agronomic trait for crops, such as 
maize. It has been demonstrated that the translocation of glutamic acid (Glu) and 
glutamine (Gln) to the ear, and the subsequent synthesis of asparagine (Asp) are 
important metabolic processes that highly influence kernel productivity (Seebauer 
et al. 2004). Transcriptomics study has revealed that the genes involved in amino 
acid biosynthesis accumulate to their maximal levels in kernels at 10 DAP and 
in embryos at 15 DAP, including chorismate synthase, putative diaminopimelate 
decarboxylase, cystathionine gammalyase (Lee et al. 2002). Recently, Canas et al. 
(2009) systematically investigated changes in metabolite content, enzyme activities, 
and expression levels for marker genes of amino acid biosynthesis and interconver-
sion in the cob and kernels during seed filling (Table 5.2). ZmAS1 was expressed 

G. Wang et al.

Table 5.2  Summary of zein genes in the maize genome
Class Protein molecular 

weight (kDa)
Map location Copy 

number
cDNA access number 
(expressed)

α-zein z1A 19 4.02/4.04 9 and 3 NM_001152088
NM_001137771
NM_001112275
NM_001165463
NM_001174232
NM_001204324
NP_001105745
EU116452

z1B 19 7.01 8 NM_001149065
BT016489

z1C 22 4.02/4.03 15 and 1 NM_001111587
NM_001111588
NM_001112277
NM_001112530
NM_001152106
BT061059

z1D 19 1.06 5 NM_001112176
BT016174

β-zein 15 6.01 1 NM_001112534
γ-zein 16 2.07 1 AF371262

27 7.05 1 AF371261
50 7.05 1 BT062750

δ-zein 10 9.03 1 AF371266
18 6.04 1 NM_001111584
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in both the cob and kernels, while the expression of ZmAS2 and ZmAS3 was almost 
restricted to developing kernels. ZmAspAT1.1, ZmAspAT1.2, ZmAspAT1.3, and 
ZmAspAT2.1 were all constitutively expressed in the cob and kernels. The expres-
sion of ZmAspAT2.2 was not detected in either the cob or kernels. The expression 
profile of ZmAlaAT1 was similar to that of ZmAspAT1.3. ZmAlaAT2 was specifi-
cally expressed in both the cob and kernels. The expression levels of ZmP5CS1 and 
ZmP5CS3 genes were more abundant in cob than that in kernel under both low- and 
high-nitrogen conditions, while the ZmP5CS2 expression was even in both cob and 
kernel. The transcript levels of ZmGDH1 and ZmGDH2 were more abundant in cob 
than kernel. These expression data provide an insight into the genetic and environ-
mental control of nitrogen metabolism and potential candidate genes for improving 
efficient utilization of maize nitrogen.

Prolamins, refer to as zeins, are predominantly-expressed SPs in maize seeds, 
which comprise approximately 50 % of the total proteins in mature kernels. Based 
on the solubility and structural relationships, zein proteins could be classified as 
α, β, γ, and δ zeins (Table 5.3). The majority of zeins was differentially expressed, 
significantly increased at 15 DAP and decreased dramatically after 40 DAP, dur-
ing maize seed development (Liu et al. 2008; Luo et al. 2008). The α-zeins, which 
are encoded by a large super gene family, comprise the major fraction of maize 
zeins. Based on the sequence similarity and copy number, the α-zein gene family 
could be further divided into four gene families: z1A, z1B, z1C, and z1D (Table 5.3; 
Heidecker and Messing 1986). Our laboratory combined quantitative reverse tran-
scriptase-polymerase chain reaction (RT-PCR) and random cDNA clones sequenc-
ing to successfully profile the expression of α-zein super gene family during en-
dosperm development (Feng et al. 2009). There were 8 out of 12 members of the 
z1A family, 2 out of 8 members of the z1B family, 6 out of 16 members of the z1C 
family, and 2 out of 5 members of the z1D gene family expressed in endosperm 
(Table 5.3). Noticeably, an apparent ‘up and down’ expression rhythm was observed 
with all α-zein sub-families. The fluctuation interval varied among the different 
families. The z1A and z1B had an interval of 4 days, while the fluctuation interval 
of z1C and z1D was 6 days. This result suggests that there may be a feedback loop 
regulating α-zein synthesis during endosperm development. Moreover, different 
subfamilies showed different expression patterns. For the z1A family, expression 
levels gradually increased at 12 DAP, reached their peak at 18 DAP, and then de-
creased with fluctuation until 34 DAP. For the z1B genes, expression peaked at 22 
DAP, and then decreased with a fluctuation until 34 DAP. The expression patterns 
of z1C and z1D gene families were similar with a peak at 24 DAP. The expression 
divergence among the different members indicates that a fast evolution rate of the 
maize α-zeins gene family (Feng et al. 2009).

Compared with zeins, the expression profiles of globulin members were strik-
ingly different. The transcript of α-Globulin was decreased gradually and reached 
the lowest level at 40 DAP. The expression of globulin-1 increased gradually with 
increase in kernels growth and maturation, while globulin-2 maintained its expres-
sion at a relatively high level (Luo et al. 2008). In addition, LEA ( MZ00026333, 
MZ00028039, and MZ00040778) and other seed maturation genes ( MZ00007111 
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and MZ00029271) were upregulated from 25 or 35 DAP, suggesting that such genes 
might play a role in the process of kernel maturation (Liu et al. 2008).

5.3  Transcriptional Regulation of Maize Seed Development

Genes involved in maize seed development, especially in storage compounds me-
tabolism, have been well documented (Kawakatsu and Takaiwa 2010). However, 
the potential transcriptional regulators underlying this process are largely un-
known. The TFs play key roles in regulating gene expression at the transcriptional 
level, and thereby control many biological processes. Compared to 2,383 TFs in 
rice and 1,922 TFs in Arabidopsis, 1,965 putative TFs have been reported in the 
maize genome (Soderlund et al. 2009). Transcriptomics approach has also proved 
very useful in cataloging TFs expressed during seed development in maize. Verza 
and coworkers reported expression of 365 TFs out of approximately 11,000 esti-
mated genes expressed in the developing maize endosperm (Verza et al. 2005). Liu 
et al. (2008) profiled genome-wide differentially-expressed gene expressions dur-
ing maize kernel development and found 106 TFs. In our laboratory, we identified 
57 putative TFs from 6,630 unique ESTs isolated from a normalized maize seed 
cDNA library (Wang et al. 2010). The TFs belong to seven different super families, 
specifically 17 Zinc-finger, 13 basic leucine-zipper (bZIP), 8 bHLH, 6 MADS, 7 
MYB, 3 Homeodomain, and 3 AP2/EREBP. One third (19) of the maize TFs have 
their putative orthologs in Arabidopsis. The majority of such orthologs (15 out of 
19) has a similar expression patterns in maize and Arabidopsis, suggesting that they 
might have a conserved function in seed development. A transcriptional regulation 
roadmap for storage protein, starch, and FA biosynthesis in cereal seed is sum-
marized in Fig. 5.2. Systematic functional characterization of these identified TFs 
will provide information for understanding the transcriptional networks of seed 
development.

Genes encoding SSPs are specifically expressed at high levels during seeds 
maturation, resulting in high accumulation of these proteins in the seeds. Their 
expression patterns and a tight correlation between gene expression and protein 
synthesis have suggested that SSPs synthesis is regulated primarily at transcrip-
tional level (Goldberg et al. 1989). Isolation and comparison of numerous SSP 
gene promoters have resulted in identification of several cis-elements potential-
ly involved in transcriptional regulation of the SSP genes. The endosperm box 
(5’-TGACA TGT AAAG TGAATAAGA TGAGTCA TG-3’) also called the pro-
lamin element, is well conserved around 300 bp upstream of the transcription start 
site in cereal prolamin gene promoters (Forde et al. 1985). It consists of two inde-
pendent cis-elements, the prolamin box [P box, TG(T/C/A)AAAG] and the GCN4 
motif [TGA(G/C)TCA]. Another two elements, the AACA (AACAAAC) and 
ACGT (ACGTG) motifs were identified within glutelin promoters (Takaiwa et al. 
1996). The GCN4 is a critical cis-element both for determining qualitative expres-
sion of the prolamin promoters and for defining tissue specific expression. The 

5 A Transcriptional Roadmap for Seed Development in Maize



92

remaining three motifs (AACA motif, P box, and ACGT motif) are also quantitative 
cis-elements (reviewed by Kawakatsu and Takaiwa 2010).

A maize endosperm defective mutant opaque 2 ( O2) is one of the seed mutants 
with a severe reduction in the content of 22 kDa α-zein. The O2 encodes a bZIP TF, 
which could specifically bind to the GCN4 motif in the 22 kDa α-zein promoter and 
regulate its expression (Schmidt et al. 1992). Its orthologs have been identified from 
wheat (SPA; Albani et al. 1997), barley (BLZ2; Oñate et al. 1999), and rice (RIS-
BZ1; Onodera et al. 2001). Similar to yeast GCN4, these bZIP genes regulate the 
expression of a set of genes involved in amino acid biosynthesis. They can also bind 
to ACGT motif in the 22 kDa α-zein promoter and in the b32 promoter (Schmidt 
et al. 1992). In maize, the P box is specifically recognized by prolamin box-binding 
factor (PBF) (Vicente-Carbajosa et al. 1997). The PBF encodes plant-specific DOF 
TFs, which contain a Cys2–Cys2 zinc finger motif. Its orthologs have also been 
found in other cereals, such as wheat WPBF/putative ESBF-I (Conlan et al. 1999), 
barley BPBF (Mena et al. 1998), and rice RPBF/OsDOF3 (Yamamoto et al. 2006). 
Evidences have demonstrated that O2-like bZIPs can interact with PBF-like DOFs 
in vitro or in vivo, such as O2-PBF (maize), BLZ2-BPBF (barley), and RISBZ1-
RPBF (rice). Therefore, they are likely to act additively and coordinately regulate 
the SSPs gene expression (Kawakatsu and Takaiwa 2010). In barley, a R2R3-type 
MYB TF (HvGAMYB) can bind to the AACA motif in the Hor2 B-hordein gene 
promoter (Diaz et al. 2002). Moreover, GAMYB and DOF TFs physically interact 
with each other. In dicots, FUSCA3 (FUS3) plays a critical role in the regulation of 
SSP gene expression by binding to RY/Sph repeats. The barley ortholog HvFUS3 
can also regulate its SSP gene expression by recognizing the RY repeats within the 

Fig. 5.2  A transcriptional regulation roadmap for SP, starch, and FA biosynthesis in the cereal seed

G. Wang et al.
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promoter. Similarly, HvFUS3 and BLZ2 physically interact and additively regulate 
the SSP gene expression, too (Moreno-Risueno et al. 2008).

In Arabidopsis, LEAFY COTYLEDON1 (LEC1) and WRINKLED1 (WRI1) 
have been identified as two key TFs involved in the regulation of FA biosynthesis 
and oil accumulation (Cernac and Benning 2004; Mu et al. 2008). The LEC1 encodes 
a HAP3 subunit of the CCAAT-binding factor and also plays an important role in 
embryo development. The WRI1 encodes an AP2/EREBP TF and its overexpression 
resulted in an increased TAG level in both seeds and leaves (Cernac and Benning 
2004). In maize, a LEC1 functionally equivalent ZmLEC1 (functionally complement 
the Arabidopsis lec1 mutant phenotype) has been cloned and its overexpression in-
creases seed oil by up to 48 % compared to control, but retarded seed germination 
and leaf growth (Shen et al. 2010). Furthermore, a maize WRI1 ( ZmWRI1) gene 
was cloned having 43 % identity at the amino acids level with Arabidopsis AtWRI1 
(Shen et al. 2010). Overexpression of ZmWRI1 resulted in increased oil content in 
seed similar to that reported for overexpression of ZmLEC1 without affecting the 
germination, seedling growth, or grain yield (Shen et al. 2010). In Arabidopsis, ex-
pression analyses and genetic experiments indicate that WRI1 functions downstream 
of LEC1 (Maeo et al. 2009; Mu et al. 2008). However, Baud et al. (2007) showed 
that WRI1 is a direct target of LEC2, which specifies the regulatory action of WRI1 
for seed maturation towards FA metabolism. ZmWRI1 showed an expression pattern 
similar to ZmLEC1, and was upregulated by approximately two-fold in ZmLEC1-
expressing embryos. Moreover, the upregulation of ZmWRI1 by ZmLEC1 was con-
firmed by coexpression of the ZmLEC1 protein with a ZmWRI1 promoter: GUS 
reporter in the maize culture cell (Shen et al. 2010). Thus, ZmWRI1 also functions 
downstream of ZmLEC1, and ZmLEC1 regulates the expression of ZmWRI1 directly 
or indirectly. Recently, in vitro evidence showed that WRI1 can directly regulate 
a set of genes involved in FA biosynthesis, such as a subunit of pyruvate kinase 
(Pl-PKb1), ACCase (BCCP2), ACP (ACP1), and ketoacyl-ACP synthase (KAS1), 
by binding to two separate AW-box [CNTNG(N)7CG] motifs within the 200 bp 
fragment upstream of ATG (Maeo et al. 2009). Taken together, WRI1 is a master 
gene promoting carbon to oil during seed development, by directly trans-activating 
genes involved in FA biosynthesis and genes for assembly and storage of TAG.

Compared to the regulatory networks of SSP and oil biosynthesis in developing 
seed, the transcriptional regulation of storage starch synthesis remains poorly under-
stood. The starch biosynthesis is a flexible but complex network in the cytosol and 
plastid. Sugar signaling regulates the transcription of many of the starch biosynthesis 
genes, including three critical steps: (i) sugar/signal sensing; (ii) signal transduction; 
and (iii) action at target genes. Sucrose is well known to be a general inducer of 
storage starch biosynthesis (Wobus and Weber 1999). Moreover, sucrose response 
elements (SURE), like cis-element in plant sugar signaling, are present in the pro-
moters of maize sbeI, sorghum sbeIIb, and barley sbeIIb and isa1 genes (Mutisya 
et al. 2006). The SUSIBA2 belongs to the WRKY proteins and was shown to bind to 
SURE and W-box elements in the barley isa1 gene promoter, inducing isa1 transcrip-
tion (Sun et al. 2003). More recently, rice starch regulator1 (RSR1), an AP2/EREBP 
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family TF, was found to negatively regulate the expression of type I (in seeds; sink 
tissues) starch synthesis genes, and is important for starch content and structure, 
starch granule morphology, and gelatinization properties, too (Fu and Xue 2010).

5.4  Concluding Remarks

The post-genomics era has provided us powerful tools and capabilities to study 
seed biology in-depth in a high-throughput manner. Via transcriptomics, we are 
able to understand when and where all genes in an organism are expressed. We have 
summarized the transcriptomics-driven progress of seed development in maize, fo-
cusing on the three major components of the kernels, including starch, oil, and pro-
tein. Genes involved in the three pathways are largely known with their expression 
patterns during seed development. Moreover, schematic transcriptional regulation 
roadmap for SSP, FA, and storage starch biosynthesis were also provided. Given 
that little is known about transcriptional regulation of the starch pathway, this field 
needs more efforts to put into and is predicted to be an exciting avenue in the future. 
Identification of master regulators, especially TFs, has a potential impact for a wide 
range of applications in cereal seeds. A dramatic increase in use of plant oils for the 
production of chemicals and bioenergy has drawn interest in improved seed FA ac-
cumulation and yield in cereals. One successful example is the overexpression of a 
key gene ZmWRI1 regulating FA biosynthesis that increases seed oil by up to 46 % 
without affecting germination, seedling growth, or grain yield (Shen et al. 2010).

On the technology, RNA-Seq is a recently developed global technique for ge-
nome-wide transcript profiling (Marioni et al. 2008; Wang et al. 2009). In contrast 
to hybridization- or sequence-based approaches, RNA-Seq offers several key ad-
vantages and minor challenges. It enabled us to generate an unprecedented global 
view of transcripts expression and their organization for a number of species and 
cell types. With the aid of novel technologies and use of systems biology approach, 
growing information will eventually provide us details and inspirations to draw a 
coherent and delicate picture of the mechanisms underlying seed development.
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Abstract To obtain a complete understanding of how a seed is made, it is impor-
tant to identify and characterize the biological processes that occur in the different 
seed tissues at different stages of development. Arabidopsis is an important model 
plant amenable to the study of most aspects of plant biology; however, it offers con-
siderable challenges when studying seed development due to the small size of the 
seeds. The development of new technologies, such as laser microdissection for iso-
lating individual tissue types and RNA amplification methods that allow microarray 
analysis to be performed starting with nanogram quantities of RNA, has provided 
detailed transcriptome data. This chapter summarizes the transcriptome data that is 
available for Arabidopsis seeds and provides an example of how this data can be 
analyzed to identify gene networks involved in the different biological processes 
within a developing seed.

Keywords Arabidopsis thaliana · Gene networks · Interactome · Laser micro-
dissection · Seed development · Transcriptome

6.1  Introduction

Seed development begins with double fertilization where the haploid egg cell and 
the double haploid central cell are both fertilized by identical haploid sperm cells 
contributed from a single pollen grain. This generates the diploid embryo and the 
triploid endosperm, respectively. The embryo and the endosperm grow rapidly in 
a coordinated manner and that is heavily influenced by the surrounding maternal 
integument tissues, which later form the seed coat (Garcia et al. 2005; Olsen 2004). 
Developing seed is therefore comprised of three genetically distinct compartments; 
the maternally diploid seed coat, the diploid embryo, and the endosperm. During 
early stages of seed development, tissues form and become established, using ma-
ternal resources mainly for rapid cell division and growth. This proliferative phase 
of endosperm development is fundamental for setting the final size of the mature 
seed (Scott et al. 1998). Once cell division slows, the seed enters a maturation phase 
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during which resources are reallocated for the synthesis of storage compounds, such 
as starch, followed by accumulation of oils and proteins. Biosynthetic activity then 
slows as the seed moves through a late-maturation phase and prepares to desiccate 
prior to dormancy (Baud et al. 2002; Fait et al. 2006; Gutierrez et al. 2007).

To obtain a complete understanding of the different developmental and biochem-
ical processes that occur during seed development, it is important to know which 
genes are being expressed in the different seed tissues throughout development. 
This chapter provides an introduction to the transcriptomic data available for Arabi-
dopsis seed development, and examples of how this data can be analyzed to identify 
groups of key genes and networks involved in particular processes.

6.2  Analyzing the Arabidopsis Seed Transcriptome Data

The Bio-Array Resource (BAR) for Plant Biology from the University of Toronto, 
Canada, is an excellent web-based resource for examining and analyzing the avail-
able Arabidopsis Affymetrix Genechip microarray data (http://bar.utoronto.ca/; 
Winter et al. 2007). Arabidopsis eFP (electronic Fluorescent Pictographic) browser 
provides a pictorial representation of the expression pattern of your gene-of-interest 
based on microarray data provided by the Arabidopsis research community.

Microarray data covering a time course of seed development, which consists of 
seeds at eight stages of development, has been provided by Schmid et al. (2005). 
For the early stages (globular to heart stages of embryo development), RNA was 
isolated from whole siliques, whereas at later stages of development the develop-
ing seeds were dissected out (Schmid et al. 2005). Figure 6.1 provides an example 
of the expression of a gene involved in the regulation of the cell cycle, CDKB1;2 
( At2g38620), that encodes a cyclin-dependent kinase (CDK). CDKs form heterodi-
mers with cyclins and regulate the progression through the cell cycle (De Veylder 
et al. 2007; Inze and De Veylder 2006). There are 12 CDKs in Arabidopsis and the 
comprehensive data provided on the eFP browser provides a quick way of identify-
ing which of these genes are expressed during seed development. As can be seen 
in Fig. 6.1a, CDKB1;2 is expressed at higher levels during the early stages of seed 
development. However, since the data is from whole siliques or seeds, it is not pos-
sible to tell which tissue compartments it is expressed in from this data.

Addressing where in the seed particular genes are expressed has required the 
adoption of the new technology of laser microdissection. Laser microdissection in-
volves first fixing and embedding tissue of interest, which is then sectioned and 
placed on a microscope slide so that the desired cells can be identified. Laser micro-
dissection is then used to either cut out these cells or specifically attach them to a 
membrane for subsequent analysis (Casson et al. 2008; Day 2010; Day et al. 2005, 
2007a; Nelson et al. 2006). To discover the transcriptome of the dissected cells, 
RNA is isolated and, because of the small quantities of RNA recovered, an amplifi-
cation step is usually used (Day et al. 2007b). This RNA can either be used to probe 
a microarray or increasingly to generate libraries for next generation sequencing 
(e.g., Hsieh et al. 2011; Jiao et al. 2009). The first studies to use laser microdissec-
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Fig. 6.1  Visualization of the seed microarray expression data. Pictorial representation of CDKB1;2 
(At2g38620) expression-based on the Arabidopsis affymetrix microarray data visualized using the 
eFP brower (http://bar.utoronto.ca/). a Expression data from a time course of seed development, 
with the early stages (globular to heart stages of embryo development) from whole siliques and 
later stages from dissected developing seeds (data from Schmid et al. 2005). b Expression data 
from different embryo regions laser-dissected from globular, heart, and torpedo stage embryos 
(data from Spencer et al. 2007). c Expression data from laser-microdissected seed tissue (general 
and chalazal seed coat; peripheral, micropylar, and charlazal endosperm; suspensor and embryo 
proper) at five stages of development (preglobular, globular, heart, linear cotyledon, and mature 
green). (Data from Goldberg/Harada laboratories; Le et al. 2010)
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tion to identify the transcriptome of specific seed tissues were performed by the 
Lindsey laboratory to identify genes specifically expressed in different regions of a 
developing Arabidopsis embryo (Casson et al. 2005; Spencer et al. 2007). Embryo 
sacs containing globular, heart, and torpedo stage embryos were dissected from 
siliques, processed, and sectioned. Tissue from specific regions of the embryo was 
isolated using laser-capture microdissection. RNA was then isolated, amplified, and 
analyzed by DNA microarray using the Affymetrix ATH1 GeneChips (Casson et al. 
2005; Spencer et al. 2007). This data reveals that our example gene CDKB1;2 is 
expressed at high levels in globular stage of embryo development and in the root 
region of heart stage embryos (Fig. 6.1b).

A similar approach has been used to identify genes expressed during early endo-
sperm development. Day et al. (2007b, 2008) used laser microdissection to isolate 
endosperm from developing seeds 4 DAP. Transcriptome data were obtained using 
two-color microarrays rather than Affymetrix Genechips and this data can be down-
loaded from the NCBI Gene Expression Omnibus (GSE:6703). Similar datasets are 
easily viewed and analyzed using freely available programs, such as the MultiEx-
periment Viewer (MeV) software package. In this data, CDKB1;2 was identified 
as being preferentially expressed in the endosperm compared with whole siliques, 
and suggested that this gene, along with a number of other cell-cycle-related genes, 
might play an important role in controlling syncytial cell division of the endosperm 
(Day et al. 2008, 2009). This stage of endosperm development, where the endo-
sperm proliferates rapidly through repeated rounds of mitosis without cytokinesis, 
is important in determining final seed size.

The most comprehensive analysis of the seed transcriptome, however, has been 
performed during collaboration between the Goldberg (UCLA) and Harada (UCD) 
laboratories (Le et al. 2010). Using laser microdissection, they isolated a range of 
seed tissues (general and chalazal seed coat; peripheral, micropylar, and chalazal 
endosperm; suspensor and embryo proper) at five stages of development (pre-glob-
ular, globular, heart, linear cotyledon, and mature green) (Fig. 6.1c). They also iso-
lated ovules and 24 h zygotes. This outstanding resource provides a way to easily 
identify where and when genes are expressed during seed development (http://seed-
genenetwork.net). The data is also easily accessible via the BAR web site. When 
the expression of CDKB1;2 was examined, it was apparent that as suggested by the 
data from Day et al. (2008) and Casson et al. (2005), this gene is predominately 
expressed in the endosperm at heart stage with some additional expression in the 
embryo and possibly the seed coat (Fig. 6.1c).

6.3  Identifying Gene Networks

The large amount of available microarray data can also facilitate the identification 
of genes that are functionally related to your gene-of-interest. This can be particu-
larly useful if your gene is one of the many whose function is yet to be determined. 
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Since genes encoding components of a particular process are often expressed in a 
coordinated manner, one strategy is to identify the genes that are coordinately ex-
pressed with a gene-of-interest. These genes can be identified using the Expression 
Angler function of the BAR website (Toufighi et al. 2005). To illustrate the power 
of this program, we looked for the genes that are coordinately regulated with the 
cell-cycle gene CDKB1;2, which was used as our example gene in Fig. 6.1. Consis-
tent with its function in regulating the cell cycle, other cell-cycle genes were iden-
tified as being coordinately expressed with CDKB1;2, such as the related cyclin-
dependent kinase, CDKB2;2 and the two cyclins ( CYC3 and CYCB1;4). In addition, 
this analysis identified a number of cytoskeleton-associated genes, such as kinesins.
Kinesins are motor proteins that are involved in transporting cargo along the mi-
crotubules and are required for the reorganization of the cell during cell division 
(Ambrose and Cyr 2007; Asada and Collings 1997; Chen et al. 2002). The cytoskel-
eton performs essential functions during the cell cycle, thus coordinated expression 
of cell cycle and cytoskeleton-associated genes makes biological sense (Day et al. 
2009). Interestingly, the second gene on the list of coordinately expressed genes is 
At5g33300, whose function has not been established. This gene encodes a kinesin-
related protein and our analysis supports a role in cell division/cytokinesis thus 
providing a novel candidate for further study.

6.4  Interactome

Proteins rarely work in isolation, rather they function in protein complexes, act in 
signaling pathways by modifying the properties of other proteins, or are involved in 
transport of other proteins within the cell. Therefore, to fully understand how a pro-
tein functions requires an understanding of what other proteins it interacts with, and 
the nature of these interactions. In addition, since 30 % of the Arabidopsis proteome 
has no known function, discovering the proteins they interact with can provide vital 
clues as to their function (Wigge and Weigel 2001). An interactome refers to all the 
protein interactions in an organism and a number of different methods are being 
employed to define the Arabidopsis interactome. Currently, there are about 6000 
experimentally reported protein interactions in Arabidopsis (Lin et al. 2011). These 
have been shown using various techniques, such as Y2H, BiFC (Boruc et al. 2010), 
and tandem affinity purification (TAP) of protein complexes followed by identifi-
cation using matrix-assisted laser desorption ionization (MALDI) MS (Van Leene 
et al. 2010). These methods all suffer from false positive and negatives to vary-
ing degrees. In addition to the experimentally determined interactions, ~ 1,50,000 
interactions have been predicted based on the interactions of homologs from oth-
er species, in particular yeast, Caenorhabditis elegans, drosophila, and humans, 
where large-scale Y2H and affinity purification/MS studies have been undertaken 
(Formstecher et al. 2005; Ho et al. 2002; Li et al. 2004; Krogan et al. 2006; Rual 
et al. 2005; Stelzl et al. 2005). In addition to identifying the coexpressed genes, 
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the output from the BAR Expression Angler can be used to visualize known and/
or potential interactions between the encoded proteins. For example, in Fig. 6.2 
the lines connecting At4g05190/ATK5 with At2g36200 (a kinesin-5 protein) and 
At3g25980/MAD2 (a DNA binding protein) indicates that these proteins might in-
teract with each other. Another group of interacting and coexpressed genes is also 
shown in Fig. 6.2, At1g20580 (a snRNP family protein), At5g48870/SAD1 (similar 
to Sm-like snRNP protein), and At5g41770 (also involved in RNA processing). The 
evidence that these proteins interact and that their genes are coexpressed provides 
support for them being involved in the same or related processes.

R. C. Macknight et al.

Fig. 6.2  Identification of 
coexpressed genes. Genes 
that have a similar expression 
pattern to CDKB1;2 in the 
Arabidopsis seed microarray 
data were identified using the 
Expression Angler function 
(http://bar.utoronto.ca/). Only 
expression in the Harada/
Goldberg seed tissues is 
shown although all seed data 
were used in the analysis. Yel-
low indicates low expression 
and red, high expression. 
See the Expression Angler 
website for definition of 
the functional classes of the 
genes
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Another way to use the transcriptomic data to identify the network of genes 
involved in a particular process within a tissue is to combine this data with the 
interactome data. Since in any particular tissue or cell-type, predicted interactions 
cannot occur if the proteins are not present, combining the interactome data with 
the transcriptomic data provides an indication as to which of the possible inter-
actions might actually occur (this assumes a correlation between transcript and 
protein levels, which is not always true). This is illustrated in Fig. 6.3, where the 
putative interactions between the core cell cycle proteins are shown along with the 
level of expression of the genes encoding these proteins in the chalazal endosperm 
(heart stage). From Fig. 6.3, it can be seen that while there are a large number 
of components that could be involved in regulating cell division of the chalazal 
endosperm, the majority of the core cell-cycle genes are not expressed. Another 
useful tool available is the “analyze” function, available on the Harada-Goldberg 
website (http://seedgenenetwork.net; accessed March 2011). This function enables 
users to identify genes expressed in the various seed tissues; certain criteria can be 
added, such as the level of expression and the absence of expression in particular 
stages/tissues. This type of analysis is a powerful way of identifying key molecular 
networks that are involved during important developmental stages in specific seed 
compartments.

6.5  Further Analysis of Candidate Genes

Despite the obvious power of high-throughput technologies, some caveats should 
be considered when examining these data sets; especially when the data has been 
generated from small amounts of starting tissue. RNA-amplification methods can 
amplify particular transcripts more or less efficiently than others, so where pos-
sible, comparisons should be limited to similarly amplified samples (Day et al. 
2007b). Alternatively, technical artifacts and false positives can be identified using 
complimentary approaches with independent biological samples. Many microarray 
datasets have expression results validated by quantification of specific transcripts 
of interest by PCR. Another widely-used approach to confirm expression on a gene-
by-gene basis is the use of reporter constructs (Fig. 6.4). These have the advantage 
of enabling expression analysis across the whole of the developmental program but 
require the generation transgenic plants. In some cases reporter constructs may also 
give erroneous results due to non-inclusion regulatory elements, such as those pres-
ent within introns or 3’ regions.

The identified candidate gene networks associated with particular tissues and 
stages of seed development may provide an excellent starting point for a rational 
approach for seed improvement. The excellent genetic resource available for Ara-
bidopsis, such T-DNA mutant lines and simple methods for generating transgenic 
lines, means that Arabidopsis is the plant of choice for the characterization of gene 
networks involved in seed biology.
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6.6  Advantages of Using Next-Generation Sequencing  
for Transcriptome Analysis

NGS is now a good alternative to microarrays for analyzing a transcriptome (Lister 
et al. 2009). Whilst still expensive, a sequencing approach has the advantage that 
analysis is not limited to those genes represented on an array and it is a more sensi-
tive method for detecting genes expressed at low levels. Library construction for 
sequencing is also conducive to RNA amplification thus maintaining the ability to 
carry out tissue specific analysis. Furthermore, because the output is a sequence, 
it is also possible to track parent-of-origin based on sequence polymorphisms be-
tween parents (Hsieh et al. 2011). This ability is enabling new insight into the mech-
anism of parent-of-origin dependent regulation and allelic imbalance operating in 
endosperm, thought to be responsible for its role as a hybridization barrier and as 
a regulator of growth. Similar approaches should also facilitate research into the 
molecular determinants of hybrid vigor in the developing embryo/early seedlings.

6.7  Concluding Remarks

The extensive resources available for Arabidopsis make it a powerful tool to un-
derstand the basic molecular mechanisms underlying plant development. These 
process can then be targeted to improve seed quality and yield in crop plants. The 

Fig. 6.4  Confirming tissue-specific expression patterns using reporter genes and tissue-specific 
microarray data. The gene At4g21080 was identified as being seed specific and preferentially 
expressed in the endosperm (Day et al. 2008). The result was confirmed using a promoter-GUS 
reporter construct (a), and a promoter-GFP construct (b) in transgenic Arabidopsis plants, reveal-
ing expression specifically in the chalazal endosperm. (c) The chalazal-specific expression pattern 
of At4g21080 is supported by the recent tissue-specific transcriptome data of Goldberg/Harada 
visualized using the Arabidopsis eFP (http://bar.utoronto.ca/)
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ground-breaking work done by the Arabidopsis community in adopting new tech-
nologies and developing data processing pipelines will facilitate similar studies in 
crop systems. With the rapid growth in the number of plant genomes being se-
quenced, translation of research between different plant species is becoming easier. 
Orthologs of genes identified as being essential for aspects of Arabidopsis develop-
ment can easily found in other systems thus enabling translational research. The 
ease with which Arabidopsis can be transformed also provides opportunities for 
the rapid functional study of candidate genes identified in crop plants but not easily 
characterized in more recalcitrant systems.

References

Ambrose JC, Cyr R (2007) The kinesin atk5 functions in early spindle assembly in Arabidopsis. 
Plant Cell 19:226–236

Asada T, Collings D (1997) Molecular motors in higher plants. Trends Plant Sci 2:29–37
Baud S, Boutin JP, Miquel M, Lepiniec L, Rochat C (2002) An integrated overview of seed devel-

opment in Arabidopsis thaliana ecotype WS. Plant Physiol Biochem 40:151–160
Boruc J, Van den Daele H, Hollunder J, Rombauts S, Mylle E, Hilson P, Inze D, De Veylder L, 

Russinova E (2010) Functional modules in the Arabidopsis core cell cycle binary protein-
protein interaction network. Plant Cell 22:1264–1280

Casson S, Spencer M, Walker K, Lindsey K (2005) Laser-capture microdissection for the analysis 
of gene expression during embryogenesis of Arabidopsis. Plant J 42:111–123

Casson SA, Spencer MW, Lindsey K (2008) Laser-capture microdissection to study global tran-
scriptional changes during plant embryogenesis. Methods Mol Biol 427:111–120

Chen CB, Marcus A, Li WX, Hu Y, Calzada JPV, Grossniklaus U, Cyr RJ, Ma H (2002) The 
Arabidopsiatk1 gene is required for spindle morphogenesis in male meiosis. Development 
129:2401–2409

Day RC (2010) Laser microdissection of paraffin-embedded plant tissues for transcript profiling. 
In: Hennig L, Kohler C (eds) Laser microdissection of paraffin-embedded plant tissues for 
transcript profiling. Humana, Totowa, pp 321–346

Day R, Grossniklaus U, Macknight R (2005) Be more specific! Laser-assisted microdissection of 
plant cells. Trends Plant Sci 10:397–406

Day RC, McNoe LA, Macknight RC (2007a) Transcript analysis of laser microdissected plant 
cells. Physiol Plant 129:267–282

Day RC, McNoe L, Macknight RC (2007b) Evaluation of global RNA amplification and its use for 
high-throughput transcript analysis of laser-microdissected endosperm. Int J Plant Genomics 
2007:1–18

Day RC, Herridge RP, Ambrose BA, Macknight RC (2008) Transcriptome analysis of proliferating 
Arabidopsis endosperm reveals biological implications for the control of syncytial division, 
cytokinin signaling, and gene expression regulation. Plant Physiol 148:1964–1984

Day RC, Müller S, Macknight RC (2009) Identification of cytoskeleton-associated genes ex-
pressed during Arabidopsis syncytial endosperm development. Plant Signal Behav 4:883–886

De Veylder L, Beeckman T, Inze D (2007) The ins and outs of the plant cell cycle. Nat Rev Mol 
Cell Biol 8:655–665

Fait A, Angelovici R, Less H, Ohad I, Urbanczyk-Wochniak E, Fernie AR, Galili G (2006) Ara-
bidopsis seed development and germination is associated with temporally distinct metabolic 
switches. Plant Physiol 142:839–854

Formstecher E, Aresta S, Collura V, Hamburger A, Meil A, Trehin A, Reverdy C, Betin V, Maire S, 
Brun C, Jacq B, Arpin M, Bellaiche Y, Bellusci S, Benaroch P, Bornens M, Chanet R, Chavrier 

R. C. Macknight et al.



109

P, Delattre O, Doye V, Fehon R, Faye G, Galli T, Girault JA, Goud B, de Gunzburg J, Johannes 
L, Junier MP, Mirouse V, Mukherjee A, Papadopoulo D, Perez F, Plessis A, Rosse C, Saule 
S, Stoppa-Lyonnet D, Vincent A, White M, Legrain P, Wojcik J, Camonis J, Daviet L (2005) 
Protein interaction mapping: a Drosophila case study. Genome Res 15:376–384

Garcia D, Fitz Gerald JN, Berger F (2005) Maternal control of integument cell elongation and 
zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis. 
Plant Cell 17:52–60

Gutierrez L, Van Wuytswinkel O, Castelain M, Bellini C (2007) Combined networks regulating 
seed maturation. Trends Plant Sci 12:294–300

Ho Y, Gruhler A, Heilbut A, Bader GD, Moore L, Adams SL, Millar A, Taylor P, Bennett K, 
Boutilier K, Yang LY, Wolting C, Donaldson I, Schandorff S, Shewnarane J, Vo M, Taggart J, 
Goudreault M, Muskat B, Alfarano C, Dewar D, Lin Z, Michalickova K, Willems AR, Sassi 
H, Nielsen PA, Rasmussen KJ, Andersen JR, Johansen LE, Hansen LH, Jespersen H, Podtele-
jnikov A, Nielsen E, Crawford J, Poulsen V, Sorensen BD, Matthiesen J, Hendrickson RC, 
Gleeson F, Pawson T, Moran MF, Durocher D, Mann M, Hogue CWV, Figeys D, Tyers M 
(2002) Systematic identification of protein complexes in Saccharomyces cerevisiae by mass 
spectrometry. Nature 415:180–183

Hsieh TF, Shin J, Uzawa R, Silva P, Cohen S, Bauer MJ, Hashimoto M, Kirkbride RC, Harada 
JJ, Zilberman D, Fischer RL (2011) Regulation of imprinted gene expression in Arabidopsis 
endosperm. Proc Natl Acad Sci U S A 108:1755–1762

Inze D, De Veylder L (2006) Cell cycle regulation in plant development. Annu Rev Genet 40:77–
105

Jiao Y, Tausta SL, Gandotra N, Sun N, Liu T, Clay NK, Ceserani T, Chen M, Ma L, Holford M, 
Zhang HY, Zhao H, Deng XW, Nelson T (2009) A transcriptome atlas of rice cell types uncov-
ers cellular, functional and developmental hierarchies. Nat Genet 41:258–263

Krogan NJ, Cagney G, Yu HY, Zhong GQ, Guo XH, Ignatchenko A, Li J, Pu SY, Datta N, Tikuisis 
AP, Punna T, Peregrin-Alvarez JM, Shales M, Zhang X, Davey M, Robinson MD, Paccanaro 
A, Bray JE, Sheung A, Beattie B, Richards DP, Canadien V, Lalev A, Mena F, Wong P, Staros-
tine A, Canete MM, Vlasblom J, Wu S, Orsi C, Collins SR, Chandran S, Haw R, Rilstone JJ, 
Gandi K, Thompson NJ, Musso G, St Onge P, Ghanny S, Lam MHY, Butland G, Altaf-Ui AM, 
Kanaya S, Shilatifard A, O’Shea E, Weissman JS, Ingles CJ, Hughes TR, Parkinson J, Gerstein 
M, Wodak SJ, Emili A, Greenblatt JF (2006) Global landscape of protein complexes in the 
yeast Saccharomyces cerevisiae. Nature 440:637–643

Le BH, Cheng C, Bui AQ, Wagmaister JA, Henry KF, Pelletier J, Kwong L, Belmonte M, Kirk-
bride R, Horvath S, Drews GN, Fischer RL, Okamuro JK, Harada JJ, Goldberg RB (2010) 
Global analysis of gene activity during Arabidopsis seed development and identification of 
seed-specific transcription factors. Proc Natl Acad Sci U S A 107:8063–8070

Li SM, Armstrong CM, Bertin N, Ge H, Milstein S, Boxem M, Vidalain PO, Han JD, Chesneau 
A, Hao T, Goldberg DS, Li N, Martinez M, Rual JF, Lamesch P, Xu L, Tewari M, Wong SL, 
Zhang LV, Berriz GF, Jacotot L, Vaglio P, Reboul J, Hirozane-Kishikawa T, Li Q, Gabel HW, 
Elewa A, Baumgartner B, Rose DJ, Yu H, Bosak S, Sequerra R, Fraser A, Mango SE, Saxton 
WM, Strome S, van den Heuvel S, Piano F, Vandenhaute J, Sardet C, Gerstein M, Doucette-
Stamm L, Gunsalus KC, Harper JW, Cusick ME, Roth FP, Hill DE, Vidal M (2004) A map of 
the interactome network of the metazoan C. elegans. Science 303:540–543

Lin MZ, Shen XL, Chen X (2011) Pair: the predicted Arabidopsis interactome resource. Nucl 
Acids Res 39:D1134–D1140

Lister R, Gregory BD, Ecker JR (2009) Next is now: new technologies for sequencing of genomes, 
transcriptomes, and beyond. Curr Opin Plant Biol 12:107–118

Nelson T, Tausta SL, Gandotra N, Liu T (2006) Laser microdissection of plant tissue: what you see 
is what you get. Annu Rev Plant Biol 57:181–201

Olsen OA (2004) Nuclear endosperm development in cereals and Arabidopsis thaliana. Plant Cell 
16:S214–S227

Rual JF, Venkatesan K, Hao T, Hirozane-Kishikawa T, Dricot A, Li N, Berriz GF, Gibbons FD, 
Dreze M, Ayivi-Guedehoussou N, Klitgord N, Simon C, Boxem M, Milstein S, Rosenberg 

6 Using Transcriptomics to Reveal Gene Networks of Seed Development …



110

J, Goldberg DS, Zhang LV, Wong SL, Franklin G, Li SM, Albala JS, Lim JH, Fraughton C, 
Llamosas E, Cevik S, Bex C, Lamesch P, Sikorski RS, Vandenhaute J, Zoghbi HY, Smolyar 
A, Bosak S, Sequerra R, Doucette-Stamm L, Cusick ME, Hill DE, Roth FP, Vidal M (2005) 
Towards a proteome-scale map of the human protein-protein interaction network. Nature 
437:1173–1178

Schmid M, Davison TS, Henz SR, Pape UJ, Demar M, Vingron M, Scholkopf B, Weigel D, 
Lohmann JU (2005) A gene expression map of Arabidopsis thaliana development. Nat Genet 
37:501–506

Scott RJ, Spielman M, Bailey J, Dickinson HG (1998) Parent-of-origin effects on seed develop-
ment in Arabidopsis thaliana. Development 125:3329–3341

Spencer MWB, Casson SA, Lindsey K (2007) Transcriptional profiling of the Arabidopsis em-
bryo. Plant Physiol 143:924–940 (Erratum in: Plant Physiol 143:1982)

Stelzl U, Worm U, Lalowski M, Haenig C, Brembeck FH, Goehler H, Stroedicke M, Zenkner M, 
Schoenherr A, Koeppen S, Timm J, Mintzlaff S, Abraham C, Bock N, Kietzmann S, Goedde 
A, Toksoz E, Droege A, Krobitsch S, Korn B, Birchmeier W, Lehrach H, Wanker EE (2005) 
A human protein-protein interaction network: a resource for annotating the proteome. Cell 
122:957–968

Toufighi K, Brady SM, Austin R, Ly E, Provart NJ (2005) The botany array resource: e-northerns, 
expression angling, and promoter analyses. Plant J 43:153–163

Van Leene J, Hollunder J, Eeckhout D, Persiau G, Van de Slijke E, Stals H, Van Isterdael G, Verk-
est A, Neirynck S, Buffel Y, De Bodt S, Maere S, Laukens K, Pharazyn A, Ferreira PC, Eloy 
N, Renne C, Meyer C, Faure JD, Steinbrenner J, Beynon J, Larkin J, Van de Peer Y, Hilson 
P, Kuiper M, De Veylder L, Van Onckelen H, Inze D, Witters E, De Jaeger G (2010) Targeted 
interactomics reveals a complex core cell cycle machinery in Arabidopsis thaliana. Mol Syst 
Biol 6:397

Wigge PA, Weigel D (2001) Arabidopsis genome: life without notch. Current Biol 11:R112–R114
Winter D, Vinegar B, Nahal H, Ammar R, Wilson GV, Provart NJ (2007) An “electronic fluores-

cent pictograph” browser for exploring and analyzing large-scale biological data sets. PLoS 
One 2:e718

R. C. Macknight et al.



111

Abstract Legumes account for approximately one third of world primary crop 
production and are vital sources of protein, oil, carbohydrates, fiber, and miner-
als for humans, livestock, and industrial processing. Grain nutrient composition 
varies between legume species as well as between genotypes of the same species. 
The major metabolic pathways responsible for storage protein, lipid, and starch 
biosynthesis are well characterized in several plant species, although it remains 
unclear how partitioning between these pathways and their end products is regu-
lated. Seed development is a complex process that involves coordinated expression 
and regulation of thousands of genes in different cell and tissue types. The Medi-
cago truncatula Gene Expression Atlas (MtGEA) provides genome-wide expres-
sion data for all major organs of M. truncatula, including a rich time series for seed 
development. This chapter describes how the MtGEA provides a comprehensive 
view of the genetic and molecular processes of seed development. MtGEA is play-
ing an instrumental role in identifying regulatory and metabolic genes potentially 
determining seed composition and seed quality. Therefore, MtGEA is a valuable 
resource for seed biotechnology.

Keywords Biotechnology · Legume · Medicago · Seed development · Gene 
expression · Transcriptome 

7.1  Introduction

7.1.1  Legume Grains

Legumes (or pulses, the Fabaceae family) are the second most important crop 
family, after cereals. Legumes account for approximately one third of world pri-
mary crop production and are vital sources of protein, oil, carbohydrates, fiber, 
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and minerals for human nutrition, as well as livestock feed and industrial feed-
stock, including for biofuels. Food legumes of global importance include common 
bean ( Phaseolus vulgaris), soybean ( Glycine max), pea ( Pisum sativum), chickpea 
( Cicer arietinum), broad (or fava) bean ( Vicia faba), pigeon pea ( Cajanuscajan), 
cowpea ( Vigna unguiculata), lentils ( Lens esculenta), lupins ( Lupinus spp.), peanut 
( Arachis hypogaea), mung bean ( V. radiata), and bambara groundnut ( V. subter-
ranea). Alfalfa ( Medicago sativa), clovers ( Trifolium spp.), vetches ( Vicia spp.), 
Leucaena spp., and other legumes are important forage plants for grazing livestock. 
Apart from their use as food and feed, legumes are used in soil conservation, phy-
toremediation, lumber production, ornamental gardening, and for extraction of 
gums, resins, and food additives.

Worldwide, human nutrition is heavily reliant on seeds, especially as major 
sources of carbohydrates, lipids, and proteins. Thus, seed production is the major 
activity in agriculture that guarantees food supply. Nitrogen is often the most criti-
cal nutrient limiting crop yields and the most energetically and financially expen-
sive fertilizer. Legumes play a key role in sustainable agriculture because they are 
capable of reducing atmospheric nitrogen (N2) to ammonia (NH3) via symbiotic 
associations with bacteria called rhizobia, which make them largely independent 
of fertilizer nitrogen and its contingent ecological and economic costs. Considering 
the projected worldwide population growth in the next decades, the demand for 
food production will increase by 70 % between now and 2050 (FAO 2009; van der 
Mensbrugghe et al. 2009). Therefore, the most critical challenge for agriculture is 
to maintain and improve global food security as population grows, despite climate 
change, near saturation of use of the available arable lands, land degradation, and 
the projected shortages of water, rock phosphate, and energy for nitrogen-fertilizer 
production, mechanized farming, and transportation (Beddington 2010).

Legume grains are of high value for human nutrition, given their high protein 
content, polyunsaturated oils, high fiber, high contents of amylose starch (Guil-
lon and Champ 2002), minerals (especially iron), and a wide range of secondary 
compounds with health-promoting properties (i.e., tocopherol and isoflavones) and 
other flavonoids (Dixon and Sumner 2003; Grela and Günter 1995; Veitch 2007). 
Moreover, although the legume grains are low in the essential sulfur amino acid me-
thionine, they are usually high in lysine compared to cereals. In developing coun-
tries, legume grains supply up to 80 % of the human dietary protein because of the 
high costs and low availability of animal protein.

Grain nutrient composition varies between legume species as well as between 
genotypes of the same species (le Signor et al. 2005). Seeds of soybean and peanut 
contain more oil than protein, i.e., peanut typically contains 50 % oil versus 25 % 
protein. Other legumes produce seeds with high protein and starch, but little oil. For 
example: (i) broad beans contain 29 % protein, 44 % starch, 21 % fiber, and only 
2 % oil; (ii) seeds of yellow lupin consist of up to 48 % protein with little oil; and 
(iii) pea seeds are made up of 50 % starch, 25 % protein, 15 % fiber, and low lipids. 
Major goals of legume breeding and improvement programs include improvement 
of plant yield, increased resistance to pathogens, tolerance of abiotic stress, and 
improvement of the nutritional quality of seeds, as described below.
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7.1.2  Desirable Traits in Legume Grains

In order to respond effectively to the growing world population, legume grain 
breeding programs aim to improve yield and nutritional quality of seeds. Legume 
grains are known for their high protein content but low methionine, which is an 
essential amino acid for humans. Transgenic approaches are available to introduce 
metabolic genes into legume genomes to enhance methionine production in seeds 
(Molvig et al. 1997). The transgenic approach is problematic, however, given cur-
rent concerns over human food and commercial embargoes in many countries. Al-
ternatively, nontransgenic approaches can also be pursued to improve seed quality, 
such as searching for natural genotypes with increased methionine content to be 
used in traditional breeding programs. In this case, a better understanding of the 
molecular and genetic basis of seed-storage metabolism will help to design breed-
ing strategies aimed at seed-quality improvement.

Another problem generally associated with legume seeds is the presence of 
antinutritional compounds, such as phytate (phytic acid), a hexaphosphorylated 
myo-inositol compound. Phytate is thought to act as a seed reservoir of carbon 
and phosphate to be used during germination, and contains up to 80 % of the phos-
phate pool in seed (Raboy 1990). Phytate is formed during seed development and 
accumulates in single-membrane storage organelles (protein bodies) as insoluble 
crystals formed by complexation between phytate phosphate groups and minerals. 
Monogastric mammals, including humans, lack enzymes in their digestive tract to 
hydrolyze phytate, which consequently acts as an antinutrient by chelating miner-
als during digestion, making them unavailable to the ingesting organism. Phytate 
biosynthesis is not completely understood, although low-phytic acid ( lpa) mutants 
have been isolated (reviewed by Raboy 2007). Interestingly, these are not especially 
compromised in germination (Campion et al. 2009), which makes low-phytate lines 
an attractive target of breeding for improved mineral availability in seed.

Although polyphenols (tannins) can have health benefits, by virtue of their antioxi-
dant activity, they also have antinutrient effects in some legume seeds, as they chelate 
iron and proteins and make them less available (Ariza-Nieto et al. 2007; Hagerman 
and Butler 1981). On the other hand, polyphenols are positively correlated with resis-
tance to biotic stress (for reviews see, Dixon et al. 2005; Dixon and Pasinetti 2010). 
Hence, lowering tannin levels in grains may lead to lower agronomical performance.

Some legume seeds have antisocial effects, i.e. they cause flatulence, triggered 
by galacto oligosaccharides present in the seed coat, such as raffinose, stachyose, 
and verbascose (McPhee et al. 2002). These sugars cannot be digested by mono-
gastric animals, and ferment in the digestive tract, where they generate gas. Such 
sugars can account for up to 6 % of the grain fresh weight and, therefore, represent 
a significant nutritional loss to herbivores. From the point of view of the plant, 
however, galacto oligosaccharides contribute to drought tolerance and germination 
vigor in legume seeds that store carbohydrates as reserves. Nonetheless, removal of 
such sugars from seed seems a reasonable target for breeding to improve seed qual-
ity for human and animal consumption.
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7.1.3  Medicago truncatula as a Model Legume

Crop legumes are generally poor model systems for basic genetic and genomic 
research: (i) some cultivated legumes are tetraploid (e.g. peanut and soybean); (ii) 
many have large genomes (e.g., pea and broad beans); and (iii) most are recalcitrant 
to genetic transformation or difficult to regenerate in vitro (e.g., common bean, pea, 
and soybean).

Medicago truncatula (henceforth, Medicago) is a model legume species for ge-
netic and functional genomic research (Cannon et al. 2009; Young and Udvardi 
2009). Medicago has a number of features that make it an excellent model for other 
legume species. First, as a member of the Papilionoideae (synonymous with Fa-
boideae), the largest of the three Fabaceae subfamilies, Medicago is closely related 
to the majority of crop legumes (Gepts et al. 2005). Second, it is autogamous and 
produces a large number of seeds on a plant of relatively small stature, making it 
amenable to high-density cultivation (Barker et al. 1990). Third, Medicago has a 
relatively small, diploid genome (~ 550 Mbp) distributed over eight chromosomes, 
with most of its euchromatin recently sequenced (Young et al. 2005; Young and 
Udvardi 2009; http://www.Medicago.org/genome). Fourth, genetic transformation 
is possible, allowing reverse genetics for hypotheses testing (De Sousa Araújo et al. 
2004; Chabaud et al. 2003). Since its adoption by the international community as 
a model species, a number of useful tools and resources have been developed for 
Medicago, including high-density genetic and physical maps for genetic research 
(Choi et al. 2004; Thoquet et al. 2002), several mutant populations based on EMS-
induced point mutations (le Signor et al. 2009), fast-neutron bombardment dele-
tions (Rogers et al. 2009), and a large population based on Tnt1 retrotransposon 
insertions (Tadege et al. 2008). Tools and protocols are available for transcriptome, 
proteome, and metabolome analyses (Broeckling et al. 2005; Gallardo et al. 2003, 
2007; Manthey et al. 2004; Watson et al. 2003). These resources are being applied to 
many research fields, including seed development and storage protein biosynthesis 
(Benedito et al. 2008; Djemel et al. 2005; Firnhaber et al. 2005; Gallardo et al. 2007; 
le Signor et al. 2005; Verdier et al. 2008).

Medicago has come to age as a research model given the near completion of its 
genome sequence (http://www.medicagohapmap.org; Young et al. 2011). Another 
addition to the functional genomics toolkit for Medicago is the Gene Expression 
Atlas (Benedito et al. 2008), which provides gene expression data for most of the 
Medicago genes in all major organs of the plant and developmental series (includ-
ing seeds) (http://mtgea.noble.org/v2/).

This chapter highlights how the Medicago truncatula Gene Expression Atlas 
(MtGEA) can be used as a tool to increase our understanding of legume seed bi-
ology. Here, we will describe the data available in the MtGEA that relate to seed 
biology, including a detailed time-series through seed development. We also present 
some examples of how this data set can provide molecular insights into legume seed 
development and differentiation.
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7.1.4  Seed Development

Seed development is initiated by double fertilization of the egg and central cell, re-
sulting in development and differentiation of the major tissues of the seed: embryo, 
endosperm, and seed coat (Coelho and Benedito 2008; Goldberg et al. 1994). These 
tissues play different roles: (i) the seed coat is a maternal tissue that protects and 
transfers nutrients to the developing embryo; (ii) the endosperm is a triploid tissue 
derived from the central cell, and nourishes the embryo before being consumed by it 
in legume seeds; and (iii) the embryo (cotyledons, radicle, and hypocotyl) is diploid 
and derived from the fertilized egg (zygote) via multiple rounds of cell division and 
differentiation, and represents the new sporophytic generation. The completely de-
veloped legume seed consists of shoot and root meristems, and the two cotyledons, 
which store nutrients (including proteins, lipids, starch, and minerals) used eventu-
ally during germination and the first stages of seedling development. The major 
metabolic pathways responsible for storage protein, lipid, and starch biosynthesis 
are well characterized in the model plant Arabidopsis thaliana and other species, 
although it remains unclear how partitioning between these pathways and their end 
products is regulated (Santos-Mendoza et al. 2008). Differences between cereals 
(monocots) and legumes (dicots) also limit translation of our knowledge about seed 
biology from cereal models to legumes.

7.2  The Medicago truncatula Gene Expression Atlas (MtGEA)

A comprehensive  gene expression atlas based on the Affymetrix GeneChip® Medi-
cago Genome Array is publicly available for Medicago (Benedito et al. 2008; He 
et al. 2009). This array contains 61,101 probe sets, which includes 50,900 probe sets 
based on Medicago transcripts (ESTs) and gene models predicted from genome se-
quence, as well as 1,896 probe sets based on alfalfa ( M. sativa) transcripts and 8,305 
probe sets based on predicted gene models of the nitrogen-fixing symbiotic bacteria 
Sinorhizobium meliloti. Each of the Affymetrix probe sets consists of 11, 25-mer 
probes, designed to perfectly match the 3’ region of target transcripts in addition to 
a mismatching probe for each perfectly-matching probe as negative control. This 
is a key feature that makes Affymetrix chips highly reliable with consistent results.

Because of the rapid growth of publically available Medicago affymetrix gene 
expression data from a great range of tissues, cell types, growth conditions, and 
stress treatments (Benedito et al. 2008), the legume research community needed an 
effective and accessible bioinformatics system to store and explore data for func-
tional genomics. The MtGEA web server was developed for this purpose (He et al. 
2009). This server is a centralized platform for analyzing the Medicago transcrip-
tome. It enables flexible, multifaceted analyses of gene transcription data and pro-
vides a wealth of additional information about genes, including different types of 
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gene annotation and links to the genome sequence, which helps users to formulate 
hypotheses about gene function. Transcript data can be accessed using Affymetrix 
probe set identification number, transcript sequence via BLAST search, keywords, 
functional description in natural language, GO & KEGG annotation terms, enzyme 
classification number, and conserved (InterPro) domain name or number. Efforts 
are being made to map the latest version of the Medicago gene models to each of 
the Affymetrix probe sets.

MtGEA is updated on a regular basis to incorporate new gene expression data and 
genome annotation, and is accessible at http://mtgea.noble.org/v2. The first version 
of this web server was launched in 2008 and was composed by 60 microarrays corre-
sponding to 20 different experiments related to organs of mature plants grown under 
optimal conditions, and two developmental series (root nodules and seeds). Current-
ly, the web server is in its second version and hosts gene expression data derived from 
156 microarrays of 64 distinct experiments, covering a broad range of experimental 
conditions in different genetic backgrounds (i.e., ecotypes, mutants, and transformed 
lines). A third version of the gene atlas is under development and will be launched 
with an increased number of experiments, improved analysis, and visualization tools.

As far as seed development in Medicago is concerned, MtGEA contains data 
from six stages, ranging from embryogenesis to physiological maturity of the seeds, 
in addition to data from seed coats, whole seed pods (a pool of developmental stag-
es), and transgenic seeds.

7.3  The MtGEA and Seed Development

Seed development is a highly complex process, which involves coordinated ex-
pression and regulation of thousands of genes in different cell and tissue types. It 
is commonly divided into three major phases according to changes in seed weight 
(Fig. 7.1). The first phase of development is embryogenesis, which involves many 
cell divisions but little gain in seed mass. This phase is conserved among angio-
sperms and starts with the fertilization and the division of the zygote, which estab-
lishes the embryo polarity with the basal cell developing into the suspensor and the 
apical cell originating the rest of the embryo. Embryogenesis continues with cell 
divisions and differentiation through several stages (globular, heart, torpedo, and 
then bent cotyledon). Most of the increase in seed mass occurs during the second 
phase, loosely called seed filling. This gain is due to the accumulation of com-
pounds stored in the cotyledons of the embryo, especially seed storage proteins 
(SSPs) in the case of Medicago. The final desiccation phase begins at physiological 
maturity, when seed weight starts to decrease due to water loss. At the end of this 
phase, seeds enter into dormancy until germination.

The MtGEA offers comprehensive and quantitative data on changes in gene ex-
pression during the aforementioned major phases of seed development, and hence 
allows gene expression comparisons to be made between seeds and other organs. 
Although a change in steady-state mRNA level does not always correspond to a 
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change in protein synthesis and protein activity, transcription is a primary level of 
regulation in any organism and changes in transcript level generally indicate altered 
biological activity.

Six important stages of seed development were chosen for MtGEA, on the basis 
of proteomic and transcriptomic data (Gallardo et al. 2003, 2007), to determine the 
expression pattern of Medicago genes and to identify genetic mechanisms regulat-
ing seed development and maturation (Benedito et al. 2008). The samples: (i) 10 
DAP corresponds to late embryogenesis; (ii) 12 DAP marks the transition from 
embryogenesis to seed filling, characterized by cessation of cell divisions of em-
bryogenesis and preceding the synthesis of storage compounds; (iii) 16, 20, and 24 
DAP correspond to stages of seed filling with active SSP synthesis, especially the 
globulins 7S (vicilins and convicilins) and 11S (legumins); and finally (iv) 36 DAP 
corresponds to physiological maturity and entry into desiccation phase.

Transcripts of approximately 39,000 genes, corresponding to 39,192 probe sets 
were detected in one or more of the seed samples. By comparison, transcripts of 
about 30,000 genes were detected in leaves. More than half of the seed-expressed 
genes were active at all stages of seed development. These results underscore the 
generally-accepted statement that seed development is a complex process, involv-
ing the large majority of genes and many metabolic and ontological pathways.

Comparative analysis of gene expression in seeds and other organs revealed 
that more than 5 % of genes are specifically or preferentially expressed in seed 
with transcript level ≥ 10-fold higher in seeds than any non-seed sample (Fig. 7.2). 
Among the seed-enhanced genes, we identified genes encoding proteins known to 
be involved in seed maturation, such as SSPs (e.g., vicilin gene, Mtr.26812.1.S1_at; 
legumin A gene, Mtr.26812.1.S1_at; legumin J gene, Mtr.8458.1.S1_at), and desic-
cation (e.g., LEA, Mtr.2930.1.S1_at and Mtr.5956.1.S1_at).

Fig. 7.1  Time course of major cellular and molecular events occurring during Medicago seed 
development. For details, refer to the text
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7.3.1  Framework of Medicago Seed Development

Using one-way ANOVA, a total of 15,786 genes were found to be differentially-
expressed during seed maturation ( p-value < 0.01). The K-means cluster analysis of 
expression data derived from the six developmental time points revealed four major 
clusters (Fig. 7.3). The first cluster (Cluster I) contains 5,309 genes displaying a 
peak of expression at 10 DAP, associating them with late embryogenesis. Clusters 
II and III consist of genes associated with seed filling. Cluster II includes 2,545 
genes peaking at 16 DAP. This cluster may correspond to genes related to the onset 
of expression of SSP (i.e., 14 DAP for vicilin and 16 DAP for legumin). Cluster III 
includes 2,620 genes with expression maxima at 20 or 24 DAP, corresponding to the 
expression climax of SSPs (Verdier et al. 2008). Finally, cluster IV contains 5,312 
genes with the maximal expression levels at 36 DAP, implicating them in processes 
associated with desiccation. To obtain a global picture of the metabolic and other 
processes involved in different stages of seed development, we used GeneBins 
(Goffard and Weiller 2007a) to assign a functional class to each seed-regulated 
gene according to the KEGG ontology (http://bioinfoserver.rsbs.anu.edu.au/utils/
GeneBins). This system is organized into six modules, four of them applicable to 
plants: (i) metabolic pathways; (ii) genetic information processing; (iii) environ-
mental information processing; and (iv) cellular processes (Kanehisa et al. 2004). 
Although the majority of seed-regulated genes fell into a fifth class, “unclassified 
with or without homolog” bin, 42.4 % of the genes were assigned into functional 
bins ( p-value ≤ 0.05 with Bonferroni correction).

More than 45 % of functionally-classified seed-regulated genes were assigned to 
metabolic pathways, including carbohydrate, amino acid, lipid, energy, and second-

Fig. 7.2  Comparative analysis of gene expression in seeds or leaves versus other plant organs. 
Transcript ratios were calculated by dividing RNA level in seed or leaf by that of the organ with the 
next highest transcript level. The number of genes expressed in seeds is indicated for each category
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ary metabolisms. Many metabolic genes were most active during the seed-filling 
phase of development (Clusters II and III), as might be expected (Fig. 7.4). In con-
trast, genes involved in genetic information processing were generally most active 
during embryogenesis (Cluster I) and desiccation (Cluster IV), presumably reflect-
ing greater rates of cellular differentiation during these phases of development. 
Finally, genes involved in environmental information and cellular processes were 
more active at 10 DAP (Cluster I) and 20–24 DAP (Cluster III), possibly reflecting 
their supporting roles in cellular differentiation and partitioning of storage products.

7.3.2  Embryo Development

Embryogenesis The embryo is derived from the fertilized egg or zygote via mul-
tiple rounds of cell division and differentiation and represents the new sporophytic 

Fig. 7.3  K-means clustering of 15,000 genes differentially expressed during seed development
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Fig. 7.4  Functional classifications of 15,000 differentially-expressed seed genes, divided by clus-
ter (refer to Fig. 7.3). Classification was performed according to the KEGG ontology
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generation. It consists of a shoot and a root meristem and, in the case of dicots, 
two cotyledons that store nutrients, including proteins, lipids, starch, and miner-
als, required for seedling growth and germination. Embryogenesis is characterized 
by embryo histodifferentiation through the globular, heart, torpedo, then finally, 
bent cotyledon stages. During this period, the developing embryo acquires polarity 
along the shoot-root axis and meristems are established. Using the MtGEA data, 
we identified a cluster (Cluster I) made up of genes with maximal expression at 10 
DAP, which corresponds to late embryogenesis. In this cluster, we observed that 
the major overrepresented functional classes are related to cell growth, replication/
repair, and cell mobility (Fig. 7.4). All these processes are associated with intense 
cell division activity.

According to our observations and those of Wang and Grusak (2005) at 10 DAP 
stage, the embryo is at the heart/torpedo stage and occupies only a small proportion 
of the seed volume. Intense cell division in the embryo continues until 12–14 DAP, 
after which cell expansion becomes the major driver of growth (Gallardo et al. 
2006a). Thus, embryo cell number is largely set by 12 DAP. A positive relationship 
has been established in pea between seed growth rate and cotyledon cell number 
(Munier-Jolain et al. 1998). Thus, it is during the phase of cell division and be-
fore the seed filling that the seed acquires its growth potential. Therefore, genes of 
cluster I are potential candidates for determining seed growth potential and final 
size. Amongst the genes of cluster I are many involved in DNA replication and 
repair, including DNA polymerases (e.g., Mtr.1014.1.S1_at, Mtr.10966.1.S1_at, 
and Mtr.13328.1.S1_at). Genes that are maximally-expressed at 10 DAP encode 
nucleotide biosynthesis enzymes, which produce deoxyribonucleotides (e.g., ad-
enosine kinases, Mtr.30425.1.S1_at, Mtr.17483.1.S1_at or ribonucleotide reduc-
tases, Mtr.45868.1.S1_s_at, Mtr.11322.1.S1_at) for replication and energy metabo-
lism. Finally, the cell mobility class encompasses genes (e.g., Mtr.1106.1.S1_at, 
Mtr.10599.1.S1_at) that regulate the actin cytoskeleton and determine cell shape.

Seed-Filling Phase During the filling phase, the seed grows and accumulates stor-
age macromolecules, including carbohydrates, lipids, and proteins. Using MtGEA, 
we identified two distinct clusters of genes with maximal expression during this 
phase. Cluster II consists of genes with maximal expression at 16 DAP, which corre-
sponds to early filling. Cluster III is composed of genes expressed maximally at late 
filling from 20 through 24 DAP. Using PathExpress (http://bioinfoserver.rsbs.anu.
edu.au/utils/PathExpress; Goffard and Weiller 2007b), we identified four major met-
abolic pathways (carbohydrate, amino acid, lipid, and secondary metabolite path-
ways) that are regulated during these stages [False Discovery Rate (FDR)-adjusted 
p-value < 0.1] and preferentially associated with cluster II (16 DAP) (Fig. 7.4).

Carbohydrate metabolism is central to early seed development. Although mature 
seeds of Medicago are composed of only 6–10 % soluble sugars and < 1 % starch 
(Djemel et al. 2005), carbohydrates represent a major carbon and energy source 
during development. Sucrose plays a dual role in the cell; it is central in carbohy-
drate metabolism and acts as a signal molecule. The balance between sucrose and 
hexoses regulates the direction that metabolism takes (anabolism or catabolism; 
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reviewed by Koch 2004; Smeekens 2000; Weber et al. 1997). For instance, the hex-
ose/sucrose ratio is high during embryogenesis but low during seed filling, when 
high sucrose acts as a signal to coordinate synthesis of SSPs. In our data set, we 
observed a decrease of expression of SSP genes from 12 DAP to the end of seed 
filling (e.g., Mtr.22018.1.S1_s_at).

Upregulation of genes involved in amino acid metabolism during seed filling, 
like many amino transferase genes (e.g., Mtr.37617.1.S1_at, Mtr.24739.1.S1_at, 
Mtr.37672.1.S1_at, Mtr.46230.1.S1_at, and Mtr.37617.1.S1_at), is consistent with 
intensive amino acid synthesis at this stage, which is essential for the production of 
SSPs. SSPs accumulate mainly in the embryo and represent > 30 % of Medicago 
seed DW (Djemel et al. 2005). SSPs belong mostly to the globulin family and con-
sist of three major types: vicilins, legumins, and convicilins. They accumulate in 
a sequential fashion during seed development. This pattern is different in legumes 
than in Arabidopsis (Gallardo et al. 2003; Gatehouse et al. 1982, 1986; Walling 
et al. 1986). In Medicago, vicilin genes are first expressed at 14 DAP, followed 
by legumins at 16 DAP. The maximal expression occurs at 20 DAP for vicilin, 
24 DAP for legumin K, and 36 DAP for legumin A (Verdier et al. 2008). MtGEA 
confirms this differential expression between vicilin (e.g., Mtr.26812.1.S1_at and 
Mtr.19932.1.S1_s_at) and legumin (e.g., Mtr.37270.1.S1_at and Mtr.31203.1.S1_s_
at) and reveals the convicilin expression pattern (e.g. Mtr.37289.1.S1_at and 
Mtr.37290.1.S1_at) starting at 16 DAP with the maximal expression at 20–24 DAP 
close to that of vicilin. Expression patterns of these genes are consistent with the 
kinetics of protein accumulation in Medicago (Gallardo et al. 2007).

Cluster II also has an over representation of genes involved in lipid metabolism, 
especially those associated with the fatty acids (FAs) biosynthesis. At maturity, 
8–10 % of Medicago seed DW is accounted for by FAs. Synthesis of predomi-
nantly C16:0, C18:1, C18:2, and C18:3 FAs is boosted early during seed filling via 
induction of the genes, such as FA ligases (e.g., FA ligase gene; Mtr.46462.1.S1_
at, Mtr.31183.1.S1_at, and Mtr.32721.1.S1_at) or acyl carrier proteins (e.g., 
Mtr.12210.1.S1_at, Mtr.35792.1.S1_at, and Mtr.41591.1.S1_at).

Secondary metabolism is also over represented at early seed filling (i.e., Clus-
ter II). Several enzymes related to flavonoid biosynthesis were identified, in-
cluding chalcone synthases (e.g., Mtr.42237.1.S1_at), chalcone isomerases (e.g., 
Mtr.40331.1.S1_at) or flavonol synthases (e.g., Mtr.45897.1.S1_at). Although some 
enzymes may drive isoflavone accumulation in the embryo (Dhaubhadel et al. 
2003), we assume that some of the genes in this category are related to the accumu-
lation of (pro)anthocyanins in the integument (see below the subsection, The Seed 
Coat).

The entire seed-filling period (Clusters II and III) was characterized by a dearth 
of gene induction related to genetic information processing and cellular processes, 
including DNA replication, transcription, translation, cell growth, and cell com-
munication (Fig. 7.4). Lack of genes involved in DNA replication is consistent with 
observations that cell division largely ceases prior to seed filling. Lack of transcrip-
tional regulators amongst clusters II and III genes suggests that TFs required for 
transcription of genes with maximal expression during seed filling are synthesized 
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prior to the filling phase, or at least maximal expression of their genes precedes 
filling. This notion is consistent with the identification of a large pool of ribosomal 
proteins at 12 DAP in Medicago seeds (Repetto et al. 2008), confirming that the 
transition between embryogenesis and seed filling is a key period of regulatory 
activity.

Genes with activity peaking at late seed filling (20–24 DAP) are grouped in clus-
ter III. In addition to genes encoding SSPs known to accumulate during late seed 
filling (e.g., legumin genes; Mtr.37270.1.S1_at and Mtr.31203.1.S1_s_at), this clus-
ter also contains genes involved in the processing of cell environment information, 
including several hundred kinases and membrane transporters. Active cell signaling 
may be required to coordinate molecule storage in specialized organelles or bodies, 
and is undoubtedly required to prepare the seed for desiccation.

Desiccation Phase The last phase of seed development prepares the seed for desic-
cation. This stage is characterized by water loss and entrance into dormancy around 
40 DAP, and is coordinated with pod abscission. Cluster IV is made up of genes 
with peak expression at 36 DAP, making them desiccation-related genes, including 
genes known to be involved in this process (e.g., seed maturation proteins or LEA 
genes; Mtr.43533.1.S1_at and Mtr.12942.1.S1_at). Relatively few metabolic genes 
are in cluster IV, consistent with entry of the seed into metabolic quiescence or 
physiological maturity. The MtGEA data also reveals activation of transcriptional 
machinery at this stage, including expression of many RNA polymerases (e.g., 
Mtr.1331.1.S1_at, Mtr.22814.1.S1_at, and Mtr.38548.1.S1_at), transcription initia-
tion factors (e.g., Mtr.28076.1.S1_at, Mtr.38039.1.S1_at, and Mtr.32068.1.S1_at) 
and TF (e.g., bHLH-type, Mtr.11605.1.S1_s_at; AP2-type, Mtr.23282.1.S1_s_at; 
and NAC-type, Mtr.42696.1.S1_at) genes. This machinery may account for accu-
mulation of mRNA in mature seeds, which presumably facilitates rapid protein syn-
thesis during germination (Rajjou et al. 2004; Rushton and Bray 1987).

7.3.3  Seed Coat and Endosperm Development

The MtGEA contains little data at present that are specifically related to the seed 
coat and endosperm. We present a brief description of these tissues as a framework 
for future tissue-specific transcriptome analysis, which will be incorporated into the 
expression atlas.

Seed Coat The seed coat (also called testa) is a diploid maternal tissue surround-
ing the developing embryo, which helps to nourish and ultimately protect the 
embryo from the external environment (Baskin and Baskin 1998). A comprehensive 
morphological description of seed coat development in Medicago was published 
by Wang and Grusak (2005). During seed development, the seed coat is mainly 
involved in transport and synthesis of nutrients, such as amino acids and flavonoids. 
At maturity, the dry seed coat provides a physical barrier, contributing to desicca-
tion tolerance and seed dormancy in Medicago (Faria et al. 2005).
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One of the most studied processes in the Medicago seed coat is biosynthesis of 
condensed tannins. Genes encoding some of the enzymes, TFs, and transporters 
involved in this pathway have been characterized functionally (Pang et al. 2007, 
2008; Zhao and Dixon 2009; Verdier et al. 2012), where the MtGEA has played a 
fundamental role. The strong involvement of secondary metabolism in early filling 
(Cluster II), especially for flavonoid biosynthesis, is coherent with pigment biosyn-
thesis in Medicago seed coat. Some of these transcripts are related to the accumula-
tion of tannins in the integument (Pang et al. 2008).

Another major process occurring in seed coat is transportation of nutrients from 
maternal tissues to the embryo. Seed coat is involved in the metabolism of nutrients, 
such as amino acids biosynthesis (van Dongen et al. 2003), and in transient storage 
during the early seed development of minerals (Barnabas and Arnott 1990). Seed 
coat is also a transient storage tissue for unloaded sucrose from the phloem; the 
sucrose is transported to the endosperm and then on to the embryo after 13 DAP 
at the onset of seed filling (Djemel et al. 2005; Gallardo et al. 2006b). The seed 
coat probably determines the concentration of sucrose in the embryo via invertases, 
which affects the hexose/sucrose ratio and in turn controls the transition between 
embryogenesis and seed filling (for review see, Weber et al. 2005).

Endosperm The endosperm is a triploid embryo-nourishing tissue that arises from 
the triple fusion of a sperm nucleus with two polar nuclei. In most cereals, this tis-
sue develops into a large portion of the mature seed and functions as a storage tis-
sue. In most dicots (including Arabidopsis and Medicago), the endosperm plays a 
nourishing role during embryo formation, but it is consumed at later stages of seed 
development when cotyledons take over the role of storing reserves in mature seeds. 
Endosperm development in Medicago is still poorly characterized, but in Arabidop-
sis, Berger (2003) and Berger et al. (2006) have provided comprehensive descrip-
tions of endosperm development. The endosperm development can be divided in 
two phases: a syncitial phase marked by intense synchronous division without cel-
lularization leading to massive endoduplication coupled with storage of reserves 
in large cells; followed by a phase of cellularization that leads to differentiation 
and acquisition of endosperm polarity. According to microscopic observations from 
Wang and Grusak (2005), cellularization of Medicago endosperm occurs around 
12 DAP, which is consistent with the high-ploidy level at 10 DAP (Gallardo et al. 
2006b). During seed filling nutrients from the endosperm are translocated to the 
embryo, resulting in reduction of the Medicago endosperm to only few cell layers 
from 20 DAP until seed maturity.

7.4  Concluding Remarks

Medicago is arguably the premier model system for functional genomics of legume 
seed development, given the near complete sequence of its genome, large mutant 
populations for facile reverse genetics, and MtGEA described in this chapter. We 
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have shown how temporal data in MtGEA provides a comprehensive view of ge-
netic and molecular processes at work during seed development in Medicago. In 
future, addition of spatially-resolved expression data from isolated tissues and cell 
types will extend the utility of MtGEA. In the interim, however, MtGEA is already 
playing an instrumental role in identifying interesting regulatory and metabolic 
genes with potential role in determining seed composition and, therefore, seed qual-
ity. Several groups are now using available genetic resources, including Tnt1-in-
sertion, fast neutron deletion, and EMS mutant populations to decipher the roles of 
specific genes actively expressed during seed development. We are optimistic that 
these available resources will lead to new approaches to modifying legume seed 
composition for food, feed, and industry. We also see a role for MtGEA in compara-
tive functional genomics, which will integrate similar data from other legume and 
nonlegume species to shed light on the evolution of seed development. This too will 
have practical implications, not only for biotechnology of legume seeds, but also 
seeds of nonlegumes.
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Abstract Grain legumes are the crop plants belonging to family Leguminosae 
that are cultivated for their seed yield for the purpose of human food or animal 
feed. They possess high metabolic activity and fluxes in seeds and are an important 
source of protein in vegetarian diet or when the intake from animal or fish source 
is not available. Soybean ( Glycine max) L. Merr. is the world’s most widely grown 
grain legume. In addition to a high seed protein content (approximately 40 %), soy-
bean seeds are also a major source of vegetable oil (approximately 20 %) and many 
beneficial plant natural compounds, such as isoflavonoids. Recently, soybean has 
gained considerable attention as a major crop for biodiesel production. It has a com-
plex genome with a large genome size (~ 1115 Mb) that has undergone at least two 
genome duplication events within the last 60 million years (Gill et al. Plant Physiol, 
151: 1167–1174, 2009; Schlueter et al. Genome, 47: 868–876, 2004; Shoemaker 
et al. Genetics, 144: 329–338, 1996). The research efforts in the past decades in 
soybean in the area of genome mapping, molecular breeding, genomics, and whole 
genome sequencing have generated a vast amount of data and knowledge, providing 
unique opportunities to the legume community to conduct both basic and applied 
research in soybean and its close relatives.

Keywords Legume · Microarray · Seed development · Sequencing · Soybean ·
Transcriptomics

8.1  Soybean Seed Development: An Overview

Soybean seed development commences with a double fertilization process, leading 
to the differentiation of seed tissues, such as embryo, endosperm, and seed coat. 
Soybean seed is almost devoid of an endosperm and consists of a well-developed 
embryo and a seed coat (Goldberg et al. 1994). Seed coat surrounds the embryo 
and is a maternal tissue. Seed coat also serves as transient storage organs in many 
legume seeds, accumulating proteins and starch before the storage activity starts in 
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embryo (reviewed in Weber et al. 2005). These are highly differentiated and com-
plex seed tissues that differ structurally during the development (Miller et al. 1999) 
as well as among species (Corner 1951). Soybean seed coat is developmentally 
transitory, where a number of tissues present during early- and mid-development 
does not persist in the mature seed coat (Miller et al. 1999). It can be stated that 
the seed coat plays a critical role in soybean seed development by providing sup-
port and nourishment for the developing embryo and a protective covering for the 
embryo at maturity.

The embryo development starts with the differentiation of fertilized egg cell into 
a mature embryo containing cells with different roles. The entire process of em-
bryogenesis can be grouped into following five phases: globular, heart, cotyledon, 
maturation, and dormancy (Walbot 1978). As shown in Fig. 8.1, differentiation of 
embryo axis and cotyledons occurs during the initial three phases of embryogen-
esis, while synthesis and accumulation of major seed reserve takes place during the 
maturation process and continues until seed reaches to the dormant state. During 
the late seed-maturation phase, the inner layers of seed coat tissues are compressed 
by the developing embryo leaving the seed coat only with a thin-walled parenchy-
ma, hourglass cells, and palisade cells. The whole seed then undergoes desiccation, 
leading to reduced transcripts and protein synthesis.

S. Dhaubhadel and F. Marsolais

Fig. 8.1  A schematic diagram representing physiological and developmental events that occurs 
during soybean seed development. (Modified from Le et al. 2007)
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8.2  Transcriptomics of Soybean Seed: Recent Developments

During the period of seed development, seed becomes the primary sink for assimi-
lates within the plant, which is determined by the genetic factors as well as the envi-
ronment and cultural practices that the maternal parent is exposed to (Copeland and 
McDonald 2001). The developing seed undergoes several morphological changes, 
which occur concurrently with the changes in cytological, chemical, and overall 
weight of the seed. All these changes are determined by the reprogramming of gene 
expression patterns reconciled by several different pathways (Gehring et al. 2004; 
Wobus and Weber 1999).

Even though legume seed development has been studied for more than a cen-
tury, research on gene expression analysis of soybean seed started only in the 
early 1980s. Using RNA-excess DNA-RNA hybridization, Goldberg et al. (1989, 
1981a, b) showed that a small number of mRNAs are regulated quantitatively at 
specific stages of seed development; however, most of the diverse transcripts con-
tinue to express throughout the seed development and later gets stored in the dor-
mant seeds. These studies used seed protein genes as models because of their eco-
nomic importance as well as transcript abundance in seeds. The recent development 
of genetic resources and advanced technologies has allowed the researchers to study 
global gene expression analysis in seeds during the entire developmental phase and 
in any specific seed tissue.

The public EST project was the first large-scale gene expression analysis in 
soybean that consisted of different tissues, including seeds under several different 
environmental, developmental, and stress conditions (Shoemaker et al. 2002). This 
project generated over 80 cDNA libraries from different tissues and conditions. 
Currently, there are 1,354,268 ESTs available at the DFCI gene index (http://comp-
bio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb = soybean) that includes 73,178 
tentative contig (TC) sequences and 137,174 unique cDNAs with a goal to repre-
sent nonredundant view of soybean genes and the data on their expression patterns, 
potential functions, and evolutionary relationships. The drawback of using EST 
analysis for gene expression study is the relatively lower rate of novel transcript 
discovery as the rare transcripts are not usually represented well in EST collections.

The cDNA and oligonucleotide microarray technology is the most widely-used 
method of transcriptomics study in soybean. Microarray is a targeted expression 
profiling approach, where the expression levels of genes, for which a clone or a 
sequence is available, can be determined using spotted cDNAs or oligonucleotides 
on glass slides (Schena et al. 1995; Stears et al. 2003). Two soybean cDNA arrays 
are available at http://soybeangenomics.cropsci.uiuc.edu, each containing 18,432 
single PCR products from low redundancy cDNA sets Gm-c1021, Gm-c1083, and 
Gm-c1070 (18k-A array) and Gm-r1088 and Gm-r1089 (18k-B array) (Vodkin et al. 
2004). Similarly, several soybean oligonucleotide arrays are also available. The ad-
vantage of using oligoarrays over cDNA arrays is that the oligos are designed from 
most distant 3’ region of the cDNAs, which helps to distinguish between the dif-
ferent members of a multigene family sharing high sequence identity at the coding 
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region. This is particularly important for soybean whose genome has undergone 
at least two whole genome duplication events (Gill et al. 2009; Shoemaker et al. 
1996), resulting into genes with large multigene families. An oligo array containing 
38,000 unique 70-mer oligos printed on two sets of slides, each with 19,000 spots 
by Illumina, Inc./Invitrogen (San Diego, CA, USA), is available. Another oligo ar-
ray widely used by the soybean research community is the Affymetrix array, which 
uses 25-mers containing 37,500 probe sets on the array.

Thibaud-Nissen et al. (2003) used a 9,280 cDNA array to study gene expression 
during early stage of seed development. The study identified the transcript pat-
terns associated with somatic embryogenesis in soybean. Their results suggested 
that the formation of somatic globular embryos is associated with the transcription 
of SPs and GA synthesis. To gain understanding of the transcriptional changes dur-
ing embryo development that may control seed quality traits in soybean, a global 
gene expression analysis was performed using an 18k-A cDNA array (Dhaubhadel 
et al. 2007). This study was the first large-scale gene expression analysis of soybean 
seeds. The experiment consisted of five different developmental stages of embryos 
(early to late seed maturity) in two soybean cultivars, which differed in the levels of 
seed oil and isoflavonoids. Samples were collected from the soybean plants grown 
at two different locations for two consecutive years. The analysis performed by San-
geeta Dhaubhadel and her team was aimed at measuring the followings: (i) changes 
in the gene expression during embryo development within a cultivar, and (ii) com-
parison of gene expression at specific stage of embryo development between two 
selected cultivars. The analysis identified 5,910 genes differentially expressed in 
between the cultivars in at least one of the five stages of embryo development and 
indicated that the gene expression changes due to environmental factors are great-
er than those due to cultivar specific or developmental stage specific differences. 
Dhaubhadel et al. (2007) found that among the seed storage product genes, major-
ity of the cDNAs for soybean seed proteins were abundantly expressed in all the 
stages of development. Only 17 soybean seed protein genes were differentially ex-
pressed during development, whereas 46 of FAs-related genes and 168 of shikimic 
acid- and phenylpropanoid pathways-related genes were expressed differentially 
in soybean embryos during the development. The array contained 720 cDNAs en-
coding for protein kinases, where expression levels of 229 kinases changed during 
soybean seed development (Fig. 8.2). As shown in Fig. 8.2, soybean seed kinases 
are grouped into two major clusters. Cluster I consisted of the kinase transcripts ex-
pressed during early to mid seed maturity, whereas the kinase transcripts belonging 
to cluster II were more abundant during the later stages of seed maturation. The gen-
eral patterns of kinase gene expression was similar in both the soybean cultivars; 
Harovinton and RCAT Angora. These two cultivars are distantly related in their 
pedigree. The similarity in gene expression in these two cultivars suggests that the 
results could be broadly applicable to other soybean cultivars or other related spe-
cies. Protein kinases play a central role in signal transduction pathways and mediate 
many molecular responses within the cell. A detailed study of kinase genes and 
their potential function in the regulation of the activity of target enzymes may help 
identification of key genes involved in seed development or in response to stress.

S. Dhaubhadel and F. Marsolais
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Comparison of gene expression patterns between two soybean cultivars, RCAT 
Angora (high isoflavonoid cultivar) and Harovinton (low isoflavonoid cultivar), 
revealed that chalcone synthase ( CHS) 7 and CHS8 genes play a critical role in 
isoflavonoid synthesis. RNAi silencing of these two CHS genes in soybean hairy 
roots confirmed their direct role in isoflavonoid biosynthesis (Yi et al. 2010b, c). 
The seed transcriptomic data set was used as a primary resource to identify the TFs 
that regulate expression of CHS8 gene. The 18k-A array contained 368 TF genes; 
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Fig. 8.2  Expression profiles 
of soybean protein kinase 
genes during embryo 
development as revealed 
by hierarchical clustering. 
The protein kinase genes 
differentially-expressed in at 
least one of the growth stages 
or expressed at all the stages 
during embryo develop-
ment were grouped using 
hierarchical clustering. For 
each time point, normalized 
hybridization ratios averaged 
from four biological repli-
cates are represented in color. 
The signals are shown in 
red-green color scale, where 
red represents high expres-
sion and green represents low 
expression. The numbers at 
the top represent stages of 
embryo development (30, 40, 
50, 60, or 70) in DAP. Hvtn, 
Harovinton; RCAT, RCAT 
Angora

Hvtn RCAT                  



134

of which, 74 belonged to the MYB TF family. Microarray analysis showed that the 
39 TFs were differentially expressed during at least one of the five stages of embryo 
development. By correlating the expression pattern of CHS8 with the MYB genes, 
Yi et al. (2010b) were able to make a short list of candidate MYB factors for further 
analysis and identified GmMYB176, an R1 MYB TFs, as a regulatory factor for 
expression of CHS8 genes and isoflavonoid synthesis. These are some of the exam-
ples, demonstrating the importance of the gene expression data for the identification 
of candidate genes involved in valuable seed quality traits.

A similar study on transcript patterns during soybean seed development was con-
ducted by Jones et al. (2010) using two different types of spotted arrays. This study 
included an additional stage of seed development, the mature dry seed, in addition 
to the earlier study by Dhaubhadel et al. (2007). The most interesting observation 
made by Jones and coworkers was that expression of many genes, such as genes 
for protein degradation and TFs were increased in the mature seed that are at the 
desiccating and dry stages of seed development. Those authors speculated that the 
increased levels of expression of certain genes in dry seeds may be for the prepara-
tion of pathways required in the early stages of seed imbibition and germination 
(Jones et al. 2010).

To investigate the global gene expression profiles in different compartments of 
the seed, laser capture microdissection technology was combined with Affymetrix 
GeneChip technology (Le et al. 2007). The results suggested that at least 22,000 di-
verse mRNAs are involved in fashioning the globular-stage soybean seed. Despite 
that the majority of diverse transcripts are expressed in different compartments of 
the globular embryo, small subsets of mRNAs are unique to a specific seed region. 
Identification of the region-specific mRNAs and other mRNAs, whose expressions 
are coregulated in different compartments of the seed together with the availability 
of soybean genome sequence (Schmutz et al. 2010), offers the researchers the op-
portunity to identify conserved regulatory sequences connecting seed genes with 
regulatory networks. The 18k-A array was also used to study gene expression pro-
files during soybean seed coat development. The results revealed a complex tran-
scriptome of seed coat as compared to the embryo, emphasizing the importance of 
seed coat in overall seed development (Ranathunge et al. 2010). During seed devel-
opment, the seed coat provides a source of nutrients to growing embryos; whereas 
at maturity stage it serves as a protective layer and controls seed germination by 
regulating the water uptake. The gene expression patterns in soybean seed coat may 
provide an understanding of seed coat development-related traits, such as hard seed-
ness (Ranathunge et al. 2010).

Even though the array-based transcriptomics investigation using spotted mi-
croarrays (Dhaubhadel et al. 2007; Jones et al. 2010; Ranathunge et al. 2010) or 
Affymetrix GeneChip (Le et al. 2007) are very informative and are major achieve-
ments in understanding the soybean seed development, yet these data sets do not 
provide a complete picture of gene expression patterns. Recently, the development 
of high-through put DNA sequencing technologies, such as NGS have enabled the 
analysis of gene expression independent of information on their genomic sequence. 
In addition, NGS technologies are quick, inexpensive, and offer the advantage of 
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greater sensitivity and wider range of gene expression of complex nucleic acid popu-
lation (Metzker 2010). There are several NGS technology platforms available, such 
as 454 Life Sciences (http://www.454.com/index.asp), Illumina Genome Analyzer 
(http://www.illumina.com/), Applied Biosystems SOLiD (http://www.appliedbio-
systems.com/absite/us/en/home/applications-technologies/solid-next-generation-
sequencing.html), tSMS by Helicos Bioscience (http://www.helicosbio.com/), and 
SMRT by Pacific Biosciences (http://www.pacificbiosciences.com/). These plat-
forms use different methods of template preparation and sequencing chemistries 
and produce sequences of different read lengths varying from 32 bp to 900 bp. The 
total output for single read runs varies from 0.4 Gbp (454 Life Sciences) to 30 Gbp 
(Applied Biosystems SOLiD).

The NGS technology can be used to study genomes, epigenomes, and transcrip-
tomes of any organism, where one NGS platform may be more suitable than the 
other depending on the application. Transcriptomics study using NGS technology, 
also known as RNA sequencing (RNA-seq) is gaining popularity over microarrays 
as it does not require the knowledge of the genome sequence as prerequisite. In ad-
dition, the RNA-seq method introduces less variation between technical replicates 
(Marioni et al. 2008). Recently, RNA-seq was used to study seed development in 
soybean. This study generated 2.7–9.6 million 36 bp reads for each of seven stages 
of seed development (Severin et al. 2010) and created a RNA-seq atlas of soybean. 
The study also included a total of seven aerial and underground tissues. The hierar-
chical clustering gene expression profiles in 14 different tissues grouped seeds into 
a separate clade and created a list of genes with high expression profiles during seed 
development. The SoySeq-Atlas (http://soybase.org/soyseq/) is a valuable resource 
for soybean and other related crops of agronomic importance.

Using a deep sequencing approach with the Illumina Solexa platform, Joshi et al. 
(2010) sequenced four miRNA libraries, including seed library and generated over 
one million sequences per library. The miRNA expression levels were then com-
pared with the predicted target genes to get the insight into the regulatory patterns. 
By comparing the hybridization and deep sequencing methods for the same set of 
experiment, Bolon et al. (2010) identified 13 genes displaying significant differ-
ences in gene expression between two near-isogenic lines contrasting in the levels 
of seed protein and oil. Those genes were mapped to the protein quantitative trait 
loci (QTL) region at linkage group 1, suggesting their potential involvement in the 
regulation of seed protein content.

8.3  Soybean: A Model Grain Legume  
for Legume Transcriptomics

As one of three legumes with substantial genomic information (Kim et al. 2010; 
Schmutz et al. 2010), soybean constitutes an important model for grain legumes. 
In the legume phylogeny, soybean belongs to the tribe Phaseoleae (Fig. 8.3). This 
tribe also includes several major pulse crops for which development of genomic 
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resources is not nearly as advanced as for soybean. Pigeon pea ( Cajanus cajan) 
is grown in semi-arid regions of Asia, particularly in India, and exhibits signifi-
cant drought tolerance (Varshney et al. 2009). Common bean (dry bean, Phaseo-
lus vulgaris) is the leading pulse crop worldwide both by acreage and production 
(Broughton et al. 2003; McClean et al. 2004). Among Vigna species, cowpea ( Vigna 
unguiculata) is a major crop in Africa and also exhibits drought tolerance (Ehlers 
and Hall 1997), while in Asia, urad bean ( V. mungo), mung bean ( V. radiata), and 
azuki bean ( V. angularis) are of significant importance (Tomooka et al. 2002).

Given the relationships between legume species, soybean is expected to be most 
useful as a model for these pulse crops belonging to the Phaseoleae. By compari-
son, Medicago truncatula and Lotus japonicus, the two other models with extensive 
genome sequence information are more closely related to the temperate legumes, 
which include members of the tribe Viciae (lentil, faba bean and pea) and Cicereae 
(chickpea). Studies with cowpea and common bean revealed extensive macrosyn-
teny with the soybean genome (McClean et al. 2010; Muchero et al. 2009). As ex-
pected, each syntenic block in cowpea or common bean matches two blocks in soy-
bean, which is consistent with a genome duplication event in soybean taking place 
11 million years ago, after the divergence between lineages leading to soybean and 
cowpea or common bean, which happened 19 million years ago (Lavin et al. 2005; 
Stefanovic et al. 2009). This duplication, which likely arose through outcrossing 
(Gill et al. 2009) has led to the present paleoploid soybean genome. Since common 
bean has a simpler genome, it has also been proposed as a genetic model for soy-
bean (McClean et al. 2008).

Fig. 8.3  Phylogenetic relationships between soybean and pulse crops member of the tribe Phase-
oleae. The diagram is based on the phylogenetic analyses of Stefanovic et al. (2009), Wang et al. 
(2008), and Goel et al. (2002)
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In the context of transcriptomics and seed development, soybean is likely to be a 
very important model to understand the genetic bases underlying protein yield, the 
negative relationship between protein and oil content and high isoflavonoid content. 
These are key traits in soybean (Lightfoot 2008). Importantly, they display significant 
genetic variability. Reciprocally, research on pulse crops within the Phaseoleae may 
improve our understanding of the seed developmental and metabolic processes in soy-
bean. For example, scarlet runner bean ( P. coccineus), due to the large size of its seeds 
and embryos, has been used as a model to study gene expression in the embryo-proper 
and suspensor during early embryo differentiation (Le et al. 2007; Weterings et al. 
2001). This research enabled the identification of the cis-regulatory sequences neces-
sary for transcriptional activation in the suspensor region (Kawashima et al. 2009).

Another important trait in soybean seed is the content of sulfur amino acids (Yi 
et al. 2010a). Like in other grain legumes, the levels of essential sulfur amino ac-
ids are suboptimal for nutrition, and use of soybean meal as animal feed requires 
supplementation with methionine. The QTLs influencing cysteine and methionine 
contents have already been identified in a soybean population (Panthee et al. 2006), 
indicating that natural genetic variation could be exploited to improve this trait. Me-
thionine varied by up to two-fold with a heritability of 0.57 in recombinant inbred 
lines, while a lower variability and heritability were observed for cysteine (1.4-fold 
and 0.15). Common bean constitutes a unique model to investigate the metabolism 
of sulfur amino acids in seed. Large amounts of a nonprotein sulfur amino acid 
( S-methyl-cysteine) are accumulated to 0.3 % of seed weight (Taylor et al. 2008). 
S-Methyl-cysteine constitutes a storage form of sulfur, but cannot substitute for 
methionine or cysteine in the diet (Padovese et al. 2001). Variation in the composi-
tion of major seed proteins in related genetic stocks is associated with an increase 
of cysteine and methionine content, by up to 70 % and 10 % respectively, with a 
corresponding decrease in S-methyl-cysteine (Taylor et al. 2008), and increased 
levels of specific sulfur-rich proteins (Marsolais et al. 2010). In the Vigna genus, 
accumulation of S-methyl-cysteine in seed represents a taxonomic marker, being 
present in cowpea and mung bean, and absent in urad and azuki bean (Baldi and 
Salamini 1973; Otoul et al. 1975).

A goal integral to the transcriptomics approach is the identification of transcrip-
tional regulatory network(s) controlling the trait or process of interest. In this regard, 
the general resources consisting in databases of soybean TFs, SoyDB (http://casp.
rnet.missouri.edu/soydb/) (Wang et al. 2010) and LegumeTFDB (http://legumetfdb.
psc.riken.jp/) (Mochida et al. 2010), and plant miRNAs, PMRD (http://bioinformat-
ics.cau.edu.cn/PMRD/) (Zhang et al. 2010) should be very helpful to the investi-
gators, along with the already mentioned soybean tissue-specific seed expression 
profiles present at (http://seedgenenetwork.net/) (Le et al. 2007).

From a more technical point of view, high-density arrays developed for soybean 
transcriptomics research are expected to be applicable to other Phaseoleae crops 
through cross-specific hybridization, at least until similar tools become available 
for some of these crops. Meanwhile, the development of NGS technologies may 
enable to by-pass the need for microarrays in transcript profiling studies. Devel-
opment of genomic information is underway for the most important Phaseoleae 
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pulse crops. For  example, there are currently three common bean genome sequenc-
ing projects: the American whole-genome sequence of common bean project in the 
United States of America (http://www.phytozome.com/commonbean_er.php), the 
Iberoamerican genome sequencing of the Mesoamerican bean genome ( P. vulgaris) 
(http://www.langebio.cinvestav.mx/?pag = 170), and Canadian Phaseolus Genomic 
for Improved Bio-Product Development (http://www.beangenomics.ca/). Informa-
tion from these projects should enable the development of an efficient transcript 
profiling platform for common bean. Generation of ESTs from Phaseoleae pulses 
has not focused primarily on the seed, with few exceptions. A collection of approxi-
mately 30,000 Sanger ESTs was developed from four seed developmental stages 
of the common bean reference genotype BAT93 (Yin et al. 2011). A large number 
of Sanger ESTs (approximately 400,000) and random 454 cDNA sequences were 
obtained from suspensor and embryo-proper cDNA libraries of scarlet runner bean 
forming an impressive resource (http://estdb.biology.ucla.edu/PcEST/) (Kawashi-
ma et al. 2009; Le et al. 2007; Weterings et al. 2001).

Le et al. (2007) reported the use of a soybean Affymetrix GeneChip to profile 
RNAs from laser-captured suspensor and embryo-proper tissues of scarlet runner 
bean. This analysis identified small subsets of transcripts specifically expressed in 
either tissue, including some encoding TFs. In a recent and very interesting study, 
Mensack et al. (2010) used seed transcriptomics, proteomics, and metabolomics pro-
files to evaluate diversity among common bean lines from the Mesoamerican and 
Andean centers of domestication. Among the three techniques, metabolomics was the 
most powerful and enabled classification of cultivated varieties following principle 
component analysis. For transcript profiling, the authors reported a low efficiency of 
cross-specific hybridization to an Affymetrix soybean microarray, and therefore used 
the previously described cDNA array developed at the University of Illinois (Vodkin 
et al. 2004). The analysis identified transcripts differentially expressed between navy 
and white kidney beans two weeks after anthesis (WAA), related to transcription, 
translation or protein synthesis, and modification. Fewer differentially-expressed 
transcripts were observed at three WAA. However, this analysis failed to reveal dif-
ferentially-expressed genes relevant to the physiological distinctions between cen-
ters of origin, which might be due in part to the use of a cross-specific platform. In a 
recent nonseed study, Yang et al. (2010) described a method whereby the Affymetrix 
GeneChip soybean genome array was successfully used for transcript profiling of 
common bean, by masking probes matching interspecies variable regions between 
the two species. Similarly, Das and coworkers successfully used the soybean Af-
fymetrix GeneChip to profile transcripts in cowpea (Das et al. 2010).

8.4  Concluding Remarks

As legume seeds are an important source of human food and animal feed, there 
is a continuous effort in improving the overall nutritional quality and increasing 
the total seed yield. The availability of whole genome sequence of model legumes 
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M.  truncatula, L. japonicus, and grain legume soybean together with the major 
developments in transcriptomics tools may allow us to bridge the gap between 
transcriptomics with seed traits of economic importance. Integration of the omics 
tools by treating RNAs, proteins, and metabolites as quantitative traits may offer 
new insights into how these traits may be regulated in the seed. Understanding the 
biochemistry and physiology of legume seeds at molecular level will help in ma-
nipulating metabolic routes towards increasing valuable traits in the seeds through 
metabolic engineering.
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Abstract Seeds function as an energy storehouse, providing nourishment to the 
developing embryo and the young seedling during germination. In addition, due to 
their oil, protein, and carbohydrate composition, seeds serve as an important food 
source for both human and animal consumption. Legume seeds and peanuts, in 
particular, are an inexpensive source of plant proteins and edible oil. Owing to their 
importance in global food security, it is necessary to understand the genetic, bio-
chemical, and physiological mechanisms involved in controlling seed quality and 
nutritive attributes. A comprehensive understanding of seed development and the 
environmental factors that impact the incorporation of the main storage reserves in 
seeds, such as proteins, fatty acids, starch, and secondary metabolites will enhance 
our ability to improve seed quality and yield through molecular breeding programs. 
Here, we discuss the current understanding of seed development in peanut and con-
served developmental mechanisms between legumes and the model plant Arabi-
dopsis. Primarily, the biochemistry, genetics, and transcriptional regulation during 
seed development are discussed with emphasis on metabolic pathways of storage 
reserve biosynthesis. Additionally, we discuss the effects of water deficit stress on 
seed metabolism, oil quality, and composition.

Keywords Fatty acids · Flavonoids · Peanut · Starch · Storage proteins · Water 
deficit stress

9.1  Introduction

Peanut ( Arachis hypogaea L.) is the second most important crop legume, cultivated 
across the world on 23.5 million hectares with an annual production of 34.5 million 
tons (FAOSTAT 2009). Peanut is mainly grown for its seed in the United States 
of America, but represents a rich source of edible fats and a primary source of oil 
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in many parts of the world. Numerous studies conducted during the past several 
decades on peanut seed, emphasized SP composition (Cherry et al. 1973; Hinds 
1995; Jones and Horn 1930; Johnson et al. 1950), nutritional value (Millerd et al. 
1975), and immunological properties of the protein fractions (Kang and Gallo 
2007; Koppelman et al. 2004; Viquez et al. 2003). However, metabolic pathways 
and mechanisms of differential accumulation of various seed storage reserves that 
result in differences in seed composition and quality remain largely unknown. It is 
believed that application of transcriptomics and proteomics approaches will provide 
an insight into the mechanisms involved in development and maturation and the 
effects of biotic and abiotic stresses on these processes. Ultimately, this knowledge 
should provide a means for improving peanut seed quality and yield. Transcrip-
tional profiling of developing Arabidopsis seeds has provided insight into the pri-
mary transcriptional networks that coordinate the genome-wide response to seed 
developmental programs and lead to the distribution of carbon among oil, protein, 
and carbohydrate reserves (Girke et al. 2000; Ruuska et al. 2002). Cellular signal-
ing and metabolic events are also driven by protein-protein interactions, PTMs of 
proteins, and enzymatic activities that cannot be predicted accurately or described 
by transcriptional profiling approaches alone. Since proteins are directly associated 
with function, proteomics approaches are being applied increasingly to address bio-
chemical and physiological questions in many model species, such as Arabidopsis, 
rice, maize, Medicago, soybean, and Brassica.

Much of what we know today regarding the molecular aspects of seed develop-
ment comes from the basic studies carried out in model legumes and Arabidopsis. 
However, several differences exist between the developmental programs of peanut 
seeds and those of Arabidopsis and even other legumes. The primary difference is 
that peanut seeds develop underground and have a large endosperm tissue accumu-
lating proteins and lipids, while Arabidopsis and most model legume seeds develop 
aerially in green pods with large embryos. Since seeds harbor the nutritional re-
serves to support life of humans and other living organisms, it is important to under-
stand the genetic and biochemical mechanisms favoring an enhanced accumulation 
of main seed reserves, such as proteins, carbohydrates, and lipids. Here, we review 
our current understanding of seed development in peanut with special emphasis on 
mechanisms of accumulation of storage compounds. Additionally, we discuss the 
effect of water-deficit stress on seed metabolism and gene expression.

9.2  Stages of Seed Development

The peanut plant has one of the most fascinating growth habits in the plant king-
dom. It produces flowers aerially, but develops its pod (fruit) underground. Upon 
fertilization of the ovules in the peanut flower, a specialized organ called a gy-
nophore or peg carries the young pod into the soil, where pod maturation occurs 
(Moctezuma 2003). While the peg is aerial, the embryo, having undergone three to 
four divisions, is in an arrested state of development (Pattee and Mohapatra 1986, 
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1987). Upon contact with the soil, development begins and eventually the ovule is 
pushed a few centimeters below the surface, the peanut pod begins to grow, the tip 
bends sideways(parallel to the soil surface) and the pod begins to develop. Develop-
ment is divided into nine reproductive events (Fig. 9.1), annotated as R1–9 (Boote 
et al. 1982). The R1 and R2 correspond to anthesis and peg elongation, respectively. 
The pod-specific stages are R3 (beginning pod, with the peg in the soil and pod 
turned diageotropically and swollen), R4 (fully-expanded pod), R5 (beginning seed, 
visible cotyledon growth), R6 (full seed, pod cavity is completely filled), R7 (onset 
of maturity, visible coloration of pericarp), R8 (harvest maturity, majority of pods 
have pericarp coloration), and R9 (over-mature pod). Earlier studies on peanut pods 
pertained to growth and maturation of individual fruits per se and were limited to 
the visual phenological events in the physiological development of pods (Boote 
et al. 1982; Pattee et al. 1974; Schenk 1961; Williams and Drexler 1981).

In contrast to the wealth of information regarding the phenotypic and morpho-
logical changes that define peanut seed development, little is known about the 
molecular and cellular mechanisms. Peg growth and development is highly regu-
lated by auxin (Moctezuma 1999). The mechanical stimuli provided by the soil 
surface, in combination with the darkness and soil moisture, trigger the necessary 
hormonal cues for pod development to begin and correspond with a decline in the 

9 Peanut Seed Development: Molecular Mechanisms of Storage Reserve …

Fig. 9.1  Appearance of pod specific developmental stages (R3 to R8) in FlavRunner 458 plants. 
R1 (beginning bloom) and R9 (over-mature pod) stages are not shown
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auxin signal (Moctezuma 1999, 2003). On a cellular level, ethylene and ABA ap-
pear to be the primary hormones controlling peanut seed development, but little is 
known about their role, particularly during later stages of development. Ethylene 
appears to be a key hormone in the development of peanut pod. Shlamovitz et al. 
(1995) reported a release of ethylene by the pod during initial development and 
retardation of pod development in the presence of ethylene inhibitors. However, 
the exact role of ethylene in signaling of pod development is not known. ABA 
regulates a wide range of developmental events and mediates responses to envi-
ronmental stress conditions. In peanut seed development, the hormone is neces-
sary to attain seed maturation and acquire desiccation tolerance and dormancy 
(Weber et al. 2005). In Arabidopsis, ABA was shown to be intimately connected 
to the transcriptional control of seed development governed by major regulatory 
genes, such as ABI3, FUS3, LEC1, and LEC2 (Finkelstein et al. 2002; Nambara 
and Marion-Poll 2003). An increase in ABA levels during maturation induces the 
expression of a CDK inhibitor, leading to termination of cell division (Wang et al. 
1998). Similarly, the FUS3/LEC genes also regulate cell division as mutation in 
these genes causes prolonged cell division during seed maturation. Together, an 
integrated network of ABA, FUS3, and sugar derived signals may regulate seed 
maturation (Weber et al. 2005). Gibberellic acid (GA) is an ABA antagonist and 
is involved in cell expansion and seed growth in pea (Ozga et al. 2002; Swain 
et al. 1995). With current genomics and proteomics techniques, we are now able 
to examine the underlying molecular events, controlling seed development and 
impacting seed quality characteristics.

9.3  Signaling Networks and Seed Development

Protein kinases are major signaling molecules in plants. The SnRK1 is a ma-
jor component in sugar sensing in legume seeds (Weber et al. 2005). The SnRK1 
β- and γ-subunits in peas and SnRK1 β-subunit in tomato increase upon maturation. 
The regulatory γ-subunit is also responsive to GA, ABA, and stress (Bradford et al. 
2003). SnRK1 proteins are closely related to a cyclin-dependent protein kinase. As 
evidenced in rice, cyclin-dependent protein kinase isoforms are required for storage 
product accumulation via phosphorylation of SUS (Asano et al. 2002). Thus, ABA 
or certain stress conditions derived from carbohydrate and/or energy depletion acti-
vate SnRK1s during seed maturation. In transgenic pea with seed specific antisense 
expression of SnRK1, the maturation phase is delayed resulting in green seeds. Mi-
croarray analysis of the silenced plants revealed that genes involved in cell cycle reg-
ulation and cytosolic metabolism remained high, indicating that SnRK1-defecient 
seeds have a prolonged prestorage phase. However, genes related to SP synthesis and 
ABA-mediated signal transduction were induced much later compared to wild type. 
These results suggest that SnRK1 and ABA interacts and mediate responses related 
to seed differentiation at least at the transcript level (Weber et al. 2005).
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Current knowledge of the TFs involved in regulating gene expression in devel-
oping seeds has been generated from the genetic studies primarily with Arabidopsis 
and recently with soybean (Le et al. 2010). Analyses of mutant phenotypes in Ara-
bidopsis indicated that ABI3, FUS3, and LEC1 are major regulators of seed matu-
ration and synergistically control multiple elementary processes during seed de-
velopment (Parcy et al. 1997). It was demonstrated that ABI3 interacts genetically 
with both FUS3 and LEC1 in controlling each of the elementary processes, namely, 
accumulation of chlorophyll and anthocyanins, sensitivity to ABA, and expression 
of individual members of the 12S SP gene family. In addition, it was reported that 
both FUS3 and LEC1 regulate positively the abundance of ABI3 protein in the 
seed (Parcy et al. 1997). In a recent microarray study, it was found thatFUS3-con-
trolled genes are not confined to previously known seed maturation-related genes 
but also include genes that are involved in the production of secondary metabolites, 
photosynthesis, and FA biosynthesis (Yamamoto et al. 2010). Another B3 domain 
TF LEC2 directly activates seed maturation. Many LEC2-induced transcripts are 
directly involved in storage reserve accumulation, a hallmark of the maturation 
phase. These transcripts include 2S and 12S SPs, oleosin, and steroleosin (Bray-
brook et al. 2006). In addition, LEC2 activates seed protein genes before an increase 
in transcripts encoding LEC1 or FUS3 is observed. Hence, LEC2 is sufficient to 
initiate seed protein gene expression and likely acts in concert with ABI3, FUS3, 
and LEC1 to control the initiation and maintenance of the seed maturation phase 
(Stone et al. 2008). Recently, Le et al. (2010) identified 48 seed-specific TF genes 
(Table 9.1) that are active at different developmental times and may be important 
for controlling stage-specific biological events during seed formation. This list in-
cludes seven known regulators of seed development, includingLEC1, LEC1-like, 
LEC2, and FUS3. The rest represents different classes of TFs with unknown roles in 
seed development (Le et al. 2010). According to a recent study, many of the soybean 
seed-specific TFs are also seed-specific in Arabidopsis (Goldberg 2010). In another 
soybean study using cDNA microarray, it was found that genes encoding many TFs 
and DNA-binding proteins showed higher expression levels in the later stages of 
seed development compared to the green early stages (Jones et al. 2010). From our 
14k microarray (Payton et al. 2009) experiments in peanut, we have detected 39 of 
the 48 Arabidopsis seed-specific TFs differentially expressed in four pod develop-
ment stages. These preliminary results with peanut crop suggest a moderate level of 
conservation in regulation of seed development across plant species.

9.4  Storage Protein Synthesis

In higher plants seed SPs accumulate during embryogenesis and stored in the dor-
mant seed (Higgins 1984; Walling et al. 1986). Cultivated legumes contain 20–
40 % protein by DW in their seeds. In general, up to 80 % of legume seed pro-
tein is made up of two distinct types of SPs, vicilin or conglycinin and legumin or 

9 Peanut Seed Development: Molecular Mechanisms of Storage Reserve …
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glycinin (Boulter and Croy 1997). Other seed proteins may also function as pri-
mary SPs, such as pea albumin, soybean lectin and a 15 kDa protein, phaseolin 
and phytohaemagglutinins in beans, urease, narborin, and some trypsin inhibitors 
(Bailey and Boulter 1971; Boulter and Croy 1997; Goldberg et al. 1989; Richard-
son 1991). Seed proteins are encoded by several nonhomologs multigene families 
that vary in size and organization (Casey et al. 1986). Each of the seed protein 
gene family is independently regulated at gene level and differentially represented 
in mature plant organs (Goldberg et al. 1989). In soybean, these individual gene 
families share a common expression pattern where: (i) they are expressed at high 
levels during embryogenesis; (ii) their mRNAs accumulate and decay in a precise 
developmental timeline; and (iii) they are inactive or weakly expressed in mature 
plant organs (Jones et al. 2010; Walling et al. 1986). Table 9.2 lists the legume seed 
proteins genes that have been characterized at molecular level and studied for their 
transcript patterns. Initial studies with soybean seed protein genes concluded that 
both transcriptional and posttranscriptional processes regulate seed protein mRNA 
levels (Walling et al. 1986), but the exact nature of this regulation is still not un-
derstood in soybean (Golombek et al. 2001). In French bean, the seed SPs, phaseo-
lin and phytohemagglutinin, were regulated by the TFPvAlf ( Phaseolus vulgaris 
ABA-insensitive 3-like factor). This gene is homologous to the protein encoded 
by the Arabidopsis ABI3 TF (Bobb et al. 1995). The PvAlf gene interacts with 
the RY repeat in the promoter of SSPs (Bobb et al. 1997). Promoters of the SSP 
genes also interacted with ROM1 and ROM2, two leucine zipper type TFs, which 
repressed the PvAlf-activated transcription of the SSP genes (Chern et al. 1996a, b). 
To manipulate assimilate partitioning and elevated protein content in legume seeds, 
transgenic Vicia plants have been generated that over express a bacterial phospho-
enolpyruvate carboxylase (PEPC) (Rolletschek et al. 2004). PEPC provides carbon 
skeletons for seed specific amino acid biosynthesis (Turpin and Weger 1990). Seeds 
of transgenic plants show a higher CO2 uptake, a shift of metabolic flux from sugars 
into organic acids and free amino acids, and 20 % more protein per gram of seed 
DW (Rolletschek et al. 2004). In another attempt to increase nitrogen influx and 
seed protein content, the amino acid permease gene VfAAP1 was over expressed in 
pea seeds (Rolletschek et al. 2005). Overexpression of the transporter gene resulted 
in increased seed sink strength for nitrogenand 43 % increase in globulin seed pro-
tein. Thus, both PEPC and VfAAP1 are promising targets for molecular breeding 
for high seed protein content.

From peanut seed EST libraries, we identified seven different SSP gene families 
(Table 9.2). They include two major genes, Ara h1 and Ara h3/4 encoding conara-
chin and arachin proteins, respectively. These two proteins constitute about 87 % of 
peanut SSPs (Boldt et al. 2005). Other minor SSP gene families found in peanut are 
lectins, globulins, legumin b, phytohemagglutinin, and enzyme inhibitors (protease 
inhibitor/kunitz trypsin inhibitor). Unlike soybean, peanut lectin proteins do not 
accumulate at mid maturation and totally disappear after first undifferentiated pod 
stage (24 DAF) (Kottapalli et al. unpublished data). Physiological relevance of this 
lectin protein in early peanut pod is yet to be investigated.

9 Peanut Seed Development: Molecular Mechanisms of Storage Reserve …
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9.5  Fatty Acid Metabolism

The FAs in seeds of oilseed crops are stored in oil bodies (OBs) as TAG. In seeds, 
they not only act as reserves of carbon and energy, but also determine the economic 
value of seeds in many crops (Baud and Lepiniec 2009). Production of TAG com-
mences during maturation phase of seed development and results in steady increase 
of seed DW. TAGs are esters of glycerol in which FAs are esterified to each of the 
three hydroxyl groups of the glycerol backbone. Once synthesized, TAGs accumu-
late in the subcellular organelles, the OBs, surrounded by phospholipid monolayers 
(Robenek et al. 2004; Yatsu and Jacks 1972). In seeds, sucrose is imported into 
embryo cells and cleaved either by the enzymes, invertase or SUS (Baud et al. 2004; 
Schwender et al. 2003). Sucrose cleavage generates hexose phosphates, which are 
metabolized through the oxidative pentose phosphate pathway (OPPP) and glyco-
lytic pathway, providing precursors for FA production in the form of acetyl-CoA. In 
Arabidopsis, a multi-subunit heteromeric acetyl-CoA carboxylase (ACCase) cata-
lyzes the first committed step of the FA biosynthetic pathway (Fig. 9.2; Ohlrogge 
and Browse 1995). ACCase contains four subunits with three functional domains 
and catalyzes the ATP dependent synthesis of malonyl-CoA from acetyl-CoA and 
bicarbonate. This reaction takes place in two steps. First, the carboxylation of co-
valently bound biotin cofactor to the biotin carboxyl carrier protein (BCCP) is cata-
lyzed by biotin carboxylase domain. Second, the carboxyl group from carboxy-bio-
tin is transferred to acetyl-CoA to form malonyl-CoA. This reaction is catalyzed by 
the carboxyltransferase domain. Malonyl-CoA is the carbon donor for FA synthesis 
but the malonyl group has to be transferred from CoA to a protein cofactor like ACP 
before entering the FA biosynthesis pathway (Ohlrogge and Browse 1995). This 
reaction is catalyzed by a malonyl-CoA: ACP malonyltransferase (MAT). FAs are 
produced from acetyl-CoA and malonyl-ACP, where acetyl-CoA is used as the start-
ing unit and the malonyl-CoA as the elongator. The malonylthioesters formed in the 
above reaction enters into a series of condensation reactions with acetyl-CoA and 
acyl-ACP acceptors. Three separate condensing enzymes, namely 3-ketoacyl-ACP 
synthases (KAS) I, II, and III are necessary for the production of an 18-carbon FA. 
Initial condensation reaction is catalyzed by KASIII, while KASI is responsible for 
producing chain lengths from six to 16 carbons. KASII finally elongates 16:0-ACP 
to 18:0-ACP (Pidkowitch et al. 2007). Three additional reactions are required after 
each condensation step to obtain a saturated FA that is two carbons longer than at 
the start of the cycle. These reactions are catalyzed by 3-ketoacyl-ACP reductase 
(KAR), 3-hydroxyacyl-ACP dehydratase (HD), and enoyl-ACP reductase (ENR) 
(Mou et al. 2000). The enzymes involved in de novo FA synthesis form an easily 
dissociable multisubunits complex referred to as fatty acid synthase (FAS) (Brown 
et al. 2006). Some 16:0-ACP is released from FAS, while those elongated to 18:0-
ACP are desaturated by the enzyme stearoyl-ACP desaturase (SAD). Long chain FA 
synthesis in the plastids is terminated, when the acyl group is removed from ACP by 
specific acyl-ACP thioesterases (FAT). Once activated to CoA esters and transported 
to the endoplasmic reticulum (ER), these FA species are modified by desaturation 
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or elongation. In ER, very long chain fatty acids (VLCFA) are synthesized by the 
multienzyme fatty acid elongase (FAE) complex. This membrane bound multien-
zyme complex is involved in four reactions catalyzed by 3-ketoacyl-CoA synthase 
(FAE1), 3-ketoacyl-CoA reductase, 3-hydroxyacyl-CoA dehydrase, and enoyl-CoA 
reductase. FA elongation cycles in ER are similar to the cycles of elongation for FA 
synthesis taking place in plastids. In rapeseed embryos, the cytosolic malonyl-CoA 
species used for VLCFA biosynthesis are derived from citrate through the action of 
ATP-citrate lyase and homomeric acetyl-CoA carboxylase (Baud et al. 2003, 2004; 
Fatland et al. 2005). In the ER, TAG assembly proceeds through different routes 
(Napier 2007). However, relatively simple route is the Kennedy pathway, which 
relies on the sequential acylation of glycerol-3-phosphate (G-3-P) backbone. This 

Fig. 9.2  Simplified pathway of triacylglycerol (TAG) biosynthesis in seeds. Genes for enzymatic 
functions or structural proteins involved in fatty acid (FA) synthesis in plastids and FA modifica-
tion in the ER are indicated in gray boxes. Glc-6-P, glucose-6-phosphate; Fru-1,6-P fructose-1,6-
biphosphate, DHAP dihydroxyacetone-3-phosphate, GAP glyceraldehydes-3-phosphate, 1,3-BPG 
1,3-biphosphoglycerate, 3-PGA 3-phosphoglycerate, 2-PGA 2-phosphoglycerate, 6-PGL 6-phos-
phogluconolactone, 6-PG 6-phosphogluconate, Ru-5-P ribulose-5-phosphate, Ru-1,5-P ribulose-
1,5-biphosphate, ENOp plastidial enolase, PEP phosphoenolpyruvate, PKp plastidial pyruvate 
kinase, PDC pyruvate dehydrogenase complex, Ac-CoA acetyl-coenzyme A, ACCase acetyl-CoA 
carboxylase, ACP acyl carrier protein, MAT malonyl-CoA:ACP transacylase, KAS 3-ketoacyl-
ACP synthase, KAR 3-ketoacyl-ACP reductase, HD 3-hydoxyacyl-ACP dehydratase, ENR enoyl-
ACP reductase, SAD stearoyl-ACP desaturase, FAT fatty acyl-ACP thioesterases, FAE fatty acid 
elongase complex, and DAGAT diacylglycerol acyltransferase
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reaction is catalyzed by glycerol-3-phosphate acyltransferase, lysophosphatidic 
acid acyltransferase, and diacylglycerolacyltransferase (DAGAT) (Hobbs et al. 
1999; Zou et al. 1999). Ultimately the TAGs are stored in OBs covered by a set 
of proteins, including steroleosin (HSD1) and five distinct oleosins (S1–5). These 
proteins determine the size of OBs, and prevent their coalescence when in contact 
with each other in the embryo cells (Li et al. 2007; Siloto et al. 2006).

Most enzymes of the FA biosynthesis pathway have been biochemically charac-
terized and genes encoding most of the enzymes have been cloned from different 
plant species (Beisson et al. 2003; Mu et al. 2008). In Arabidopsis, the plastidial FA 
synthesis and ER oil synthesis and storage includes at least 26 enzymes or subunits, 
which are encoded by 65 genes (Beisson et al. 2003). These enzymes, number of 
genes, and ESTs available for each enzyme in the Lipid Gene Catalog are listed in 
Table 9.3, along with 22 enzymes and their respective genes identified in peanut 
EST libraries. In peanut, where only a fraction of genome is sequenced, we have 
identified > 90 EST sequences annotated as genes for FA biosynthesis, including 
ACCase, a major regulator of the FAS pathway (Baud et al. 2003; Ohlrogge and 
Jaworski 1997; Sasaki and Nagano 2004). In Arabidopsis, the lipogenic genes en-
coding the plastidic enzymes of FA biosynthesis, had 2- to13-fold increased tran-
script expression at the onset of maturation (4 DAP). These genes display a bell-
shaped pattern of expression with a decline in expression at 10 DAP. By contrast, 
the expression of genes encoding enzymes of TAG metabolism (e.g., FAE1, TAG1, 
S3, and HSD1) increases later and remains high during the maturation phase. This 
differential timing of expression of genes involved in FA biosynthesis and TAG 
metabolism suggests the existence of a global regulation system for the entire FA 
biosynthetic pathway (Wobus and Weber 1999). On the other hand, the enzymes of 
TAG metabolism and storage may be regulated by a different set of TFs (Baud and 
Lepiniec 2009).

Recently, three independent studies have provided evidence to support the above 
mentioned hypothesis and identified TFs regulating the changes in mRNA levels 
of lipogenic genes. Among the master regulators mentioned in the previous section 
(signaling of seed development), LEC2 is of particular interest since its induction 
tightly correlates with the onset of oil accumulation in maturing seeds. In addition, 
ectopic expression of LEC2 confers embryonic characters to transgenic seedlings, 
triggering TAG accumulation in rosette leaves (Stone et al. 2001; Santos-Mendoza 
et al. 2005). Using transgene induction system and qRT-PCR experiments, it was 
shown that LEC2 triggers the expression of genes encoding seed specific lipid 
body-associated oleosins and steroleosin. However, the genes encoding enzymes 
required for FA biosynthesis are not direct targets for LEC2 (Santos-Mendoza et al. 
2005). In a separate experiment using over expressing transgenics and microarrays, 
it was shown that Arabidopsis LEC1 master regulator causes globally increased 
expression of the FA biosynthetic genes (Mu et al. 2008). In the plastidial FA syn-
thetic pathway, 18 known enzyme-coding genes were reported to be upregulated 
in the LEC1-overexpressing plants, including those encoding three subunits of 
the key enzyme ACCase. Concomitantly, levels of major FAs species and lipids 
were substantially increased in the transgenic plants. It was also shown that LEC1 
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function is partially dependent on ABI3, FUS3, and WRINKLED1 (WRI1) TFs in 
the regulation of FA biosynthesis (Mu et al. 2008). In another study, it was shown 
that WRI1, an AP2-type TF binds the AW-box promoter sequences, which are con-
served among the genes involved in FA synthesis (Maeo et al. 2009). These genes 
included a subunit of pyruvate kinase, pyruvate dehydrogenase (PDH), BCCP2, 
ACP1, and KAS1. However, the genes encoding enzymes for synthesis of TAG and 
genes for seed-type oleosins do not contain the typical AW-box sequences and are 
not regulated by WRI1. In sesamum, another seed-specific TF, basic region/helix-
loop-helix (SebHLH) binds to the E-box (CANNTG) or G-box (CACGTG) cis-el-
ements of ER specific genes, such as oleic acid desaturase (FAD2), DAGAT, SAD, 
oleosin, and caleosin and regulates their transcription (Kim et al. 2007). Together, 
these studies suggest that there are separate global regulators for FA biosynthesis, 
and TAG synthesis and storage.

Peanut oil quality depends on the polyunsaturated FA composition. Ideally geno-
types with high oleic acid (monounsaturated FA) and low linoleic acid (polyunsatu-
rated FA) are desirable. The mutation in the FAD2 gene results in the production 
of peanut germplasm containing 80 % oleate and as little as 2 % linoleate (Norden 
et al. 1987). The mutation disrupts the enzyme oleoylphosphotidyl choline desatu-
rase enzyme and occurs either naturally or induced by chemical mutagens (Patel 
et al. 2004) or RNAi (Yin et al. 2007).

9.6  Starch Metabolism

In developing seeds, starch is synthesized as storage starch in heterotrophic plastids 
called amyloplasts. Storage starch is distinct from the transient starches, which are 
synthesized in leaf chloroplasts during the day and degraded at night to provide car-
bon for non-photosynthetic metabolism. Starch biosynthesis principally involves 
three committed enzymes namely, AGPase, starch synthase (SS), and SBE. In the 
first committed step of starch synthesis, ADP-glucose is formed from glucose-1-
phosphate (Glc-1-P) and ATP in a reaction catalyzed by AGPase. This enzyme is 
active within the plastids and its substrates, Glc-1-P and ATP are imported into 
plastids through Glc-6-P/Pi antiporter and the ATP/ADP transporter, respectively. 
In seeds, Glc-6-P is interconverted to Glc-1-P by the plastidial isoform of phospho-
glucomutase (PGM) (Hill and Smith 1991). The pyrophosphate produced by the 
action of AGPase is removed by a plastid-bound inorganic pyrophosphatase (iPP). 
This removal of pyrophosphate effectively displaces equilibrium of the AGPase 
reaction in favor of ADP-glucose synthesis (Weiner et al. 1987). In the next step, 
ADP-glucose is utilized by SS to synthesize α-(1–4) linkage between the nonreduc-
ing end of a preexisting glucan chain. Subsequently, the glucan chain is branched 
and debranched by SBE and debranching enzymes, respectively, to form amylopec-
tin. Granule bound SS also utilizes ADP-glucose to synthesize the amylose fraction 
of storage starch.
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There is a complex relationship between metabolic processes during seed de-
velopment and understanding those relations can provide insights into yield-related 
processes (Borisjuk et al. 2003). For example, manipulation of AGPase activity 
alone can induce complex and pleotropic changes in seed development. In Vicia 
narbonensis, transgenic plants expressing antisense AGPase showed altered stor-
age product composition of mature cotyledons and altered cotyledon development 
(Weber et al. 2000). Additionally, the seeds from these plants had elevated sugar and 
water levels and an extended seed-filling phase (Weber et al. 2000). While AGPase 
activity and ADP-glucose levels were strongly reduced, starch was only moderately 
reduced and seed protein content was increased due to an increase in sulfur-rich 
albumins.

9.7  Flavonoids in Developing Seeds

Flavonoids are aromatic amino acids derived secondary metabolites with diverse 
roles in plant seeds. The type, amount, and localization of these flavonoids depend 
on the plant species and developmental stage of the tissues. The major flavonoids 
found in seeds are flavonols, anthocyanins, phlobaphenes, isoflavones, and pro-
anthocyanidins (PA; condensed tannins) (Lepiniec et al. 2006). Among legumes, 
anthocyanins are found in the seed coat of bean (Beninger and Hosfield 2003), 
while isoflavones constitutes the colorless metabolites in the embryo and seed coat 
(Dhaubhadel et al. 2003). In Arabidopsis, PAs accumulate in the seed coat and 
protect the embryo and endosperm against pathogen attack (Debeaujon et al. 2003; 
Shirley 1998). During seed desiccation the PAs oxidizes to brown pigments and 
confer color to the mature seed. PAs are synthesized in the endothelium of inner 
integument in Arabidopsis. Similarly, peanut seed coats are also composed of two 
layers and the seed color is determined by the color of inner integument (Rodriguez 
and Norden 1970). In peanuts, tannin (speculated as PAs) content determines the 
seed coat color and prevents colonization by Aspergillus flavus, an aflatoxin pro-
ducing fungus (Carter 1970, 1973).

PAs are synthesized in the flavonoid biosynthetic pathway (Fig. 9.3; Kleindt 
et al. 2010). To date, at least 17 genes have been identified encoding the structural 
proteins, regulatory proteins, and proteins for flavonoid production (Lepiniec 
et al. 2006). Two additional genes encoding leucoanthocyanidin reductase and 
anthocyanidin reductase were identified, which act at the beginning of two major 
stereospecific pathways of PA biosynthesis (Dixon et al. 2005; Tanner et al. 2003; 
Xie et al. 2003). Various loci involved in PA biosynthesis in Arabidopsis seed are 
listed in Table 9.4 (adapted from Lepiniec et al. 2006). Most of the regulatory 
genes of flavonoids biosynthesis belong to MYB and bHLH families, the two 
largest families of regulatory genes in plants (Heim et al. 2003; Stracke et al. 
2001).
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9.8  Effect of Water Deficit Stress on Seed Metabolism  
at Molecular Level

Water-deficit during seed development causes severe losses in crop production. In 
peanut, late season water-deficit stress has significant effects on yield and seed qual-
ity (Stirling et al. 1989b). The detrimental effects of water deficit on pod growth are 

Fig. 9.3  Simplified schematic representation of seed flavonoid biosynthesis in Arabidopsis with 
focus on proanthocyanidin (PA) synthesis. Transcriptional regulators of the pathway are shaded in 
grey and enzymes are indicated in bold capital letters. Mutant phenotypes for the genes coding the 
enzymes and TFs are represented in small case letters and italics. Much of the intermediate steps 
leading to the synthesis of PAs are not known. CHS chalcone synthase, CHI chalcone isomerase, 
F3H flavonoid 3-hydoxylase, DFR dihydroflavonol 4-reductase, LDOX leucoanthocyanidin diox-
ygenase, ANR/ban anthocyanidin reductase, GST glutathione-S-transferase, MATE multidrug and 
toxic compound extrusion-type transporter, AHA10 P-type H+-ATPase, LAC laccase-like; UGTs 
UDP-dependent glycosyltransferases, TT transparent testa, TTG transparent testa glabra, GL3 gla-
bra 3, EGL3 enhancer of glabra 3, and PAP production of anthocyanins pigments. (Modified from 
Kleindt et al. 2010)
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reported to be due to an inadequate supply of assimilates (Stirling et al. 1989a) or 
calcium (Skelton and Shear 1971). It was further suggested that cultivars with high-
harvest index achieved by rapid pod growth at the expense of canopy growth are 
more tolerant to early season water deficit (Chapman et al. 1993). In another study, 
late season water-deficit stress coinciding with pod filling, significantly reduced 
total oil and linoleic FA content, while total protein and oleic acid content increased 
(Dwivedi et al. 1996). However, to our knowledge, in peanut or in any grain legume, 
there are no reports of systematic evaluation of transcript and protein responses to 
water-deficit stress on developing seeds. Due to paucity of published data, in this 
section, we will review the water-deficit stress response, which is a combination of 
heat and water-deficit stress in cereal crop species. In maize, water deficit at 9 DAP 
caused significant differential transcriptional response in placenta and endosperm 
tissues (Yu and Setter 2003). Placenta experienced a low-tissue water status than en-
dosperm and concomitant induction of several known stress tolerance genes. These 
genes mainly include heat shock proteins (HSPs), chaperonins, and major intrinsic 
proteins. In addition, placenta accumulated four to five-fold higher concentration of 
ABA and caused a decrease in sugar flux during stress. In contrast, genes for cell 
division and growth and cell wall degrading enzymes were downregulated in endo-
sperm, suggesting a strong inhibition of cell proliferation during water stress (Setter 
and Flannigan 2001). Water deficit also upregulated a homeodomain leucine zipper 
TF ( ZmOCL5), which may provide tissue-specific stress regulation in kernels (Yu 
and Setter 2003).

Wheat grown in warmer areas lost significant amount of grain weight due to 
decrease in starch synthesis (Majoul et al. 2003). In cereals, heat stress generally 

Locus Gene product
Structural genes
tt3 Dihydroflavonol reductase (DFR)
tt4 Chalcone synthase (CHS)
tt5 Chalcone isomerase (CHI)
tt6 Flavanone-3-hydoxylase (F3H)
tt7 Flavanone-3’-hydoxylase (F3H)
tt10 Polyphenoloxydase (PPO)
tt12 MATE secondary transpoter
tt15 Glycosyltransferase (GT)
tt18/tds4/tt11 Leucocyanidin dioxygenase (LDOX)
tt19/tt14 Glutahthione S-transferase (GST)
ban Anthocyanidin reductase (ANR)
aba10 Autoinhibited H+-ATPase isoform10

Regualtory genes
tt1 Transcription factor WIP-type Zn-finger
tt2 Transcription factor AtMYB123
tt8 Transcription factor AtbHLH042
tt16/abs Transcription factor MADS AtAGL32
ttg1 Transcription factor (“WD40” or “WDR”)
ttg2 Transcription factor AtWRKY44

Table 9.4  Loci involved in 
PA biosynthesis
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results in decrease in the overall synthesis of starch and SPs and ultimate reduction 
in grain yield (Mangelsen et al. 2011; Passarella et al. 2008). In severe cases, it also 
leads to grain abortion. An interesting finding is that several heat-stress responses 
in Arabidopsis shoots and drought-stress responses in barley are conserved (Man-
gelsen et al. 2011). In barley at cellular level, short-term heat stress consistently 
induced HSP-mediated protein folding, ROS scavenging, and the biosynthesis of 
compatible solutes (Mangelsen et al. 2011). In parallel, genes involved in embryo 
development, hormone biosynthesis, and cell signaling were altered, indicating 
rapid sensing, signal transduction, and adaptation of central processes to abiotic 
stress. In addition, physiology and development of barley caryopsis were negatively 
affected as evident from decreased starch biosynthesis, lipid metabolism, and amino 
acid metabolism immediately after heat stress.

Tolerant peanut genotypes grown under deficit irrigation conditions of 70 % po-
tential evapotranspiration (PET) replacement, exhibited a 15–20 % decline in yield 
compared to the 100 % PET treatment (Kottapalli et al. 2009). To better understand 
the effect of water-deficit stress on peanut seed development, we have applied 
deficit irrigation equaling 50 % PET replacement. Preliminary results (Fig. 9.4) 
indicate that PEPC transcripts induced four-fold at stage 2 pod during stress. As 
PEPC provides carbon skeletons for amino acid biosynthesis, water deficit resulted 
in increased protein content as reported earlier(Dwivedi et al. 1996). In addition, 
water stress induced SUS transcripts at stage 2 and 3,which may generate higher 
amounts of acetyl-CoA, the precursors for FA production. However, the transcripts 
levels of this protein declined more than four-fold at stage 4, when the rate of FA 
production is at a peak. Thus, lower SUS and concomitant decrease in acetyl-
CoA at stage 4, seeds might be responsible for reduced total oil content during 
water stress in peanut. Transcript levels of lipoxygenase, a SP in seeds (Siedow 
1991),was initially induced at stage 2 and 3 but declined more than two-fold at 
stage 4 seeds during stress. The exact role of this protein in seed development is 
not known, but the protein is greatly required under stress conditions in common 
bean (Porta et al. 1999).

9.9  Concluding Remarks

Peanut seed is an important dietary staple and biologically, presents a unique model 
crop in terms of its development. However, compared to other legumes, little is 
known about the genetic control of development and the impact of biotic and abi-
otic stresses on development and quality. With limited sequence data and very few 
ESTs of peanut in the public domain, the challenges are significant. However, with 
the advent of low-cost, high-throughput sequencing, and increased computational 
capacity for sequence assembly, the sequencing of complex genomes and thus the 
transcriptomics analysis is rapidly becoming routine. An integrated approach of ag-
ronomic, genetic, and biochemical methods coupled with emerging omics data on 
the spatial and temporal dynamics of transcript, protein, and metabolite levels will 
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be key to our tailoring crops for production in low-input regions or for specific 
nutritive and quality traits.
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Abstract Seed development is controlled by complex regulatory interactions 
involving transcriptional, biochemical, and metabolic processes. In this chapter, we 
will briefly discuss the major changes in molecular components involved in the 
process of seed development using Brassica napus as a case example. The two 
major groups of storage compounds that accumulate during seed development in 
B. napus are lipids (~ 60 %) and proteins (~ 37 %). The accumulation of secondary 
metabolites also occurs around the same time as lipid accumulation. It is also worth 
noting that even though B. napus seeds are exalbuminous, there is considerable 
accumulation of carbohydrates during the initial stages of seed development. These 
carbohydrates contribute to fatty acid accumulation during the later stages of devel-
opment. Several regulatory machineries, including transcription factors, chromatin 
remodeling elements, ubiquitination, and phosphoregulation by protein kinases are 
involved in this process. Transcripts of genes responsible for photosynthetic activi-
ties and hormonal regulation were also detected in the developing seed, but these 
processes are not covered in this chapter.

Keywords Brassica · Gene expression · Metabolism · Oilseeds · Seed development · 
Storage compounds

10.1  Introduction

Seed development proceeds through a series of spatiotemporal controls of gene ex-
pression. Different stages of seed development feature specific molecular and meta-
bolic events that define the course of physiological changes. Complex regulatory 
interactions, involving transcriptional, biochemical, and metabolic processes define 
the seed development program (Xiang et al. 2008). Therefore, a genome-wide view 
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of gene expression profiles in developing seeds is needed to understand the un-
derlying molecular mechanisms governing seed development. Knowledge of gene 
expression patterns associated with a specific stage of seed development is crucial 
to understanding the molecular and biochemical events characteristic of that stage. 
A good understanding of the genomic and transcriptomic makeup of the seed will 
facilitate the development of suitable tools for altering seed development and seed 
quality traits, such as oil content and quality, using molecular genetics approaches.

Like most other dicot plants, Brassica napus (also called rapeseed, oilseed rape, 
or canola) seed is composed of a seed coat, endosperm, and embryo. The crucifer-
ous rapeseeds are exalbuminous, where the endosperm is eventually consumed and 
its space is occupied by the embryo during seed development. The main constituent 
of the early developing seeds is the liquid endosperm, which serves as a signifi-
cant carbon resource for the ensuing stages of seed development from the embryo 
through to the endosperm. The endosperm is depleted to a single aleuronic layer in 
mature rapeseeds as a result of the significant cellular and biochemical changes in 
the endosperm during seed development (Huang et al. 2009b).

In general, three main stages mark seed development in higher plants: pattern 
formation/cell proliferation, maturation (including the seed filling), and desiccation 
(Goldberg et al. 1989; Thomas 1993). Rapeseeds undergo active cell proliferation 
during the 10-12 DAP, in which they simultaneously establish metabolic networks 
for subsequent seed maturation (Dong et al. 2004). Seed reserves (such as carbohy-
drates, oils, and proteins) accumulate rapidly during the seed-filling phase of matu-
ration stage, which is followed by seed desiccation and acquisition of dormancy 
(Close 1996). The LEA genes play an important role in establishing tolerance to des-
iccation during maturation, as well as tolerance to osmotic stress (Xu et al. 1996).

10.2  Differential Expression of Genes During Seed Development

Analysis of differential gene expression is a commonly used approach to determine 
gene expression profiles during different stages of plant development. Several stud-
ies have been conducted to identify genes that are expressed preferentially during 
seed development, as well as the patterns of their expression at various seed devel-
opmental stages (Dong et al. 2004; Huang et al. 2009b; Niu et al. 2009; Xiang et al. 
2008; Yu et al. 2010). Some of these studies revealed conserved metabolic process-
es in seeds (Niu et al. 2009), while others revealed developmental stage-specific 
genes and some differences (Dong et al. 2004; Yu et al. 2010). The cell proliferation 
is an important stage in seed development owing to its critical role in determining 
the pattern of embryo formation. This stage also signifies establishment of a net-
work for the biosynthesis of storage products in the embryo. A sufficient number 
of ESTs derived from a given tissue can provide a reasonable picture of tissue-spe-
cific gene-expression profile (Girke et al. 2000; Park et al. 1993). A comparison of 
gene expression profiles between rapeseed embryo and leaf tissues identified 2,561 
differentially-expressed genes with changes ranging from 1.5 to 65 folds (Xiang 
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et al. 2008). Based on SAGE and further biometric analysis ~35,000 expressed 
transcripts were identified during rapeseed early seed development (http://rapeseed.
plantsignal.cn; Wu et al. 2008). Dong et al. (2004) analyzed a rapeseed cDNA li-
brary derived from seeds at 15 DAP and identified 104 differentially expressed and 
54 unique genes. These genes indicated a diverse array of functions ranging from 
cell structure and development to unknown function. Twenty-five genes were found 
to be expressed only in seeds, of which 11 were expressed as early as 5–10 DAP. 
Four of the seed-specific genes were expressed only in the seed coat and another 
five in both the embryos and seed coats.

Yu et al. (2010) identified a large number of genes with diverse functions that 
were differentially regulated during seed development. These genes were involved 
in photosynthesis, CW biosynthesis, lipid metabolism, secondary metabolism, 
hormone metabolism, protein metabolism, signaling, development, and transport. 
In their experiments, seeds at 35 days post anthesis (DPA) showed 10-fold higher 
number of upregulated genes involved in photosynthesis, including those impli-
cated in light reactions. In addition, photosynthetic genes involved in Calvin cycle 
were downregulated at 20 DPA (Yu et al. 2010). Fei et al. (2007) noticed a decline 
in expression of a substantial number of genes during seed maturation. Many of 
the downregulated genes were associated with energy pathways, including carbo-
hydrate metabolism, protein metabolism, and photosynthesis. The gene encoding 
a 12 S globulin (cruciferin) seed SP CRA1 was two-fold lower in seeds at 20 DPA 
relative to 35 DPA (Yu et al. 2010). However, Arabidopsis 12 S seed SP fami-
ly was previously reported to be associated with embryo development with high 
abundance during the latter half of embryogenesis (Pang et al. 1988). Huang et al. 
(2009b) identified 429 unisequences across three endosperm development stages: 
globular, heart-shaped, and cotyledon. The most evident differential expression was 
detected in globular-shaped embryos relative to heart shaped and cotyledon at the 
early stages of endosperm development. However, they were unable to detect any 
obvious differences in gene expression between the heart-shaped embryo and coty-
ledon stages. In another study to understand gene expression during seed matura-
tion in rapeseed in relation to the induction of secondary dormancy, the majority of 
genes were found to be downregulated during maturation in cultivars DH12075 and 
AC Excel (Fei et al. 2007). Over 300 genes each in DH12075 and AC Excel culti-
vars were found to have significantly altered expression during seed maturation (Fei 
et al. 2007). Differences in gene expression patterns between cultivars were more 
evident during the transition from full-size embryo to mature seed.

10.3  Genes Involved in Lipid Metabolism

Increased knowledge on the regulation of lipid metabolism in B. napus helps plant 
breeders and biotechnologists to modify seed oil composition to meet market needs. 
Our ability to enhance lipid quality and quantity in rapeseed could be aided by 
deciphering its genome. However, B. napus, an allotetraploid (AACC genome, 

10 Probing the Genes Expressed in Developing Seed of Oilseed Plants …



174

~ 1200 Mb), is a combination of the genomes from B. rapa (AA, 700 Mb) and 
B. oleracea (CC, 500 Mb) that underwent duplication during evolution. The avail-
ability of a close relative model plant A. thaliana (125 Mb) has made it easy to use 
comparative genomics approaches to understand metabolic processes. The devel-
opment of high-throughput technologies, such as transcriptomics, SAGE, and next 
generation whole genome sequencing (Schena et al. 1995; Velculescu et al. 1995), 
makes it possible to perform a comprehensive gene expression profiling during 
B. napus seed development and to identify regulatory factors for FA metabolism. 
For example, ESTs obtained from developing Arabidopsis seeds served as the use-
ful resource to investigate the conversion of carbohydrates to seed oil in higher 
plants (White et al. 2000). So far, approximately 700 genes encoding lipid metab-
olism-related proteins have been identified in Arabidopsis (Beisson et al. 2003) 
and this could serve as an important resource to understand the regulation of lipid 
metabolism in rapeseed.

The B. napus oilseed is rich in oleic and linoleic acids, and is a widely used 
source of oil for food and other industrial purposes. TAGs are the major storage oil 
in B. napus (Chia et al. 2005). Genes responsible for active FA metabolism were 
reported to express as early as nine DAF (O’Hara et al. 2002). Elaborate studies 
on seed development in Arabidopsis revealed that seed weight and lipid content 
were relatively low during early embryo development, whereas carbohydrate ac-
cumulation was high (Baud et al. 2002). It was also found that seed weight and FA 
accumulation occurred concurrently and accumulation of different types of FAs oc-
curred at different periods of development. Moreover, 93 % of FAs were acetylated 
by 19 DAF. Weselake et al. (1993) reported that the appearance of DAGAT activity 
coincided well with the onset of lipid accumulation, and its activity was directly re-
lated to lipid accumulation. According to them, the DAGAT activity was increased 
during 14–33 DAF and then decreased rapidly as the lipid content stabilized in 
seeds.

Niu et al. (2009) classified the B. napus ESTs involved in lipid metabolism into 
four subprocesses: (i) metabolic pathways converting the photosynthate into seed 
oil; (ii) FA elongation and degradation; (iii) lipid metabolism in the ER and mito-
chondria; and (iv) proteins involved in lipid metabolism. These authors observed 
that most FA synthesis-related genes and some genes related to the OPPP were 
highly expressed at the advanced stages of seed development (21 DAF through 
31 DAF) compared to sugar or starch metabolism-related genes. It has been pro-
posed that during lipid synthesis, sugars are transported from the source tissues to 
the endosperm and then absorbed by the embryo (Fischer and Weber 2002). The 
cleavage product of sucrose by SUS, glc-6-P is utilized by both the cytosolic and 
plastidic glycolytic pathways. A glycolytic pathway in oilseeds helps conversion 
of the intermediates to pyruvate. Acetyl-CoA generated from pyruvate is then used 
as the source of carbon for the synthesis of FAs. This process requires combined 
action of acetyl-CoA carboxylase and FA synthase (Eastmond and Rawsthorne 
2000). The glycoxylate cycle, β-oxidation, and gluconeogenesis enzymes are ac-
tive during embryo development and their activities increase during embryo matu-
ration and desiccation (Chia et al. 2005). The activities of these enzymes were also 
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detected in the cotyledon, where the majority of lipid accumulation occurs (Chia 
et al. 2005).

Proteomics studies showed that FA synthesis-related proteins were expressed 
prominently at the midpoint of seed filling (bell-shaped pattern) and were highly 
expressed at four or five weeks after flowering (WAF; then decrease after six WAF; 
Hajduch et al. 2006). This finding is consistent with the findings reported by Niu 
et al. (2009). It was reported that types I and II genes related to FA synthesis started 
to show increased expression at 21 or 25 DAF and reached their maximum expres-
sion at 31 DAF. An independent transcriptomics study also reported that numerous 
genes including those involved in FA synthesis, FA elongation, triglyceride syn-
thesis, and lipid transfer proteins (LTPs) were differentially expressed in seeds at 
20 DPA compared to 35 DPA (Yu et al. 2010).

Numerous other factors, including plant hormones, were found to be involved in 
regulating lipid biosynthesis and FA accumulation. Expression of genes involved in 
wax FA metabolism, including CER1, KCS1, and CER2, were found to be regulated 
by WIN1, an Arabidopsis ethylene response factor (ERF)-type TF (Broun et al. 
2004). While ABA is known to induce lipid biosynthesis in the developing rapeseed 
embryo (Zou et al. 1995), ABI4 served as a repressor of lipid breakdown during 
Arabidopsis seed germination (Penfield et al. 2006).

10.4  Biology of Starch and Sugar Metabolism

Embryos accumulate lipid as a major storage product and generally contain little or 
no starch at maturity. However, some oilseeds were reported to accumulate starch 
at the intermediate stages of development (da Silva et al. 1997; Kang and Raw-
sthorne 1994; Niu et al. 2009; Yu et al. 2010). There appears an active metabolic 
flux from photoassimilation to primary carbon metabolism in the endosperm. Given 
that starch is a carbon reserve, it could be utilized at later stages of seed develop-
ment and in the synthesis of lipids (Norton and Harris 1975). Starch may also serve 
as the carbon source for synthesis of sugars, such as sucrose and stachyose, which 
have been proposed to enhance desiccation tolerance during the dry-out phase (Lep-
rince et al. 1990). Active starch synthesis and decomposition occur during the early 
stages of embryo development, and typically peaks at the early to mid-stages of 
development (Niu et al. 2009). Expression of genes involved in carbohydrate pro-
duction was found to be higher at 20 DPA compared to 35 DPA and was consistent 
with peak starch accumulation during 32–33 DPA (Yu et al. 2010).

Norton and Harris (1975) reported that oil content in seeds was five-fold higher 
than the peak starch content. King et al. (1997) suggested that even though starch 
was the predominant carbohydrate in seeds, it was not present in sufficient amounts 
to meet oil biosynthesis requirements. Starch synthesis in rapeseed embryos is 
known to occur in both the cotyledons and embryonic axis prior to and during the 
early phase of storage lipid accumulation (da Silva et al. 1997). According to that 
study, starch was not synthesized in the embryos by photosynthesis, but rather ac-
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cumulated from carbon imported from various vegetative parts of the plant. They 
also showed that starch degradation starts after occurrence of one-third of the oil 
accumulation, and gradually disappears at maturity. Interestingly, blocking starch 
biosynthesis in the embryo was accompanied by a dramatic reduction in the impor-
tation of carbon source into the plastid (Vigeolas et al. 2004), and the impairment 
of formation of the embryo as a sink tissue. These findings indicate that imported 
sugars might be the main carbon source. Starch synthesis at the early stages may 
be essential in transforming the embryo into a sink organ prior to lipid synthesis 
(da Silva et al. 1997). In support of this, Niu et al. (2009) showed that the sucrose 
transporter ( EL626999) gene was expressed two-fold higher at 19 DAF and later 
compared them to early stages (3 DAF through 9 DAF). A study on starch and FA 
accumulation in plastids of developing embryos of rapeseed showed that several 
cytosolic metabolites contribute to starch and/or FA synthesis during embryo devel-
opment (Kang and Rawsthorne 1994). The gene encoding the phosphoenolpyruvate 
(PEP) translocator (PPT) was found to be highly expressed at all stages of seed 
development and was shown to be responsible for importing PEP, the main carbon 
source into the plastid during FA synthesis in Arabidopsis (Ruuska et al. 2002).

The process by which sugar and starch disappear at the later stages of seed ma-
turity is worth noting. Imported sucrose is degraded by both SUS and invertase 
(Huang et al. 2009b). In developing rapeseed siliques, the switch to oil accumula-
tion was accompanied by an increase in seed SUS activity (3.6-fold) and an ap-
proximately 76 % reduction in soluble acid invertase activity (King et al. 1997). Niu 
et al. (2009) also reported high expression of SUS throughout seed development. 
It is interesting to note that these authors also reported the isolation of a neutral 
invertase and found significant increase in its expression during seed development. 
Ruuska et al. (2002) reported increased expression of SUS genes after accumulation 
of storage products in the cotyledon. These independent studies also observed that 
the highest SUS activity coincided well with the formation of optimum seed size 
achieved by the accumulation of osmoticum (such as hexose), speculating that SUS 
accumulation might be related to seed size regulation (Huang et al. 2009b).

10.5  Storage Protein Accumulation in Rapeseed

The SPs are very useful in understanding developmental control of gene expression 
in seeds because of their abundance and developmental stage-specific accumula-
tion (DeLisle and Crouch 1989). In Arabidopsis, protein deposition was reported 
to occur mainly at the seed-maturation stage following a sigmoid path (Baud et al. 
2002). This report also indicated that protein synthesis continued at later maturity 
stages when oil content decreases on a whole seed basis, which could be due to the 
breakdown of lipids previously stored. Napin (2 S) and cruciferin (12 S) are the 
two major SPs of rapeseeds (Schwenke et al. 1983; Scofield and Crouch 1987). 
Napin and cruciferin were first detected in well-developed cotyledons. Cruciferin 
accumulation continues till the full mature seed stage, whereas napin accumulation 
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ceases at the onset of embryo desiccation (Crouch and Sussex 1981). However, 
Ruuska et al. (2002) reported differential expression patterns of napin and crucif-
erin genes during seed development. In their study, napin genes were expressed 
abundantly between five DAF and 13 DAF with two-fold increase towards later 
stages of development. On the other hand, cruciferin genes were expressed weakly 
compared to napin genes and their expressions were increased by 10-fold at 8 DAF 
relative to 13 DAF. Napin gene, cruciferin gene CRB, cruciferin gene CRC, a puta-
tive cruciferin gene ( Arabidopsis At 1g03890), and four seed SPs were identified by 
B. napus microarray analysis (Yu et al. 2010). This study showed that expression of 
CRA1 ( Arabidopsis At 5g44120) was two-fold lower in B. napus seeds at 20 DPA 
relative to 35 DPA, supporting earlier reports that cruciferins are expressed strongly 
during later stages of seed development. A SAGE analysis of winter B. napus seeds 
revealed abundant expression of three cruciferin subunits at the later stages of seed 
development, showing higher expression at 35 DPA compared to 20 DPA (Sjödahl 
et al. 1993). In winter B. napus seeds, however, napin and cruciferin genes showed 
differential expressions in seeds at 35 DAP compared to seeds at 23 DAP (Ober-
meier et al. 2009).

Oleosins are the most abundant proteins associated with oil bodies and play a 
role in the synthesis, metabolism, and stability of these bodies (Frandsen et al. 2001; 
Huang 1992). It is interesting to note that a positive correlation between accumula-
tion of oleosins and oils exists in B. napus seeds (Huang 1992).

10.6  Carotenoid Accumulation and Gene Expression

Carotenoids are the second-most abundant pigments in nature. The carotenoid fam-
ily consists of over 700 members (Britton 1998). These compounds are well-known 
antioxidants in higher plants. They are involved in the assembly of the photosys-
tems and are essential components of the photosynthetic machinery. They harvest 
light in a broader range of the blue spectrum than chlorophyll and transfer energy 
to chlorophyll. Carotenoids also serve as photoprotective compounds by quenching 
both the triplet chlorophyll and singlet oxygen derived from excess light energy 
thus limiting membrane damage. In addition to their potential therapeutic properties 
for humans, carotenoids are also used as colorants in the food and cosmetics indus-
tries, and as supplements in livestock and fish feed formulations (Botella-Pavía and 
Rodríguez-Concepción 2006; Fraser and Bramley 2004; Taylor and Ramsay 2005). 
Carotenoids accumulate in B. napus seeds throughout development with the highest 
levels detected at approximately 35–45 DPA (Yu et al. 2008). Carotenoid accumu-
lation drops significantly at the later stages of seed development with β-carotene 
and lutein accounting for more than 90 % of the total carotenoid content (Yu et al. 
2008). Findings indicate that carotenoids provide oxidative stability to B. napus oil 
(Frankel 2005).

Transcriptomics of developing B. napus seeds have identified a large number of 
genes involved in secondary metabolism having differential expressions between 
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20 DPA and 35 DPA (Yu et al. 2010). This study also showed that in developing 
B. napus seeds, expressions of carotenoid genes varied with the changes in develop-
ment stages and enzymes responsible for various carotenoid biosynthetic pathways 
showed their expression at distinct stages of development. The same study also 
noted higher expressions of the upstream genes involved in isoprenoid biosynthesis 
in seeds at 20 DPA compared to 35 DPA (Table 10.1).

10.7  Phenolics Accumulation

Phenolics are secondary metabolites with variable phenolic structures and play im-
portant roles in protection against biotic and abiotic stresses (Auger et al. 2010; 
Yu and Jez 2008). These include flavonoids, phenylpropanoids, pro anthocyanins 
(PAs), and others. Phenolics are well known for their health benefits in humans, 

Table 10.1  Expression of B. napus Seed Genes Encoding Enzymes Involved in Carotenoid and 
Isoprenoid Biosynthesis at 20 DPA Relative to 35 DPA. 1Fold change expressed as 20 DPA/35 DPA. 
(Reproduced from Yu et al. (2010; Plant Sci 178: 381–389) with permission from Elsevier)
Probe name 1Expression 

Ratio
Corresponding Ara-
bidopsis locus name

Description

Carotenoid biosynthetic genes
BN15353 3.67 At5g57030 lycopene ε-cyclase ( epCYC)
BN24711 2.40 At1g08550 violaxanthin de-epoxidase precursor
BN18399 1.74 At3g10230 lycopene β-cyclase ( bLYC)
BN12582 1.72 At5g17230 phytoene synthase ( PSY)
BN18688 0.61 At4g25700 β-carotene hydroxylase ( HYD)
BN12888 0.26 At5g67030 zeaxanthin epoxidase ( ZEP)
BN15039 0.07 At4g19170 9-cis-epoxycarotenoid dioxygenase 

( NCED4)
Isoprenoid biosynthetic genes
BN14336 9.38 At1g12900 glyceraldehyde 3-phosphate dehydrogenase 

A subunit 2, chloroplast ( Gapa-2)
BN16125 4.75 At4g15560 1-deoxy-D-xylulose 5-phosphate synthase 

( DXPS)
BN18780 4.50 At3g26650 glyceraldehyde 3-phosphate dehydrogenase 

A subunit, chloroplast ( GAPA-1)
BN11845 4.04 At1g42970 glyceraldehyde-3-phosphate dehydroge-

nase B, chloroplast ( GAPB)
BN13608 3.16 At1g13440 glyceraldehyde 3-phosphate dehydroge-

nase, cytosolic ( GAPC2)
BN24791 2.43 At2g18620 geranylgeranyl pyrophosphate synthase 

( GGPS)
BN23461 2.03 At2g23800 geranylgeranyl pyrophosphate synthase 2 

( GGPS2)
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including antioxidant and antitumor properties (Gullett et al. 2010). Anthocyanins 
and PAs are important plant pigments, sharing common biosynthesis steps and in-
termediates with flavonoids (Li et al. 2010). Phenolics of B. napus seed coat consist 
mainly of PAs and/or their precursors (Auger et al. 2010). Among different Brassica 
species, elevated phenolics content was reported in the seed coat of a yellow-seeded 
B. carinata line compared to a genetically related brown-seeded line (Li et al. 2010; 
Marles et al. 2003). Furthermore, Li et al. (2010) reported that accumulation of fla-
vonoids, phenylpropanoids, and lignans occurred in yellow seed coats, whereas the 
brown seed coats accumulated only phenylpropanoids and lignans. Transcriptomics 
analysis showed stronger expression of a gene encoding a chalcone-flavanoneisom-
erase-related protein ( Arabidopsis At1g53520) involved in flavonoid biosynthetic 
pathway in developing seeds of B. napus especially at the early stages of develop-
ment (20 DPA relative to 35 DPA; Yu et al. 2010).

One of the most abundant phenolics in B. napus seed is sinapine, also known as 
sinpoyl choline. Sinapine is unique to cruciferous oilseeds with its levels in B. napus 
seeds ranging from 0.7 to 4 % (Blair and Reichert 1984); most of which (approxi-
mately 90 %) is located in the embryo (non-hull) fraction (Wang et al. 1998). B. 
napus accumulates a mixture of sinapate esters, including glucose, gentiobiose, 
and kaempferol glycoside esters as well as sinapine (sinapoylcholine), sinapoyl-
malate, and an unusual cyclic spermidine amide (Baumert et al. 2005). The expres-
sion of two genes, involved in the final two steps of sinapine biosynthesis, SGT 
(UDP-glucose:sinapate glucosyl transferase) and SCT (sinapoylglucose:choline 
sinapoyl transferase), have been studied (Milkowski et al. 2004). The activities of 
SGT and SCT were regulated at the transcriptional level during seed and seedling 
development of B. napus. The expression of SCT was specific to developing seeds, 
whereas SGT expression increased during early stages of seed development until 
the early cotyledonary stage, and then maintained that level until later stages. The 
SGT expression reached its highest level in two-day-old seedlings, and then de-
creased significantly.

Because of the antinutritional nature of sinapine, repeated attempts have been 
made to reduce its levels in Brassica seeds (Baumert et al. 2005; Hüsken et al. 2005; 
Nair et al. 2000; Velasco and Möllers 1998), but the highest reduction of ~ 90 % was 
obtained by concomitantly silencing of both ferulic acid 5-hydroxylase (FAH) and 
SCT genes in the phenylpropanoid pathway (Bhinu et al. 2009). The sinapine reduc-
tion trait was stable over several generations and also under normal field conditions. 
However, silencing of FAH and SCT genes in Arabidopsis had pleiotropic effects 
beyond sinapine biosynthesis (Huang et al. 2009a). Transcriptomics of Arabidopsis 
fah and sct mutants documented more than 4,500 different transcripts with greater 
than four-fold difference in expression in developing siliques of the mutants com-
pared to wild type control. Most of the genes involved in a variety of metabolic 
processes showed up to 20 % difference in their expression levels compared to wild 
type. Many genes of the phenylpropanoid pathway also showed changes in their 
expression levels (Fig. 10.1; Huang et al. 2009a).
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10.8  Regulatory and Signaling Genes Related  
to Seed Development

Embryonic genes in B. napus are repressed in vegetative organs, and their derepres-
sion during seed development is regulated by a complex network of transcriptional 
and post transcriptional regulatory factors (Vicente-Carbajosa and Carbonero 2005). 
Changes in seed physiology and composition during seed development are regu-
lated by regulatory networks, involving TFs and protein modifying enzymes. Such 
factors would play major roles in the timing of expression of storage compounds. 
In Arabidopsis, as many as 2,000 TF genes have been reported, representing more 
than 6 % of all total genes (Riechmann and Ratcliffe 2000; Riechmann et al. 2000). 
In B. napus, 320 TFs were reported to be expressed during seed development, and 
seven of them had expression patterns similar to those of genes related to FA biosyn-
thesis (Niu et al. 2009). A number of TFs were found to be differentially expressed 

Fig. 10.1  Microarray-based identification of a large number of genes with prominent expression 
changes in developing siliques of a f5h and b sct plants harboring a single T-DNA insertion. The 
color-coded legends represent different functional groups of genes. (With kind permission from 
Springer Science + Business Media: Huang et al. 2009a. (Fig. 1))
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in seeds at 20 DPA and 35 DPA (Yu et al. 2010). A B3 family protein, similar to 
Arabidopsis At3g18960, is a good example as its expression was strongly upregu-
lated in seeds at 20 DPA. The B3 domain-containing TFs were previously reported 
to regulate several aspects of seed development and accumulation of seed storage 
compounds in Arabidopsis (Meinke et al. 1994; Santos-Mendoza et al. 2005; Stone 
et al. 2001). Two TFs, belonging to the AP2/ERF family, which play important roles 
in determining seed size, weight, and regulation of storage compound biosynthesis, 
were reported to be expressed at a higher level at 35 DPA relative to 20 DPA (Yu 
et al. 2010). Of these, the AtRAP2.2 TF was shown to regulate phytoene synthase 
and phytoenedesaturase genes, which catalyze important steps in the carotenoid 
biosynthesis pathway.

Yu et al. (2010) reported a number of bZIP TFs to be differentially expressed 
over the course of B. napus DH12075 seed development. They reported that in-
creased expression of ABI5, a bZIP TF involved in ABA signaling (Finkelstein and 
Lynch 2000), was accompanied by stimulation of 13 LEA genes. Abiotic stress-
induced TF, AZF2, was also upregulated in B. napus seeds at 35 DPA compared to 
20 DPA (Yu et al. 2010).

Analysis of differential gene expression between two cultivars of B. napus 
showed that regulation of TFs during seed development can also be cultivar spe-
cific (Fei et al. 2007). Two genes encoding TFs ( At1g50600 and At5g10280) were 
specifically downregulated in seeds of AC Excel cultivar of B. napus compared to 
DH12075. The gene At1g50600 coded for a scarecrow-like TF has been shown to 
be associated with signaling and development in Arabidopsis (Pysh et al. 1999). 
The TFs, MYB66 and the gene encoding a MYB family member (homolog to Arabi-
dopsis At5g14750) was upregulated in DH12075. The MYB family of TFs is known 
to be involved in the regulation of secondary metabolism, control of cell shape, 
disease resistance, hormone, and stress response (Martin and Paz-Ares 1997). Fur-
thermore, a gene encoding ethylene responsive MBF1 family protein, a transcrip-
tional coactivator, was upregulated specifically in DH12075 (Matilla 2000; Yu et al. 
2010).

Seed development is accompanied by large-scale chromatin remodeling and his-
tone modifications, with chromatin modifications starting as early as the deconden-
sation of chromosomes from pollen grains immediately after fertilization (reviewed 
by Baroux et al. 2007). Histones are a component of chromatin, the protein-DNA 
complex involved in DNA packaging and transcriptional regulation (Okada et al. 
2005). Covalent histone modifications are important for chromatin remodeling and 
transcriptional regulation of gene expression (Jenuwein and Allis 2001). Four his-
tone H3 genes ( Arabidopsis At1g09200, At5g10400, At5g65350, and At5g65360) 
and four H2B genes ( Arabidopsis At1g07790, At2g37470, At3g53650, and 
At5g22880) had higher expression in B. napus seeds at 20 DPA relative to 35 DPA 
(Yu et al. 2010).

Signal transduction through phosphorylation processes regulates many cellu-
lar events and metabolic pathways (Chevalier and Walker 2005). Six signal trans-
duction-related genes were found to have similar expression patterns as genes in-
volved in FA synthesis in developing B. napus seeds (Niu et al. 2009). These genes 
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include MAP kinase, the phosphatidylinositol 3- and 4-kinase families, and phos-
pholipase. Yu et al. (2010) also observed higher expression of CDPK6 ( Arabidop-
sis At4g23650) and CDPK9 ( Arabidopsis At5g23580) at 20 DPA, while CDPK19 
( Arabidopsis At5g19450) had a weaker expression in seeds at 20 DPA relative to 
35 DPA. Previous reports showed that rice CDPK (SPK) played a crucial role in the 
accumulation of storage products during seed development (Asano et al. 2002). Oth-
er kinases differentially expressed during seed development were phosphatidylino-
sitol-4-monophosphate 5-kinase ( PIP5K9; Arabidopsis At3g09920) and pyruvate 
orthophosphate dikinase ( Arabidopsis At4g15530), which were downregulated in 
seeds at 20 DPA compared to 35 DPA (Yu et al. 2010). In addition, cultivar-specific 
differential expression of protein kinases was also reported (Fei et al. 2007). Four 
upregulated genes encoding protein kinases ( Arabidopsis At3g09830, At1g28440, 
At1g75970, and At2g33830) were specifically identified in seeds of cultivar DH 
12075 compared to AC Excel.

Ubiquitination plays an essential role in a large number of eukaryotic cellular 
processes by targeting proteins for proteasome-mediated degradation (reviewed in 
Hershko and Ciechanover 1998). Polyubiquitin genes are transcribed and trans-
lated into polyproteins that are cleaved into monomers by specific proteases (Baker 
et al. 1992). Four such genes ( Arabidopsis At2g01340, At4g05050, At5g03240, and 
At5g19990) were found to be upregulated specifically in seeds of cultivar AC Excel 
in comparison to DH12075 (Fei et al. 2007). These genes are related to protein me-
tabolism, including polyubiquitins. These results reinforce the fact that differential 
regulation of protein metabolism and signal transduction exists between different 
cultivars of B. napus.

10.9  Concluding Remarks

Numerous efforts were concentrated on better understanding the underlying mecha-
nisms regulating seed development in both the model plant Arabidopsis and the 
economically important oilseed crop rapeseed. Attempts so far have included con-
ventional approaches like studying the seed composition at various stages of de-
velopment, and novel approaches involving global gene expression profiling di-
rectly from the target seed compartments. These studies have contributed greatly 
to our understanding of the whole processes and complexities of different path-
ways operating simultaneously in the developing seeds. Yet, biology behind seed 
development remains largely a mystery and the underlying mechanisms a paradox. 
Recent advances in technologies, such as laser capture microdissection, will help 
deep profiling of gene expression from different cell types and seed compartments. 
Completion of the B. napus genome sequencing and advances in NGS will further 
our understanding of developmental mechanisms in seeds. Transcriptomics and 
proteomics approaches combined with a sequence database could complement se-
quence analysis and contribute to deciphering the seed development blackbox in 
B. napus and other oilseed plants.
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Abstract The regulation of gene expression in the developing seed has received 
much attention due to its economic importance but also because it represents a 
paradigm for plant gene regulation. The wealth of information obtained on a few 
well-studied systems is potentially much more widely applicable. Recent findings 
have revealed the participation of functionally homologous transcription factors in 
the cereal endosperm and cotyledon of dicots, suggesting these two regulation net-
works are composed of conserved or related elements.

Keywords Dicots · Monocots · Regulatory network · Regulatory elements · SSP · 
Transcription factor

11.1  Introduction

11.1.1  Economic Interest of Seeds

A major part of the human diet is derived from seeds. According to the FAO, 70 % 
of our diet is directly derived from seeds and large part of the remaining comes from 
animals, which mainly have seed-based diets. In developing countries, dietary de-
pendence on seeds is accentuated by the high cost of meat production. Besides ma-
jor dietary components (i.e., carbohydrates, proteins, and lipids), seeds also contain 
fibres, minerals, vitamins, and other secondary compounds beneficial for humans 
and livestock (Wang et al. 2003). Today, seeds are not only used for food production 
but are also a source of industrial raw materials of major economic interest (e.g., 
production of bioethanol, plastics, and adhesives from corn starch, and biodiesel 
from soybean and rapeseed oils). Finally, extensive genetic engineering advances 
have enhanced interest in seeds with development of nutritionally enhanced variet-
ies [e.g., ‘golden rice’ technology (Ye et al. 2000)] and molecular farming, seeds 
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being ideal biofactories for production of high-value pharmaceutical or nutraceu-
tical compounds (reviewed in, Stoger et al. 2005). Rice is for instance used for 
the production of antibodies [e.g., antibodies against a tumor-associated carcino-
embryogenic antigen (Stöger et al. 2000)], hormones [e.g., glycogen-like peptide 
for type II diabetes treatment (Yasuda et al. 2005)], and vaccines. Advantages of 
producing such compounds in plants rather than in microbes or mammalian cell 
culture include increased safety for human consumption, extraction, and purifica-
tion cost benefits and natural long-term storage capacity of dry seeds (Stöger et al. 
2000; Twyman et al. 2003). However, before full exploitation, we need a deeper 
understanding of the regulation of seed maturation, and particularly of the dynamic 
expression of seed storage genes, for producing and storing high-value compounds 
in seeds.

11.1.2  Legumes and Cereals

Of the 19 crop plants that the FAO considers to be major suppliers for human 
diet, 15 belong to two different families: the Poaceae (cereals) and the Fabaceae  
(legumes).

Cereals Cereals are grasses and members of the monocot family. Cereal grains pro-
vide more food worldwide than any other type of crop and are the leading source of 
carbohydrate for animal and human consumption. The major cereals are maize, rice, 
and wheat, which together accounted for 87 % of all grain production worldwide 
and 43 % of all food calories in the year 2003. Maize is a staple food for the human 
diet in America and Africa but also for livestock worldwide. A large proportion of 
maize crops is grown for purposes other than human consumption with a produc-
tion of 792 × 106 tons in the year 2007 (FAO). Rice is the primary cereal for human 
consumption. It accounts for more than one-fifth of calories consumed in the global 
human diet (Smith 1998). Its production was 659 × 106 tons in the year 2007 (FAO). 
Finally, wheat is the third most produced cereal worldwide with 606 × 106 tons in 
the year 2007 (FAO). Wheat is consumed worldwide and constitutes a staple food 
in North America, Europe, and Australia.

Legumes Legumes are part of the dicot family. Although their production is lim-
ited in comparison to cereals with 242 × 106 tons in the year 2007 (Association 
Européenne des Protéagineux, AEP), their importance lies in their ability to fix N2 
via symbiosis with nitrogen-fixing bacteria in root nodules. Legume seeds provide 
the leading source of protein for animal consumption. Three quarters of the world 
production of grain legumes (185 × 106 million tons) is soybean, grown mainly in 
North and South America.

Cereals and legumes produce contrasting seed types As mentioned previously, 
cereals and legumes belong to two major angiosperm plant families: the monocoty-
ledonous and dicotyledonous plants. Monocot and dicot divergence is predicted to 
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have occurred between 200 and 150 million years ago (Chaw et al. 2004; Laroche 
et al. 1995; Wolfe et al. 1989). Concerning seed morphology, monocots and dicots 
share the same principal seed tissues but differ in the repartition of functions 
between them.

Cereal seeds are made up of three major compartments, the embryo and the 
endosperm, which are derived from the double fertilization event, surrounded by 
a complex maternal structure, the coat. The cereal seed coat is composed of the 
pericarp, an adhering tissue derived from the ovary wall and a seed coat, deriving 
from the outer epidermal wall of the ovule, which forms a layer between the peri-
carp and endosperm. Cereal grains are also referred to as caryopses, corresponding 
to a seed surrounded by a fruit tissue, the pericarp. The embryo comprises shoot/
root meristems and embryonic axis surrounded by a unique massive cotyledon, 
the scutellum. After germination, embryo will give rise to the future plantlet using 
reserve carbohydrates, proteins, and oils stored in the endosperm. The role of the 
cereal endosperm is very different to its role in dicot species. In cereals, the endo-
sperm constitutes the bulk of the seed, and persists at seed maturity as a nutritive 
dead tissue.

In legume seeds and more generally in dicot seeds, the functions of seed tis-
sues differ. The seed coat is the only maternal tissue, which plays nutritive and 
protective roles towards the endosperm and embryo. The embryo also comprises 
shoot/root meristems and an embryonic axis, but is surrounded by two cotyledons. 
Cotyledons constitute the main storage tissue essential for developing dicot embryo 
after germination. Another important difference is the role of endosperm, which is 
a transient storage tissue in the majority of dicots. During the maturation phase of 
seed development, endosperm nutrients are absorbed by the embryo via remobiliza-
tion. At maturity, endosperm remains a thin layer in most dicot seeds or even will 
disappear, depending if the seed is endospermic or nonendospermic.

11.1.3  Seed Development

Seed development can be divided into three phases (Fig. 11.1). The first phase cor-
responds to embryogenesis. It is a period of rapid cell divisions during which the 
embryo acquires polarity and, the root and shoot apical meristems are established. 
When cell divisions cease, the embryo enters into the second or maturation phase. 
This phase is characterized by differentiation of a proliferating tissue into a special-
ized storage tissue. The cells elongate and seed weight increases mainly due to the 
accumulation of storage compounds. Finally, when seeds reach their maximum DW 
corresponding to physiological maturity, the third, desiccation phase begins. During 
this phase, seeds start to desiccate, resulting in a shutdown of metabolic activity in 
order to enter into dormancy. In parallel, gene expression directing the accumula-
tion of diverse protective compounds occurs that confer cellular tolerance to desic-
cation on the mature seed.
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11.1.4  Transcriptional Regulation

The TFs are master regulators of cellular processes and excellent candidates for 
modifying complex traits in crop plants (Century et al. 2008). Therefore, TF-based 
technologies are likely to be a prominent part of the next generation of successful 
biotech crops. An important goal of the research proposed here is to review TF 
genes that control seed development and differentiation, and ultimately affect the 
nutrient composition of mature seeds. TFs control every aspect of plant growth 
and development. Their importance in organizing the manifold activities of plants 
is highlighted by the fact that over 5 % of all plant genes encode TF proteins (Gao 
et al. 2006; Riechmann et al. 2000). Seed development and differentiation are gov-
erned by a network of TFs (Brocard-Gifford et al. 2003).

11.1.5  Scope of Review

In this chapter, we will focus on the maturation phase of seed development and 
particularly on the biosynthesis of SSPs. A complex transcriptional regulation net-
work controls this process. Spatial and temporal expression of SSP genes requires 
concerted action between a genetic program and environmental signals. Classical 
genetics approaches have uncovered some of the TF genes, required for normal 
seed development and/or storage metabolism. Recent development in omics strate-
gies has permitted to decipher the genetic regulatory networks of seed maturation 
associated with these TFs. Despite fundamental differences between legumes and 
cereals, similarity of the storage programs suggests that common or analog regula-
tory systems may exist. This supposition is being confirmed by recent findings of 
common regulatory components. Here, we draw together the possible relationships 
between the best-characterized regulatory networks for both plant families.

Fig. 11.1  Overview of molecular events associating with seed weight during seed development
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11.2  Seed Storage Proteins

Plant protein characterization is traditionally based on Thomas Bur Osborne’s clas-
sification (Osborne 1924) according to their solubility: albumins (soluble in water), 
globulins (soluble in dilute salt solution), prolamins (soluble in 70:30 ethanol/water 
mixture), and glutelins (soluble in dilute alkali solution). Even if this classification 
is still widely used, today we prefer to classify plant proteins using their function 
into three different categories: structural/metabolic proteins, protective proteins, 
and SPs. By definition, SPs should be present in sufficient quantity and appear to 
have no biological role except storage during seed development. Another way to 
define proteins is their coefficient of sedimentation (in Svedberg, S units), which 
has been widely used to characterize SPs.

11.2.1  Storage Proteins and Their Location in Cereal Grain

Cereal grains contain less protein [averaging 10–12 % of DW; (Shewry and Halford 
2002)] than legume seeds (20–40 % DW according to Müntz 1998). However con-
sidering the volume of cereal grain production, the quantity of cereal proteins used 
in feed and food exceeds that of legume seeds. Cereal grain proteins play a major 
role in determining technological properties of grain meal for food processing (e.g., 
cohesive and visco-elastic proprieties of gluten protein fraction of wheat flour). 
Cereal seeds contain two major SSP classes, the prolamins and globulins; both of 
which have been extensively studied.

Prolamin Family Except for oats and rice, prolamins represent the major SSP frac-
tion in all cereals (Shewry et al. 1995). Prolamins are related in sequence to the less-
soluble glutenins which in their native form are linked by cysteine cross-bridges 
to form large polymers. Prolamins are characterized by the presence of repetitive 
blocks of short-peptide motifs enriched in nitrogen-rich amino acid residues and 
embedded in nonrepeated sequences, including a few highly conserved residues 
reflecting a common evolutionary origin. Prolamins of the Triticeae are known under 
several names: gliadins in wheat, hordeins in barley, and secalins in rye. They are 
classified into the sulfur-rich (S-rich) (or B hordein in barley), sulfur-poor (S-poor) 
(or C hordein) subfamilies (Shewry and Tatham 1990). In parallel, prolamins of the 
Panicoideae like maize are named zeins and are divided into four groups: α, β, γ, 
and δ-zeins (Coleman and Larkins 1999; for review see Halford and Shewry 2007).

Globulin Family Globulins represent the most important class of SSP in rice and 
oats but are present in other cereal grains in smaller amounts. These proteins are sol-
uble in dilute salt solutions and can be divided into 7S and 11S according to their 
sedimentation coefficients. The 11S globulins represent about 70–80 % of the total 
seed protein fraction in rice and oats (Casey 1999; Takaiwa et al. 1999). In rice, these 
proteins are not fully soluble in dilute salts and hence are also termed glutelins. In 
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oats, the high content of 11S globulins contributes to the high-nutritional value of their 
seeds in comparison to other cereals, such as barley and wheat for livestock nutrition 
(Cuddeford 1995). Triticin, an 11S globulin found in wheat, accounts for 5 % of total 
seed protein (Singh et al. 1991). The 7S globulins are present in cereal grains in small 
amounts (Burgess and Shewry 1986; Heck et al. 1993; Yupsanis et al. 1990).

Location of Storage Proteins Cereal endosperm can be divided in two differ-
ent domains: the aleurone, and the starchy endosperm rich in storage molecules 
(Fig. 11.2a). Cereal SSPs are mainly expressed and stored in the endosperm with 
the exception of the 7S globulins, which are both in the embryo and aleurone endo-
sperm in maize, barley, wheat, and rice (Burgess and Shewry 1986; Heck et al. 1993; 
Kriz 1999; Yupsanis et al. 1990). In contrast, the 11S globulins were only identified 
in the starchy endosperm in rice (Casey 1999) and wheat (Singh et al. 1991).

The prolamin fraction is restricted to the starchy endosperm, where it exhibits a 
gradient in protein composition (Kent 1966). Using immunolocalization and in-situ 
hybridization, Lending and Larkins(1989) have shown clear differences in the loca-
tions of different prolamin classes in maize. The α-zeins are restricted to the inner 
part of starchy endosperm, whereas β, γ, and δ-zeins are in the subaleurone cells. 
A similar pattern has been reported for the prolamin accumulation in barley with 
the subaleurone richer in the high molecular weight fraction (or D hordein), and the 
inner-part richer in S-poor (C hordein), and S-rich (B hordein) fractions (Shewry 
and Halford 2002). Complementary studies using promoter-GUS fusions validated 
these results (Lamacchia et al. 2001; Stöger et al. 2001).

11.2.2  Legume Storage Proteins

Legumes are the second most important source of seed proteins after cereals. Grain 
legumes are usually deficient in sulfur amino acids (cysteine and methionine) in 
comparison to cereals. However, they are rich in lysine and provide an essential 
dietary complement to cereal proteins. Legume SSPs are mainly represented by two 
protein families: the globulins and albumins.

Fig. 11.2  Overview of seed storage proteins (SSP) locations in monocots (a), and dicots 
(b). M maize, B barley, W wheat, R rice
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7S Globulins (aleurone endosperm in M, R, B, W)
Prolamins (starchy endosperm)

7S Globulins (M,
B, W, R)

a b                  
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Globulins The globulins are the most widely distributed family of SSPs. They 
represent the major form of SSPs in dicot species corresponding to 70 % of the 
total seed nitrogen. They consist of two groups according to their coefficients of 
sedimentation: the 7S group (or vicilin-like, 7–8S range) and the 11S group (or 
legumin-like, 11–13S range). These two groups share no obvious sequence similar-
ity but they form similar holoprotein structures and have a common evolutionary 
origin (Shutov et al. 2003). The globulin family was studied in detail in different 
legume species because of its economic interest (e.g., in pea; Tzitzikas et al. 2006).

The 11S globulins or legumin-like proteins represent the major SSP class in 
most dicots, including legumes. They are known under several names according to 
the legume species: legumin for Pisum sativum and Vicia faba; glycoprotein II for 
Phaseolus vulgaris; or glycinin for soybean. Mature legumins occur as holoproteins 
of 320–400 kDa composed of six nonidentical subunits (52–65 kDa). Each subunit 
contains a large acidic polypeptide of 33–24 kDa and a small basic polypeptide of 
19–23 kDa, linked by a disulfide bond.

The 7S globulins or vicilin-like proteins are usually heterogeneous in term of 
amino acid composition, charge, and size due to a large variety of posttransla-
tional processing events. They are typically present as a trimeric complex of 145–
190 kDa, composed of three non-identical polypeptides of 48–83 kDa. For example 
in pea, vicilin subunits undergo proteolysis and glycosylation to form subunits of 
12–33 kDa (for review see, Casey 1999). In soybean or P. vulgaris, subunits are 
highly glycosylated but not proteolytically cleaved (Bollini and Chrispeels 1978; 
Hall et al. 1977).

Albumins (2S) Albumin proteins are the second group of SSPs and are widely dis-
tributed in dicot species. They represent a minor SSP form in legumes but have been 
extensively analyzed in the Crucifereae family, where they are called napins. The 2S 
albumins are synthesized as a precursor, consisting of two polypeptides of 4–9 kDa 
linked by disulfide bonds (Ericson et al. 1986). They are processed by cleavage 
of a series of peptides from both C- and N-terminal sequences. The heterodimeric 
structure linked by a disulfide bond is the most common form of albumins in dicot 
species, such as lupin (Lilley and Inglis 1986). However, some structural variation 
exists, such as in pea, where the disulfide bond does not occur (Higgins et al. 1986).

Location of Storage Proteins In most dicot species, including legumes, the main 
seed storage tissues are the cotyledons (Fig. 11.2b). Whereas several studies con-
firmed a common spatial expression of SSPs in embryo, differences in temporal 
expression between these protein classes were reported in pea (Gatehouse et al. 
1986), soybean (Ladin et al. 1987), and M. truncatula (Gallardo et al. 2007).

11.2.3  Comparison Legume-Cereals

Globulins from cereal and legume grains are closely related (Kriz 1999). Vicilin pro-
teins have limited sequence similarity but are conserved between dicot and mono-
cot species and share common properties, including low cysteine and methionine 
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contents and similar three-subunit secondary structure (Kriz et al. 1999). Cereals 
also contain 11S storage globulins related to the legume 11S globulins; these con-
stitute the main SSPs for rice and oats, for example (Casey 1999). All 11S proteins 
in legumes and those from rice and oat share the same structure, existing as a hexa-
meric complex linked by disulfide bonds (Takaiwa et al. 1999; Shotwell 1999). In 
contrast, the wheat triticin 11S globulins share a common structure with large acidic 
and small basic chains but form dimers rather than the typical hexameric complex 
(Singh et al. 1988, 1993).

Related prolamin SSPs are found throughout cereal species, but are not reported 
from noncereals. Sequence conservation between prolamins from barley, rye, and 
wheat and, 2S albumins from castor oil, sunflower, and oil seed rape indicates how-
ever a common origin of these proteins between monocots and dicots (Häger et al. 
1995; Kreis et al. 1985; Shewry et al. 1995). The 11S globulins from legumes, rice, 
and oat are expressed specifically in the embryo, more precisely in the cotyledons. 
Other SSPs, like prolamins and albumins, are mainly expressed in the endosperm 
(cereals) or embryo (legumes), but may share a similar control of their expression 
during seed maturation.

11.3  Transcriptional Regulation of SSPs

As discussed previously, SSPs are highly regulated in a spatial manner (see para-
graph above). However, gene expression may also be differentially regulated be-
tween different classes of SSP during development. For instance, in M. truncatula 
seeds, sequential expression of vicilin, then K-type legumin, and finally A-type le-
gumin is observed (Gallardo et al. 2007; Verdier et al. 2008). A series of mutants 
have been identified, in which the accumulation of SSPs is differentially affect-
ed, providing evidence that these processes are under discrete genetic regulation. 
A small set of genes controlling the synthesis and regulation of SSP genes will be 
described in more detail.

11.3.1  Transcriptional Regulation in Cereals

Cis- and Trans-Elements in Cereals In cereals, prolamin gene promoters from 
maize, wheat, and barley share a conserved sequence. This regulatory cis-element 
is located around 300-bases upstream of the start codon and called the ‘− 300 box’ 
or more commonly the ‘prolamin box’ (Forde et al. 1985). This highly-conserved 
sequence was found in the promoters of many monocot SSP genes, where its pres-
ence is necessary for endosperm-specific expression (Wu et al. 1998). This motif 
is around 30 bp long, and is composed of two-conserved motifs: the endosperm or 
E motif (i.e., TGTAAAG) and GCN4-like (GLM) or N motif (i.e., ATGAGTCAT) 
(Hammond-Kosack et al. 1993; Knudsen 1993) (Fig. 11.3a).
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The prolamin box is found, with small variations, in promoters of cereal SSP genes 
from many cereal species (Knudsen 1993; Vicente-Carbajosa et al. 1997). In maize, 
some minor changes have been reported. The α-zein does not have a perfectly con-
served N motif. The β and γ-zeins share both motifs but they are more distant. 
Finally in the δ-zein promoter, neither N nor E motif was identified so far (Halford 
and Shewry 2007). Transient expression experiments using a reporter gene showed 
that the N motif acts as a negative regulator of gene expression in low-nitrogen 
conditions, whereas with sufficient nitrogen, interaction between N and E motifs 
stimulates gene expression (Knudsen 1993). These results demonstrated the impor-
tance of the N motif in the response of the prolamin box to nitrogen.

A second conserved motif in glutelin (globulin-like) and hordein (prolamin) 
genes from rice and barley was identified as part of a complex conferring endo-
sperm-specific expression (Takaiwa et al. 1996; Zheng et al. 1993). This motif 
(AACA) confers the endosperm-specific enhancement of a truncated 35S promoter 
together with the GCN4 motif in glutelin genes (Yoshihara and Takaiwa 1996). This 
motif also constitutes a GARE (Gubler et al. 1999; Suzuki et al. 1998).

Another motif widely present in the promoters of SSP genes constitutes an ABA 
response element (ABRE). Many ABA-regulated genes have been identified that are 
associated with seed development processes. Analysis of their promoters revealed 
a common cis-regulatory element with a consensus sequence (T/G/C)ACGT(G/T)
GC, also referred to by the more generic terms ‘ACGT motif’ or ‘G-box’ (Marcotte 
et al. 1989). Several bZIP TFs able to bind to these ABRE were identified as candi-
dates for mediating ABA-responsive transcription (Guiltinan et al. 1990; Oeda et al. 
1991; Williams and Tsang 1992).

In transgenic rice, a truncated promoter of a rice glutelin gene, containing only 
the GCN4, endosperm box, AACA motif, and ACGT motif, was able to confer en-
dosperm-specific expression (Wu et al. 1998), showing the importance of these ele-
ments for spatial regulation of glutelin gene expression. Wu et al. (2000) studied the 
combinatorial role of these elements using substitution mutations. They found that 
the GCN4 box acts as the essential element conferring endosperm-specific expres-
sion, whereas AACA, ACGT, and endosperm boxes can contribute in combination 
with GCN4 boxes to the gene expression regulation.

Combinatorial Networks in Cereals Specific DNA-binding proteins recognize 
the GCN4 box, endosperm box, ACGT, and AACA motifs. The GCN4 box is 

Fig. 11.3  A model illustrating cis- and trans-regulatory elements of SSP genes in monocots 
(a), and dicots (b)
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recognized by a maize bZIP TF, named OPAQUE2 ( O2), and its homologs (Albani 
et al. 1997; de Pater et al. 1994; Schmidt et al. 1990; Vicente-Carbajosa et al. 1997). 
Several O2-binding sites located on one target promoter were identified (Lohmer 
et al. 1991; Schmidt et al. 1992). Mutation of O2 greatly reduces expression of a set 
of α-zein genes in maize (Burr and Burr 1982).

The endosperm box is recognized by DOF proteins belonging to the zinc finger 
TF family (Mena et al. 1998; Vicente-Carbajosa et al. 1997). These proteins are 
called PBF. The AACA motif is recognized by proteins from the R2R3 MYB TF 
family (Diaz et al. 2002; Suzuki et al. 1998). The ACGT or ABRE motif is able to 
bind proteins from the bZIP TF family (Guiltinan et al. 1990; Oeda et al. 1991; Wil-
liams and Tsang, 1992), such as TRAB1 in rice (Hobo et al. 1999).

The O2 and PBF proteins have been shown to interact in vivo and to synergisti-
cally activate prolamin promoters in the transient expression experiments (Hwang 
et al. 2004; Vicente-Carbajosa et al. 1997). Other paralog bZIP TFs were identified 
in wheat, barley, and rice, termed respectively SPA, BLZ2, and RISBZ1. These 
proteins resemble O2 and OHP1 from maize in binding to the GCN4 box (Albani 
et al. 1997; Vicente-Carbajosa et al. 1997) and also by their action. For instance, in 
rice, RISBZ1 acted synergistically with rice (R)PBF on the GCN4 motif to activate 
gene expression (Yamamoto et al. 2006).

The O2 is a key gene for regulation of the prolamin gene expression, whose ac-
tivity is subject to diurnal regulation through phosphorylation (Ciceri et al. 1997). 
Several O2–related factors were identified capable of binding to the same target 
sequence. For instance, OHP1 can bind the same binding site as O2, either as a 
homodimer or heterodimer with O2, but unlike O2 it does not interact with a PBF 
protein (Pysh et al. 1993; Vicente-Carbajosa et al. 1997).

In maize, VIVIPAROUS1 (VP1), a TF ortholog of Arabidopsis ABI3, plays a 
crucial role in several processes of seed development, including ABA signaling, 
activation of maturation-specific genes, and establishment of dormancy (McCarty 
et al. 1989; Suzuki et al. 2003). This gene is expressed specifically in the embryo 
and aleurone layer of endosperm, the sites of synthesis of globulin proteins. The 
VP1 regulates maturation and dormancy by activating ABA-regulated genes via 
their ABRE (Hattori et al. 1995; Vasil et al. 1995). However, as no direct interac-
tion between VP1 and this cis-regulatory element has been identified, it has been 
proposed that VP1 acts by interacting with another protein that directly binds ABRE 
motif (Suzuki et al. 1997). The ABRE motifs are recognized by bZIP family pro-
teins, and a rice bZIP factor, called TRAB1, has been identified as a mediator of 
ABA-induced transcription through its interaction with VP1 and an ABRE motif 
(Hobo et al. 1999).

The fourth SSP promoter element, the ACAA motif, has been reported to interact 
with MYB proteins. Several proteins able to bind this domain have been identified 
in barley and called HvGAMYB. The HvGAMYB genes are expressed in cereal 
aleurone cells and have been shown to activate GA-responsive promoters by bind-
ing the ACAA motif (Gubler et al. 1999). Diaz et al. (2002) demonstrated that an 
interaction between HvGAMYB proteins and barley PBF proteins is essential for 
activating the hordein gene expression. Rubio-Somoza et al. (2006) proposed that 
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two further MYB factors, HvMYBS3 and HvMCB1, may be a part of the complex, 
controlling the expression of SSP genes. Whereas HvMCB1 acts as an activator of 
the maturation phase and as a repressor of the germination, HvMYBS3 acts as an 
activator of transcription in both processes (Rubio-Somoza et al. 2006).

Recently, a B3 domain TF, closely related to FUS3 identified in dicots, has been 
discovered in barley and rice. This gene is expressed in endosperm during the mid-
maturation phase and is involved in transcriptional activation of the hordein genes 
(prolamin proteins) through RY-motifs conserved in the storage protein promoters 
from barley, rice, wheat, and maize (Moreno-Risueno et al. 2008). Another TF, Zm-
LEC1, closely related to the well-known LEC1 gene in dicots, has been identified in 
maize, but appears to be specifically involved in seed oil biosynthesis (Shen et al. 
2010).

11.3.2  Transcriptional Regulation in Dicots

Much effort has gone into deciphering the genetic regulatory network, controlling 
the biosynthesis of SSP in dicots. Although we lack a comprehensive understanding 
of mechanisms and genes involved in this process, we have now a framework to 
describe this network (for review, Verdier and Thompson 2008).

Cis- and Trans-Regulatory Elements in Dicot Species In legumes and more 
broadly in dicots, the regulatory elements involved in SSP activation have been 
identified, mainly on the napinA promoter (2S albumin) from Brassica napus, on 
legumin B4 (11S globulin) from V. faba, and also on phaseolin (7S globulin) from 
P. vulgaris promoters (Bäumlein et al. 1992; Chandrasekharan et al. 2003; Ezcurra 
et al. 1999; Stålberg et al. 1996). Sequence comparison of these promoters revealed 
two highly-conserved binding sites, the RY/G motif and B-box (Fig. 11.3b).

The RY/G motif is a tripartite motif composed of two RY elements (i.e., CAT-
GCA) (Bäumlein et al. 1992) surrounding a G-box (i.e., CACGTG) (de Pater et al. 
1993). Interactions between these motifs and regulatory genes have been elucidated 
by several studies. The B3 domain proteins (i.e., ABI3 and FUS3) have been shown 
to bind RY motifs (Ezcurra et al. 2000; Reidt et al. 2000), whereas bZIP or bHLH 
proteins can interact with the G-box (Kawagoe and Murai 1996). This cis-regulatory 
element is the site of elicitation of the ABA response (Chandrasekharan et al. 2003).

The second essential element found in the promoters of storage protein genes 
is a B-box. This motif is composed of two domains: DistB (GCCACTTGTC) and 
ProxB (CAAACACC). This element was also identified as a mediator of ABA re-
sponse in seeds via an ABRE domain (Ezcurra et al. 1999). The B-box element 
interacts with various proteins, including bZIPs, and may interact with a MYB TF 
due to an overlap of the sequence with a MYB-recognition site (Pla et al. 1993).

These two motifs (i.e., RY/G and B boxes) act synergistically, as mutations 
in either of these elements strongly reduce gene expression (Ezcurra et al. 1999; 
Kawagoe et al. 1994). Moreover, according to in vitro experiments, these elements 
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were shown to be required for the seed-specific expression of SSPs (Ezcurra et al. 
1999). Using promoter mutations, RY motifs have been identified as the major ele-
ment responsible for spatial and temporal regulation of SSP gene expression (Chan-
drasekharan et al. 2003).

11.3.3  Combinatorial Network

Four master regulators of seed development. As a result of extensive mutant analy-
ses, an overview was obtained of the combinatorial genetic network, involved in 
the regulation of seed SP synthesis (for review see, Verdier and Thompson 2008). 
This regulatory network is based on the four master regulators of seed development: 
LEC1, LEC2, ABI3, and FUS3. These TFs have been extensively studied in Arabi-
dopsis for their roles in programming embryo development and desiccation toler-
ance, including the regulation of SSP expression. The four genes show pleiotropic, 
overlapping, and partially redundant functions (Kroj et al. 2003; Santos-Mendoza 
et al. 2008).

The LEC1 (Lotan et al. 1998) belongs to the HAP3 family, which constitutes 
one subunit of the CCAAT-binding factor (CBF: Maity and de Crombrugghe 1998). 
LEC2 (Santos Mendoza et al. 2005) is a member of plant-specific B3 domain fam-
ily, closely related to ABI3 (Parcy et al. 1997) and FUSCA3 ( FUS3: Bäumlein et al. 
1994; Keith et al. 1994). The four genes are specifically expressed in seeds during 
the late embryogenesis/seed maturation processes.

LEC1 and LEC2 control the upstream part of the regulatory cascade. They are 
required for the maintenance of cotyledon identity during seed filling, and thus 
for the completion of the maturation phase (Braybrook et al. 2006; Lotan et al. 
1998). Mutations in these genes induce formation of viviparous embryos, partial 
transformation of cotyledons in leaves, compromise seed desiccation tolerance, 
and reduce accumulation of storage molecules, including SPs (Bäumlein et al. 
1994; Keith et al. 1994; Meinke et al. 1994; West et al. 1994). Conversely, ectopic 
expression of LEC1 or LEC2 induces embryogenic pathways in vegetative cells 
(Lotan et al. 1998; Santos Mendoza et al. 2005). LEC1 is a positive regulator of 
LEC2 genes but also of FUS3, implying a hierarchical network (Kagaya et al. 
2005). LEC2 is also capable of activating the gene expression of ABI3 and FUS3, 
considered downstream of it (Braybrook et al. 2006; Kroj et al. 2003; Mönke et al. 
2004).

As ABI3 and FUS3 act downstream of the regulatory cascade, abi3 and fus3 mu-
tants share similar phenotypes with those of lec1 and lec2 (e.g., loss of cotyledon 
identity, vivipary, desiccation sensitivity, and defect in storage molecule accumula-
tion) (Bäumlein et al. 1994; Castle and Meinke 1994; Giraudat et al. 1992; Keith 
et al. 1994; Parcy et al. 1994). ABI3 and FUS3 were showed to be direct positive 
regulators of seed filling. Whilst they appear to have a similar and redundant func-
tion, genes are activated by ABI3 and FUS3 with different kinetics, suggesting the 
existence of an intermediate factor for the FUS3 activation pathway (Kagaya et al. 
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2005). Moreover, both ABI3 and FUS3 are able to bind the RY-motif present in 
target gene promoters (Bobb et al. 1997; Ezcurra et al. 2000; Mönke et al. 2004; 
Reidt et al. 2000, 2001). Direct binding to RY elements was observed using in vitro 
and in vivo experiments for FUS3 (Kroj et al. 2003), whereas for ABI3, only in 
vitro experiments showed this binding (Mönke et al. 2004), suggesting a putative 
association between ABI3 and a second partner to enhance its binding in vivo (Kroj 
et al. 2003).

A complex network of local and redundant regulations has been identified be-
tween LEC1, LEC2, ABI3, and FUS3 genes forming regulatory feedbacks essential 
for cell-type specific expression. An additional level of complexity in this regula-
tory network is reflected by differences in their spatial expression within embryo, 
resulting in differing genetic controls in different parts of embryo (for review, San-
tos-Mendoza et al. 2008; To et al. 2006).

Other partners. Roles for other partners have been identified in regulation of 
the SSP regulatory complex. Lara et al. (2003) identified two bZIPs (i.e., AtbZIP10 
and AtbZIP25), which are able to bind to the G-box present in the SSP promoters 
and also able to interact with ABI3 in 2H experiments. These bZIP proteins may be 
ABI3 partners, which enhance binding between ABI3 and the RY/G-box motif, a 
hypothesis supported by a synergistic effect between these bZIPs and ABI3 on the 
activation of SSP gene expression in transient assays (Lara et al. 2003).

Two proteins have been shown to bind the B-box and mediate ABA-induced 
transcription (Nakamura et al. 2001). These proteins, termed ABI5 and ENHANCED 
EM LEVEL (EEL), from the bZIP TF family, are also able to interact with ABI3 
proteins (Nakamura et al. 2001). However, differences in their timing of expression 
(i.e., ABI5 and EEL are expressed respectively during the mid and the late-filling 
phase) and in their mutant phenotypes reflect antagonistic functions. ABI5 is nec-
essary for expression of the SSP genes, whereas EEL, by competing for the same 
binding site, modulates or even represses ABI5-mediated gene expression (Bens-
mihen et al. 2002).

Two further bZIP TFs, named Repressor Of Maturation ( ROM), have been iden-
tified in P. vulgaris to play an important role before and after the seed-filling phase. 
Both are able to bind the G-box of the RY/G-box motif in vitro and able to repress 
the expression of the phaseolin promoter in vivo (Chern et al. 1996a, b). The ROM1 
is expressed during embryogenesis and is downregulated at the onset of seed-filling 
phase (Chern et al. 1996b). In contrast, ROM2 is expressed after the seed-filling 
phase and a positive correlation was demonstrated between an increase of ROM2 
DNA-binding activity and the repression of maturation gene expression during the 
desiccation phase (Chern et al. 1996a).

Finally, the end of seed-filling phase is also regulated via repression of master 
regulator expression. A group of three B3 domain TFs, called the VP1/ABI3-LIKE 
genes ( VAL genes), has been identified, which repress the LEC1-B3 network, pos-
sibly via binding the RY motif (Suzuki et al. 2007). In addition, a SWI/SNF remod-
elling chromatin factor, encoded by PICKLE ( PKL) has also been described as a 
repressor of LEC1 expression upon germination (Henderson et al. 2004; Ogas et al. 
1999; Rider et al. 2003; for review Zhang and Ogas 2009).
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11.3.4  A Common Transcriptional Network in Dicot Cotyledons 
and Cereal Endosperm

The programs of seed maturation between monocots and dicots are markedly dif-
ferent. Different families of SSPs are synthesized and are stored in different tissues. 
However, numerous similarities are emerging. Although there is no evidence yet 
to date about the existence of LEC2 genes in monocots, parts of the maturation 
gene program are common between these two families. Several cis-regulatory ele-
ments have been identified in the promoters of seed storage genes from dicot and 
monocot plants as essential for expression during seed maturation (e.g., AACA mo-
tif, GCN4-like motif, RY motif, and DOF-binding domain) (Fig. 11.3). Moreover, 
several regulators with similar roles in both species are functionally exchangeable.

One of the central regulators of seed maturation in cereals is the VP1 gene, which 
is closely related to the dicot ABI3 gene. They have similar functions in regulating 
seed filling and ABA-dependent preparation for desiccation. Both proteins interact 
with a bZIP partner to bind the ABRE motif [TRAB1 for VP1 and ABI5 for ABI3: 
Hobo et al. 1999; Nakamura et al. 2001]. Interestingly, these genes are exchange-
able between both systems. For instance, Gampala et al. (2002) showed that Ara-
bidopsis ABI5 and maize VP1 can be used to activate expression of ABA-inducible 
promoters in cereals (i.e., wheat and barley) and dicots (i.e. Arabidopsis and P. 
vulgaris). Moreover, VP1 can complement Arabidopsis abi3 mutants originally im-
paired in the expression of SSP genes (Suzuki et al. 2001).

Another example of this remarkable conservation between the genetic programs 
is the presence of FUS3 gene in both cereals and dicots. Moreno-Risueno et al. 
(2008) complemented a fus3 mutant in Arabidopsis with the barley HvFUS3 gene, 
resulting in restoration of SSP expression. In both systems, FUS3 acts similarly by 
binding an RY motif with a bZIP partner (bZIP10/25 in dicots and an O2-LIKE fac-
tor in cereals) (Moreno-Risueno et al. 2008). Thus, whilst the data is incomplete, it 
seems probable that seed development in dicots and monocots possesses some level 
of conservation in regulatory programs, adapted for directing reserve accumula-
tion in cereal and dicot seeds. In contrast, the LEC1-type genes were identified in 
both cereals and dicots, but exhibit slight functional differences. Whereas LEC1 is 
well characterized in dicots, affecting all seed storage molecules including SSPs, its 
maize ortholog only affects seed oil biosynthesis (Shen et al. 2010).

11.3.5  Other Transcriptional Programs Operating  
in Developing Seeds

The previously described regulatory network represents only one of several pro-
grams of gene expression during seed development. Global transcriptomics ap-
proaches have revealed a large number of discrete seed mRNA expression pro-
files (Gallardo et al. 2007; Huang et al. 2009; Jones et al. 2010; Le et al. 2007), 
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reflecting the action (and probable interaction) of several regulatory networks. Each 
seed-developmental phase is accompanied by expression of discrete TF populations 
(Verdier et al. 2008; Wang et al. 2010), and these TFs are in part specific for dif-
ferent seed tissues, or even cell-types within a tissue (Le et al. 2010; Verdier et al. 
2008). The gene expression profile of a given seed cell is partly specified by the 
intrinsic-expressed TF complement, but this is also modulated by diverse environ-
mental factors at both transcriptional and posttranscriptional levels.

11.4  Environmental Regulation

In parallel to the genetic regulation of SSPs, environmental factors influence seed 
protein quantity and composition. For instance, environmental factors, such as tem-
perature, play important roles in regulating seed filling and final seed quality. In this 
section, we will focus on two important factors involved in the regulation of these 
proteins: hormones and nutrients.

11.4.1  Hormones

The ABA plays a central role during seed maturation and SP synthesis (Finkelstein 
et al. 2002; Nambara and Marion-Poll 2003). We know now that ABA is not the 
only hormone regulating this process, but its action is modulated by an antagonistic 
effect of GA3. The ratio of concentrations of ABA to GA3 is a key readout deter-
mining seed maturation, acquisition of desiccation tolerance, and entry into seed 
dormancy.

The central role of ABA in dicots is reflected by the interaction between ABA 
and some of the key regulators of seed maturation. For instance, gene activation 
implying FUS3 and ABI3 is strongly enhanced by ABA action (Kagaya et al. 2005; 
Parcy et al. 1994). Moreover, a positive correlation between FUS3 expression and 
ABA level has been demonstrated (Gazzarrini et al. 2004). Conversely, FUS3 is 
also a negative regulator of GA3 biosynthesis (Gazzarrini et al. 2004).

Auxin is also implicated in the regulation of seed maturation. Ectopic expres-
sion of LEC2 induces the genes of auxin biosynthesis and the activity of auxin-
responsive gene (Stone et al. 2008). Interactions between auxin and LEC1 (Casson 
and Lindsey 2006), and FUS3 (Gazzarrini et al. 2004), have also been identified, 
suggesting an action of these genes mediated by this hormone.

11.4.2  Nutrients

Another crucial factor acting in combination with genetic regulation is the concen-
tration (or ratio) of certain metabolites. Among the metabolites able to regulate seed 
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maturation, the sucrose/hexose ratio and nitrogen content appear to be the most criti-
cal. Sucrose is an important metabolite for seed development with its central role in 
carbohydrate metabolism. It also acts as a signal molecule, controlling regulation of 
seed maturation (for review see, Koch 2004; Smeekens 2000; Weber et al. 2005). In 
vitro and in vivo studies showed that increasing sucrose concentration induces an in-
crease of storage activity-related transcripts (Ambrose et al. 1987; Corke et al. 1990). 
In V. faba, pea, and barley, sucrose is an inducer of seed storage gene expression, 
triggering the switch from embryogenesis to seed filling (Tegeder et al. 1999; Weber 
et al. 1997; Weschke et al. 2000). This result was confirmed for Arabidopsis seeds, in 
which sucrose induces globulin and albumin gene expression, but also that of the mas-
ter regulators LEC1, LEC2, and FUS3 (Tsukagoshi et al. 2007). In contrast, apetala2 
mutants, with increased seed mass, have an increased hexose/sucrose ratio resulting 
in a prolongation of the cell-division phase (i.e., embryogenesis phase) (Ohto et al. 
2005). These results confirm that sucrose signaling, and specifically the sucrose/hex-
ose ratio, control the switch between the differentiation and storage programs.

Nitrogen metabolites also act to regulate SSP synthesis. In pea, a positive cor-
relation has been demonstrated between the accumulation of seed nitrogen avail-
ability and storage protein (Salon et al. 2001). Moreover, in soybean, this nitrogen 
signaling is mediated via the concentration of specific amino acids, such as aspara-
gines (Hernández-Sebastià et al. 2005). In cereals, the response to nitrogen regime 
was demonstrated to act via the GCN4 box (i.e., in barley, wheat, or maize), where 
an increase in nitrogen availability induces prolamin gene expression (Knudsen 
1993; Singletary et al. 1990; Weichert et al. 2010).

Other metabolic signals have been identified as showing a positive correlation 
between their accumulation and SSP accumulation, including ATP and oxygen lev-
els (Borisjuk et al. 2003; Vigeolas et al. 2003; for review, Weber et al. 2005). Meta-
bolic activities in developing seeds are sensitive to cellular oxygen levels, which are 
in part determined locally by photosynthetic activity of seed tissues. The transcrip-
tion levels of genes associated with glycolysis and mitochondrial energy metabo-
lism are regulated by p[O2]. The response to p[O2] may be detected indirectly via 
[ATP] (Borisjuk and Rolletschek 2009). These authors also propose an important 
role for NO in regulating metabolic activity due to p[O2] changes, but the mecha-
nisms of generation and transduction of these signals remain to be elucidated. This 
is also more generally applicable to the mechanisms of cellular response to meta-
bolic and environmental signals.

11.5  Future Directions

11.5.1  Alternative Splicing

Alternative splicing is a mechanism of posttranscriptional control, whose signifi-
cance in plants is being increasingly recognized. In the seed, there is evidence for 
regulation of the related TFs ABI3 ( Arabidopsis) and VP1 (maize) via accumula-
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tion of alternatively spliced mRNAs late in seed development (Sugliani et al. 2010; 
Wilkinson et al. 2005).

11.5.2  Regulation by miRNA

A further emerging level of posttranscriptional gene regulation involves miRNAs. 
The seed, like other tissues, has its complement of small RNAs, most of which are 
in the process of being characterized and have not yet had functions attributed. One 
of the first examples to be characterized was miR159, which exists in three forms 
(a, b, and c); two of which repress at least two GAMYB genes in non-seed tissues. 
In the absence of miR159a and b, MYB33 and MYB65 induce the synthesis of a 
series of GA-regulated aleurone genes (Alonso-Peral et al. 2010). In an analysis of 
rice seed small RNA sequences, signatures matching miRNA precursors account 
for  < 1.5 % of total genome-matching signatures, which is much lower than that 
in rice inflorescences, seedlings, and stems (Xue et al. 2009). One interesting ex-
ample of miRNA-controlled gene expression in seeds is the regulation of ARF8 
by miR167 (Yang et al. 2006). The ARF8 regulates the expression of OsGH3.2, a 
rice IAA-conjugating enzyme, which contributes to cellular free IAA levels. Os-
miR167, which is induced by auxin, acts to decrease ARF8 mRNA abundance, and 
may confer feedback regulation on auxin-responsive gene activity.

11.6  Concluding Remarks

The regulation study of seed development and composition will remain of funda-
mental socio-economic importance with increasing pressure on food supplies and 
the potential seeds offer as sources of renewable resources. The gene regulatory 
networks identified for Arabidopsis seed maturation, and those being developed 
for other species, whilst complex, are not intractable. The coming years will see 
increasing exploitation of omics data, combined with high-throughput phenotyp-
ing under precisely-controlled environmental conditions to define precisely the re-
sponses of developing seed to external factors, such as nutrient supply and abiotic 
stresses, and to provide leads for smart breeding to optimize genetically the perfor-
mance of the seed factory.
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Abstract Finely regulated and orchestrated events occur during seed development 
and germination in different cell organelles, like mitochondria, peroxisomes, plastids, 
vacuoles, endoplasmic reticulum, oil bodies, and nuclei. Therefore, some of the 
ongoing investigations mainly concentrate on subcellular organelle purifications for 
a deeper comprehension of these complex developmental processes. In seed biology, 
recent ambitious efforts in proteomics have been directed toward organelle isolation 
from seeds at defined developmental stages followed by high-throughput protein 
separation and identification. The construction of reference maps has allowed 
identifying organelle-specific proteins. The variation(s) analyses of those proteins 
depending on both internal and external stimuli are beginning to help in deciphering 
the extent to which those proteins play fundamental role in seed physiology. Here, 
we report organelle proteomics applied to the characterization of seed physiological 
processes and compare these advances with studies from other plant tissues.

Keywords Mass spectrometry · Organelle · Plant tissues · Proteomics · Seed 
physiology · Subcellular fractionation

12.1  Introduction

Seed biology can be defined as the study of finely regulated and orchestrated events 
that occur during seed development and germination. One of the most ambitious 
goals in the seed biology field is the construction of functional models for an under-
standing of seed metabolism through high-throughput omics technologies (genom-
ics, transcriptomics, proteomics, and metabolomics). Inside plant cells, metabolic 
pathways are confined to organelles which interact in a highly-dynamic and disci-
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plined manner, under organ/tissue/cell specific controls as well as in response to 
developmental and environmental stimuli. Subcellular fractionation is a powerful 
approach to reduce sample complexity, to enrich intracellular organelles and thus, 
to provide information on organelle-specific molecular processes. Combination of 
subcellular fractionation techniques with proteomics approaches leads to the mod-
ern ‘organelle proteomics’, an ideal partnership whose major benefits and applica-
tions in plant biology have been exhaustively reviewed (Table 12.1).

As evidenced by Agrawal et al. (2010), organelle proteomics in plants, unlike 
animals, has seen limited works mainly due to: (i) inter-plant and inter-tissue com-
plexity; (ii) difficulties in isolation of subcellular compartments; and (iii) enrich-
ment and purity. In the last decade, organelle proteomics has been adopted to get 
deeper insight into the physiology of plant tissues (leaves, seeds, seedlings, and 
roots) or cells (Table 12.2).

Subcellular fractionation techniques were either combined with high-resolution 
2-DGE, 1-DGE, or gel-independent analytical proteomics approaches to dissect the 
proteome of organelles. Several methods are currently available for shotgun pro-
teomics in plants. Recent quantitative proteomics has succeeded in comparing two or 
more physiological states using labeling or label-free based strategies. Sample prepa-
ration is the most critical step, which determines proteome coverage, especially for 
low-abundance proteins (Fig. 12.1). The method consists in organelle purification, 
assessment of their degree of purity by microscopic observation and/or immunode-
tection, protein extraction with specific buffers, protein digestion, protein or peptide 
separation, MS analysis [generally MALDI for peptide mass fingerprint (PMF) data 
or nESI-MS/MS to fragment more than one precursor and to get putative sequence 
information or in silico analyses], and sequence database interrogation (Fig. 12.1).

Topics/organelles References
General Mo et al. 2003

Taylor et al. 2003
Dunkley et al. 2006
Haynes and Roberts 2007
Lilley and Dupree 2007
Plöscher et al. 2009a
Agrawal et al. 2010

Mitochondria and 
peroxisomes

Brookes et al. 2002
Heazlewood et al. 2003
Millar et al. 2005
Heazlewood and Millar 2007

Peroxisomes Palma et al. 2009
Plastids van Wijk 2004

Zychlinski and Gruissem 2009
Chloroplasts Rolland et al. 2003

Baginksy and Gruissem 2004
Joyard et al. 2010

Oil bodies Shimada and Hara-Nishimura 2010
Nuclei Erhardt et al. 2010

O. Repetto and K. Gallardo

Table 12.1  Reviews about 
the most important plant 
organelles proteomics
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Some plant subcellular protein databases have been created that can be interro-
gated to identify organelle proteins (Table 12.3). The identified peptides are usually 
searched for putative subcellular localization using publicly available prediction al-
gorithms (Table 12.4). These techniques have been applied to plant/seed organelles, 
establishing proteome maps for mitochondria, peroxisomes, plastids, vacuoles, ER, 

Fig. 12.1  Typical workflow of a plant subproteomic approach, from organelle isolation to MS-
based protein identification and data interpretation in the context of organelle metabolic pathways. 
Organelles are purified followed by preparation of proteins. In-gel or liquid-digested peptides are 
analyzed by MS and, subsequently, data are subjected to a standard database search. Unidentified 
spectra are scored for their quality. High-quality spectra are subjected to de novo peptide sequenc-
ing. Sequences extracted from MS spectra are submitted to MS BLAST for peptide identification 
by homology. Identified proteins can be either known or novel, not previously described. Their 
functional classification as well as searches for organelle peptide signals are generally performed 
in order to better understand their contribution to organelle metabolic pathways
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oil bodies (OBs), and nuclei. These investigations have significantly increased our 
knowledge on the processes occurring in specific organelles during seed develop-
ment and germination (Table 12.2), most of which will be discussed below in com-
parison with studies from other plant tissues.

12.2  Mitochondria: Strategic Roles in Development  
and Upon Abiotic Stresses

Mitochondria are essential organelles, possessing their own genome and playing 
pivotal roles in many cellular processes as sites of tricarboxylic acid cycle (TCA 
cycle; also known as the citric acid cycle, Krebs cycle, or Szent-Györgyi-Krebs 
cycle), oxidative phosphorylation, and energy production. Moreover, a strategic 
role in eukaryotic cell energetics scenario has been recently attributed to these or-
ganelles (Lane and Martin 2010). Since many years, respiratory chain super com-
plexes have been characterized in plant mitochondria at the intricate levels of mem-
brane structural organization, photosynthesis versus photorespiration interactions, 
amino acid/lipid/cofactor biosynthesis, and redox regulation (Dudkina et al. 2006; 
Davy de Virville et al. 2010; Fernie et al. 2004). It has been shown that the number, 
position, and respiratory capacity of mitochondrial populations (called ‘chondrio-
somes’) dramatically vary between tissues/cells. In 2005, the plant mitochondrial 
proteome was proposed to be composed of ~ 3,000 proteins and described as highly 

Subcellular compartment Name References
Mitochondria Mitopred Guda et al. 2004

MitoProt II Elstner et al. 2009
N-terminal targeting 

sequences
Predotar Small et al. 2004

Subcellular localization PSORT Nakai and Horton 1999
pTARGET Guda 2006
eSLDB Pierleoni et al. 2007
Plant-mPloc Chou and Shen 2010

Table 12.3  Plant subcellular protein database
Subcellular compartment Name References
Subcellular proteomic database SUBA Heazlewood et al. 2006
Membrane-spanning regions HMMTOP Tusnady and Simon 2001

ARAMEMNON Schwacke et al. 2003
Plastids protein database pIprot Kleffmann et al. 2006
Mitocondria AMPDB Heazlewood and Millar 2005

MITOP2 Elstner et al. 2009
Peroxisomes AraPerox Reumann et al. 2004

PeroxisomeDB2.0 Schlüter et al. 2010
Nucleoli AtNoPDB Brown et al. 2005

Table 12.4  Softwares used 
for prediction of protein 
subcellular localization
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responsive to developmental, genetic, and environmental stimuli and, varying in 
composition depending on both plant organs and cell types, where it may play spe-
cialized functions (Millar et al. 2005). Recent advances in mitochondria proteome 
characterization after organelle purification and high-throughput identifications by 
MS allowed deciphering complex mechanisms taking place in this organelle, such 
as PTMs (Table 12.2).

The first 2-D reference map of mitochondria proteome came from Arabidopsis 
cell cultures, representing 100 abundant proteins and 250 low-abundance proteins 
in the 3–10 pI range. Among the 170 proteins analyzed by MALDI-TOF, only 81 
have known functions (Millar et al. 2001). In the same species, Kruft et al. (2001) 
separated 800 mitochondria proteins from green tissues (leaves and stems) and/
or cell suspension cultures by 2-D IEF or blue native (BN)/Tricine SDS-PAGE. 
Fifty-two protein spots were identified by immunoblotting, Edman sequencing, 
MALDI-TOF, or nESI-MS/MS. Of 52 proteins, 20 % were newly associated to 
mitochondria. The other proteins belonged to eight functional classes illustrating 
the multiple activities taking place in the mitochondrion. These classes are: (i) 
respiratory chain and ATP synthase complex; (ii) pyruvate decarboxylation and 
citric cycle; (iii) amino acid, nitrogen and sulfur metabolism; (iv) nucleotide me-
tabolism; (v) transport across membranes; (vi) chaperones; (vii) DNA replication, 
transcription, translation, DNA- and RNA-binding proteins; and (viii) protection 
against oxygen.

One of the first targeted approaches studying mitochondrial proteome variations 
between plant organs was performed by Bardel et al. (2002) in P. sativum. They 
combined 2-DGE with gel filtration as third dimension and adopted three methods 
of protein identification (Edman degradation, MALDI-, and ESI-MS/MS) to char-
acterize the soluble proteome of pea leaf mitochondria. Then, they compared the 
leaf soluble mitochondrial proteome to those of etiolated leaves, roots, or seeds. 
Among the proteins detected in seeds are thiosulfate sulfurtransferase (TST, rho-
danese) with role in detoxification processes, HSP22, and proteins related to late 
seed maturation (maturation protein PM32 and late embryogenesis abundant ‘LEA’ 
III protein). Several mitochondria seed proteins were also present in mitochondria 
from others plant tissues, such as HSP22 and LEA III. The remarkable tolerance 
of seed mitochondria to adverse temperatures (both heat and cold) was related to 
the high amounts of mitochondrial HSPs (Stupnikova et al. 2006). High levels of 
LEA proteins were found within the matrix space of mitochondria isolated from pea 
seeds, where a beneficial role in respect to the protection of cell components during 
dehydration was proposed (Grelet et al. 2005).

During early stages of seed germination, respiration is anaerobic. The imbibi-
tion of water during germination allows aerobic respiration to occur through hy-
drolysis of the stored reserves providing substances for respiration. The pivotal role 
of mitochondria in germinated seeds subjected to anaerobic conditions has been 
recently investigated by Taylor et al. (2010). Anaerobic-germinated seeds were 
shown to contain large amounts of arginine, ornithine, and proline. Moreover, sev-
en distinct carrier proteins belonging to the O. sativa mitochondrial carrier fam-
ily were identified and quantified by MS in aerobic- versus anaerobic-germinated 
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seeds. Anaerobiosis was shown to induce a mitochondrial basic amino acid car-
rier1 (BAC1) and an arginase involved in the ornithine-urea cycle, concomitantly 
with the activation of ornithine-arginine-citrate metabolism. The authors proposed 
that during anaerobic respiration rice germination BAC1 plays a specific role in 
the ornithine-arginine-citrate metabolism through arginine and ornithine transport. 
This transport may facilitate the mitochondria-localized arginase reaction and may 
be needed for specific aspects of basic amino acid metabolism of anaerobic rice, 
leading to putrescine-stimulated coleoptile elongation and early anaerobic proline 
synthesis in the rice embryo.

During seed imbibition (i.e., when respiration becomes aerobic), the mitochon-
drion appears highly sensitive to environmental conditions, as shown in soybean 
seed axis subjected to different imbibition temperatures (22, 10, and 4 °C: Yin 
et al. 2009). The mitochondria isolated from soybean seed axis were divided into 
light and heavy, and proteins differentially accumulated between the different im-
bibition temperatures were analyzed by ESI-Q-TOF-MS/MS. The axes imbibed 
at 4 °C mainly contained light mitochondria, which showed poorly developed in-
ternal membrane system and few cristae, lower levels of oxidative phosphoryla-
tion activity, and specific mitochondrial enzymes, including malate dehydrogenase 
(MDH), putative ATP synthase subunit, chaperonin-60, arginase, and elongation 
factor Tu. In contrast, the axes imbibed at 22 °C mainly contained heavy mitochon-
dria, which exhibited higher metabolism (Yin et al. 2009). During the development 
of seed embryonic axis, respiratory enzymes and related carbohydrate metabolism 
were found to be responsive to other abiotic stresses. In mitochondria purified 
from Pisum sativum seeds exposed to the highly toxic heavy metal cadmium, the 
activities of MDH, succinate dehydrogenase (SDH), NADH cytochrome c reduc-
tase, succinate cytochrome c reductase, and invertase were rapidly inhibited, while 
the activities of NADPH-generating enzymes (glc-6-P dehydrogenase and 6-phos-
phogluconate dehydrogenase) and fermentation enzymes [alcohol dehydrogenase 
(ADH)] were stimulated (Smiri et al. 2009). Interestingly, differential effects of 
cold and heat stress towards the synthesis and accumulation of ‘dlps’, which are 
hydrophilic proteins similar to ‘dehydrins’, were recently observed in mitochon-
dria isolated from imbibed seeds and hypocotyls (Rurek 2010). These proteins be-
long to the LEA protein family discovered first in the mitochondria (Grelet et al. 
2005), where a role was shown in protecting enzymes from desiccation. The entity 
of thermostable dlp accumulation was evaluated after immunoprecipitation and 
identification of dlp-cross reactive proteins from 1-D (SDS-PAGE) gels. The pool 
of dlps from different plant organs highly varied; their molecular mass ranging 
from 10 to 100 kDa and 20 to 90 kDa in Arabidopsis, cauliflower and lupin, respec-
tively. Interestingly, cold stress selectively induced accumulation of some small 
dlps (Rurek 2010). The effect of heat stress was less significant in lupin and Ara-
bidopsis than in cauliflower inflorescence mitochondria, leading to the preferential 
accumulation of 100 kDa dlps. Such dehydrin-like proteins were also detected in 
nucleus, cytoplasm, and plasma membrane in response to cold, frost, and drought, 
respectively (Borovskii et al. 2002). Altogether, the data suggest dehydrins might 
protect the components of various organelles during late seed development, where 
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an intense desiccation occurs and later during the plant life cycle when conditions 
become unfavorable.

12.3  Peroxisomes Are Key Players in Carbon Metabolism 
(Breakdown of Storage Lipids) During Germination 
of Oilseeds and Seedling Growth

Peroxisomes are ubiquitously found eukaryotic organelles that compartmentalize a 
variety of oxidative metabolic reactions by a single lipid bilayer membrane. They 
were the focus of many studies this last decade, probably because they were the 
latest organelles discovered. The name peroxisome comes from the presence of 
several enzymes, involved in production/degradation of hydrogen peroxide (H2O2). 
An interesting feature of peroxisomes is their lack of genome. The peroxisomal pro-
teins are imported from the cytoplasm or via the ER into peroxisomes. The import 
of peroxisomal matrix proteins occurs through two specific receptor-mediated im-
port pathways: each pathway is defined by one of two conserved ‘peroxisome tar-
geting signals (PTSs)’, types 1 and 2 (PTS1, PTS2) on the cargo proteins that spe-
cific cytosolic receptors (Pex5p, Pex7p) recognize and transport (Brown and Baker 
2003). In plants, there are several classes of peroxisomes. Plant specific glyoxy-
somes are found in young seedlings and contain enzymes specific of the glyoxylate 
cycle, which plays a role in the conversion of stored FA to carbohydrates during the 
heterotrophic-growth phase. When the young plant becomes photosynthetic (i.e., 
autotrophic), leaf peroxisomes allows photorespiration to occur through the activity 
of key enzymes, such as glycolate oxidase and hydroxypyruvate reductase. Per-
oxisomes are transformed back into glyoxysomes in occurrence of leaf senescence 
(Kaur and Hu 2009). These organelles are extremely dynamic and their enzymatic 
and metabolite contents vary depending on plant species, tissue, and environmen-
tal stimuli (Aung et al. 2010; Baker et al. 2006; Gabaldón 2010). Computational 
analyses of protein sequences helped in identifying a wide range of their biochemi-
cal pathways. The ‘AraPerox’ database lists 400 candidate proteins endowed of 
the PTS and thus, potentially targeted to Arabidopsis peroxisomes (Reumann et al. 
2004). Novel plant PTS peptides have been discovered in the postgenomic era, thus 
increasing the number of putative proteins targeted to peroxisomal membrane or 
matrix (Reumann et al. 2009).

In plants, these organelles contain enzymes for the oxidative photosynthetic 
carbon cycle of photorespiration, glyoxylate cycle, β-oxidation of indole butyric 
acid, biosynthesis of JA and auxin, ureid metabolism, and cell signaling by ROS 
and nitrogen species (Kaur and Hu 2009). In oilseeds, the presence of two path-
ways of FA β-oxidation and glyoxylate during postgerminative growth of seed-
lings allows this organelle to convert the seed reserve lipids into sugars necessary 
for seed germination and early plant growth (Cornah and Smith 2002; Linka et al. 
2008). This pivotal role in carbon metabolism has been recently described in ger-
minating Arabidopsis seeds (Pracharoenwattana et al. 2010), where a peroxisomal 
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hydroxypyruvate reductase (HPR) can oxidize NADH at sufficient rate and contrib-
ute to FA β-oxidation in the absence of peroxysomal MDH, which normally serves 
to reoxidise NADH for β-oxidation. The peroxisomal NADH has been thought not 
to be exported to the cytosol for oxidation but oxidized by resident oxidoreductases. 
In spite of 40 years of research, peroxisomes are still considered as a ‘mysterious 
organelle’. As evidenced by Palma et al. (2009) in their review about the proteome 
of plant peroxisomes, less proteomics data are available in comparison with animals 
and yeast because of the difficulties in purifying peroxisomes from plant samples, 
in term of both yield and absence of interfering compounds. These organelles are 
poorly abundant under standard growth conditions and physically associated with 
mitochondria and chloroplasts. Despite these difficulties in isolating peroxisomes, 
some remarkable proteomics investigations of this organelle have been performed 
in plants (Table 12.2).

Analyses on seedlings mostly concern peroxisome/glyoxisome enzyme charac-
terization. In Helianthus annuus cotyledons, Jiang et al. (1994) characterized HPR 
and malate synthase activities of peroxisome membrane proteins during the conver-
sion of oilseed glyoxisomes into leaf-type peroxisomes. Bunkelmann and Trelease 
(1996) investigated a glyoxysomal membrane ascorbate peroxidase (gmAPX) and 
a monodehydroascorbate reductase in dark-grown cotyledons of growing cotton 
seedlings with respect to H2O2 production during the β-oxidation of lipids stored 
in cotyledons. One of the first works reported for seeds is from Reumann et al. 
(1997), who isolated glyoxysomes from endosperm of Ricinus communis seedlings 
and demonstrated the presence in their membranes of an integral protein with porin 
activity, very similar to porins of leaf peroxisomes, and putatively involved in the 
translocation of small organic and amino acids (e.g., succinate, citrate, malate, and 
aspartate). The existence of porin-like polypeptides was further confirmed by im-
munoblots and electron microscopy (EM) immunogold analyses in the boundary 
membranes of seedling glyoxysomes of oilseeds species (sunflower, castor, bean, 
and cotton; Corpas et al. 2000).

Fukao et al. (2002) analyzed peroxisomes purified from glyoxysomes of green-
ing Arabidopsis cotyledons. Apart from the identification of nine typical proteins 
of leaf peroxisomes (five related to glycolate pathway and four related to H2O2 
scavengers), they identified 20 novel proteins, such as protein kinases and phos-
phatases, thus hypothesizing that phosphorylation may be a regulatory mechanism 
in leaf peroxisomes. Among phosphorylated glyoxysomal proteins, a serine/threo-
nine (S/T) protein kinase 1 was further characterized. The serine/threonine protein 
kinase 1 was found in peripheral membranes of Arabidopsis etiolated cotyledons. 
Its putative kinase domain being located inside the glyoxisomes appears different 
from the four protein kinases previously identified in leaf peroxisomal proteome 
(Fukao et al. 2002), thus supporting the evidence of distinct peroxisome-specific 
phosphorylation events.

Recent developments in methods of isolating peroxisomes suitable for proteome 
analyses were performed. In pumpkin seedlings, Harrison-Lowe and Olsen (2006) 
developed a rapid procedure and proposed catalase and isocitrate lyase assays 
on 1-D protein bands to verify the presence of intact glyoxysomes, together with 
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morphological observation by EM. By combining Percoll and iodixanol density-
gradient centrifugations, Arai et al. (2008a) succeeded in optimizing a protocol 
for peroxisome isolation from etiolated soybean cotyledons. This method allowed 
the identification of 92 polypeptides assigned to 70 sequences. Of which, 30 were 
predicted as located in peroxisomes, including proteins related to FA β-oxidation, 
glyoxylate and glycolate cycles, stress response, metabolic transport, a voltage-
dependent anion-selective channel protein, proteins from the short-chain dehydro-
genase/reductase, the enoyl-CoA hydratase/isomerase, and the 3-hydroxyacyl-CoA 
dehydrogenase-like families. Interestingly, of the 30 reported peroxisomal proteins, 
18 contained PTS1, 4 contained PTS2, but 8 of them, which were orthologs of 
MDH, citrate synthase, glycolate oxidase, APX, and voltage-dependent anion-se-
lective channel protein from other species, had no PTS sequence.

A proteomic analysis of leaf peroxisomes from mature Arabidopsis leaves has 
also been recently reported (Reumann et al. 2007). A total of 68 nonredundant (NR) 
proteins were identified, 42 of which were newly associated to peroxisomes. Seven-
teen of the novel proteins carried predicted signals PTS1 or PTS2, and 11 proteins 
contained PTS-related peptides. In fact, the investigation on the targeting function 
of predicted and unpredicted signals shed light on three novel functional PTS1 pep-
tides (SSL, SSI, and ASL), which were not previously characterized. A combina-
tion of Percoll and sucrose-density gradient centrifugations was also performed to 
obtain highly pure peroxisomes from mature Arabidopsis leaves. Among the 42 
novel proteins, a large number of them were associated to FA β-oxidation. Among 
the other proteins identified, some are related to detoxification (such as glutathione 
reductase and glutathione-S-transferase, GST), pathogen, and herbivore defense 
(β-glucosidases 1 and PYK10 among others), supporting an important role of leaf 
peroxisomes in defense processes.

The comparative analysis of the proteome of peroxisomes between plant tissues 
reported thus far showed significant discrepancies. Only 11 proteins were in com-
mon between Arabidopsis cotyledons and mature leaves. In a novel approach for 
the investigation of the peroxisomal proteome from Arabidopsis, the classical den-
sity gradient centrifugation was followed by free-flow electrophoresis and quanti-
tative proteomics (Eubel et al. 2007, 2008). These authors provided evidence for 
the peroxisomal localization of 89 proteins, 35 of which had not previously been 
identified. Twenty-one of these proteins lack a recognizable PTS1 or PTS2 signals 
and most of them are involved in and/or related to FA oxidation. Other reported 
proteins were associated to processes involved in hormone biosynthesis/activation, 
valine catabolism, carbon/nitrogen/sulfur metabolisms, antioxidant defense, and 
reducing metabolism. The functional roles of many putative peroxisomal proteins 
and their interactions with metabolic pathways localized in other cell organelles are 
still unknown. Interestingly, an emerging role played by peroxisomes was recently 
shown regarding vitamin K1 biosynthesis in spinach leaves (Babujee et al. 2010), 
salinity stress in Arabidopsis seedlings (Corpas et al. 2009), cadmium oxidative 
alterations in Arabidopsis leaves (Rodríguez-Serrano et al. 2009), and during cyto-
kinesis (Collings and Harper 2008). Innovative subproteomics approaches and anal-
yses of PTMs (e.g., glycosylation, phosphorylation, S-nitrosylation, or oxidation) 
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on purified peroxisomes may thus offer a good complementary strategy to classical 
proteomic approaches to better decipher, together with genomics information, the 
biology of this dynamic organelle, the functionality of several enzymes, as well as 
their interactions with other cellular components, including metabolite exchanges 
with other cell compartments.

12.4  Plastids: Photosynthetic Carbon Fixation, Synthesis of  
Amino- and Fatty-Acids, Starch, and Secondary Metabolites

Plastids are characteristic plant cell organelles performing essential biosynthetic 
and metabolic functions (photosynthetic carbon fixation, synthesis of amino and 
fatty acids, starch, and secondary metabolites). They develop from proplastids 
and differentiate in a tissue/cell specific and signal-dependent manner into highly-
specialized plastid types with specific structure, pigment composition, cell/tissue 
localization, and functional properties, such as chloroplasts (photosynthetically ac-
tive leaf tissues), chromoplasts (fruits and petals), and amyloplasts (roots and stor-
age tissues). Plastids can be distinguished as photosynthetic or nonphotosynthetic, 
depending on their autotrophic or heterotrophic metabolism (Lopez-Juez and Pyke 
2005). A comparison of proteins identified from different plastid types revealed 
that proteomes of heterotrophic and autotrophic plastids highly differ, especially 
in their energy metabolism. Although plastids are of significant biological inter-
est, current knowledge of their different metabolic functions is still limited. In this 
context, subcellular proteomics of purified plastids represents a powerful approach 
for high-throughput protein identification and elucidation of plastid-type specific 
functions (Table 12.2).

A first overall plastid proteome characterization was performed in Brassica napus 
seeds (Jain et al. 2008), whose embryos store up to 50 % TAG, to characterize the 
so-called ‘embryoplasts’ containing chlorophyll, but heterotrophic and similar to the 
nonphotosynthetic leucoplasts. Highly-pure plastids were successfully isolated from 
developing embryos and isolated proteins were analyzed by MudPIT. Interestingly, 
around 53 % of the 80 NR identified proteins were components of photosystem, light 
harvesting, cytochrome b/f, and ATP synthase complexes. These data supported the 
term often used to describe embryoplasts as photoheterotrophic, since these organ-
elles harvest light for ATP and NADPH production but obtain carbon principally 
from the source organs. The authors also showed a close similarity of embryoplasts 
to chloroplasts than leucoplasts or amyloplasts. Baginsky et al. (2004) compared the 
proteome of undifferentiated proplastids of tobacco BY-2 cell culture with that of dif-
ferentiated heterotrophic amyloplasts by using MudPIT. This comparative shotgun 
proteome analysis revealed significant differences between these two plastid types, 
suggesting functional adaptations of the plastid proteome during differentiation.

Proteomics also proved to be an extremely useful technology to get new in-
sights into the root plastidome. The proteome of plastids isolated from Medicago 
truncatula roots was analyzed by nESI-LC-MS/MS (Daher et al. 2010). A total 
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of 266 proteins were identified that belong to different classes, including nucleic 
acid-related processes (16 %), carbohydrate (15 %), and nitrogen/sulfur (12 %) me-
tabolisms. Interestingly, a new role for root plastids was hypothesized in the context 
of plant cell responses towards biotic/abiotic stresses, since 10 % of the identified 
proteins were found to be involved in stress response processes.

12.4.1  Chloroplasts: Autotrophic Plastids Specialized  
in Photosynthesis Processes

Chloroplasts are typical photosynthetic organelles of cyanobacterial origin  
(Goksøyr 1967). Chloroplasts collect light energy and synthesize sugar phosphates, 
which release NADPH and ATP through oxidative metabolism. Mature chloroplasts 
are thought to contain about 3,000 proteins (Leister 2003). They are composed of 
several compartments, each of them being constituted of a subset of proteins or 
subproteomes, thus implying the establishment of a variety of purification and 
fractionation techniques for chloroplast subproteomics studies in different plant 
species (Leister 2003; van Wijk 2004) (Table 12.2). Several functional proteomics 
approaches have been reported for purified chloroplasts in Arabidopsis seedlings 
(Kleffmann et al. 2004), in leaves of Arabidopsis (Aronsson and Jarvis 2002; Ferro 
et al. 2003; Kley et al. 2010; Zabrouskov et al. 2003), Sinapis alba (Schröter et al. 
2010), and Zea mays (Lonosky et al. 2004), in stems and leaves of Salicornia euro-
paea and Arabidopsis (Fan et al. 2009), and in Capsicum annuum fruits (Martí et al. 
2009). All these works, usually combined with transcript profiling, have succeeded 
in characterizing the proteome of photosynthetically active chloroplasts, especially 
after overcoming the constraint of the highly-abundant proteins to obtain new in-
sight into chloroplast biochemical pathways and regulatory networks (Table 12.2) 
(for a review, see Joyard et al. 2010). Moreover, mechanisms regulating chloro-
plast biogenesis have been studied during maize de-etiolation (‘greening’). When 
exposed to light, photosynthetically incompetent etioplasts in dark-grown seed-
lings develop into photosynthetically competent chloroplasts, which involve the 
synthesis of photosynthetic apparatus components and pronounced ultrastructure 
alterations. In this context, Lonosky et al. (2004) proposed a valid and reproducible 
protocol based on 2-D and MS to identify changes in the Z. mays plastid proteome 
during the greening process and to set up a clustering technique for discriminating 
protein expression classes during greening.

12.4.2  Chromoplasts: Heterotrophic Plastids Synthesizing  
and Accumulating Caroteinoids

Flower development and fruit ripening are usually accompanied by several bio-
chemical and physiological events, which include the loss of chlorophyll and the 
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synthesis of colored compounds, such as carotenoids accumulating in chromoplasts. 
Chromoplasts are special heterotrophic plastids. They play a crucial role in the gen-
eration of major metabolites essential for sensory and nutritional quality of fruits. 
These chromoplasts are derived from photosynthetic (autotrophic) chloroplasts. 
Chloroplast to chromoplast conversion is accompanied by the disassembly of the 
chloroplast thylakoid membrane system and by the massive synthesis and accu-
mulation of carotenoid pigments. Evidences of carotenoid biosynthesis as primary 
metabolic pathway come from a comprehensive database-independent proteome 
analysis of chromoplasts from Capsicum annum (Siddique et al. 2006). A total 
of 151 proteins were identified with a high-level of confidence. All of them were 
classified into 16 functional classes, 60 % being enzymes involved in carotenoid 
biosynthesis. The other proteins were associated to carbohydrate and amino acid 
metabolism, or were not previously reported. Recent advances in the elucidation 
of mechanisms governing fruit ripening were achieved for red fruit tomato chro-
moplasts. Both soluble and insoluble proteins extracted from purified chromoplasts 
were sequenced using the LC-MS/MS LTQ-Orbitrap technology of high-mass ac-
curacy and sensitivity. A total of 988 proteins corresponded to 802 Arabidopsis 
unigenes, among which 209 had not been listed so far in plastidial databanks. These 
data substantially revealed several new features of chromoplasts and thus enriched 
our knowledge of nonphotosynthetic plastids (Barsan et al. 2010) (Table 12.2). An 
example of new feature is the presence in chromoplasts of the entire set of Calvin 
cycle proteins, including ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBis-
CO), as well as the OPPP.

12.4.3  Etioplasts and Amyloplasts: Heterotrophic Plastids 
Storing Starch Lipid and Proteins

Etioplasts and amyloplasts are both heterotrophic organelles, acting as chloro-
plast precursors and starch storage, respectively. In particular, etioplasts develop 
in dark-grown angiosperm seedlings. Upon light, their extensive inner prolamellar 
and prothylakoid membranes are converted into the chloroplast lamellar thylakoid 
membrane system, and photosystem (PS) I and II are assembled in a few hours. A 
first extensive proteome analysis of purified etioplasts was performed by von Zy-
chlinski and Gruissem (2009) from dark-grown rice leaves. A total of 240 unique 
proteins were identified, revealing complex etioplast-specific metabolic pathways 
and novel regulatory functions. In etioplasts isolated from dark-grown Hordeum 
vulgare seedlings, Plöscher et al. (2009b) investigated how plants grown in the 
darkness prepare for the induction of chlorophyll dependent photosystem assem-
bly upon light perception. All low molecular weight proteins of PSII accumulate 
in the etioplast membrane fraction in the darkness, whereas PsaI and PsaJ of PSI 
were the only low molecular weight proteins which do not accumulate in the 
darkness.
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The amyloplast, like the chloroplast, is surrounded by a double membrane con-
taining the stroma in which starch granules accumulate. Because this organelle is 
a major sink for starch in many types of plant cells, proteomics has been applied 
to purified amyloplast in order to characterize the starch biosynthetic enzymes 
and the regulatory networks underlying starch accumulation during grain filling 
in Z. mays and Triticum aestivum (Andon et al. 2002; Balmer et al. 2006; Ban-
cel et al. 2010; Hennen-Bierwagen et al. 2009) and during fruit development in 
Solanum tuberosum (Stensballe et al. 2008) (Table 12.2). Starch granules are the 
major carbohydrate storage organites for many types of plant cells. In seeds of 
cereals, starch is the major storage compound of the wheat endosperm (i.e., the 
filial tissue). It is composed of amylose [a linear chain of R(1-4) D-glucan poly-
mer] and amylopectin [a branched chain of a R(1-4) and (1-6) D-glucan polymer]. 
These components are synthesized in amyloplasts in the form of distinct and de-
velopmentally regulated granules. Large-type A granules (diameters ≥ 10 μm) are 
formed in early stages of seed development (Bechtel et al. 1990). Smaller type 
B granules (diameters from 5 to 10 μm) are initiated during mid-development, 
and much smaller type C granules (diameters < 5 μm) appear late in development 
(Bechtel et al. 1990). As evidenced by Andon et al. (2002), among the most impor-
tant factors determining final protein yield of cereal grains, the rate of grain filling 
is largely controlled by endosperm-located amyloplasts. The authors identified 
108 proteins from whole amyloplasts and 63 from amyloplast membranes isolated 
from wheat endosperm, among which several candidates were putatively involved 
in regulating grain filling (e.g., hexose phosphate transporter homologs, putative 
import associated proteins, proteins with potential ADPG binding or mitocarrier 
motifs, and proteins containing transmembrane domains). Seed amyloplasts pos-
sess a broad metabolic versatility. Identification of 289 proteins in wheat seed 
amyloplasts has evidenced, besides starch biosynthesis and degradation, a wide 
range of metabolic pathways (e.g., cytoskeleton/plastid division, energetics, ni-
trogen/sulfur metabolism, nucleic acid- or protein- related reactions, synthesis of 
various building blocks, transport, signaling, and stress), emphasizing the impor-
tance of amyloplasts in fulfilling essential biosynthetic functions for the parent 
cell (Balmer et al. 2006).

Recently, Bancel et al. (2010) set up an efficient and selective purification meth-
od of wheat seed starch granules of types A and B by minimizing the yield of con-
taminations by SPs. Proteome 2-D maps were established for both types of granules 
and compared. Around 85 % of the identified spots were related to carbohydrate 
(hexose or starch) metabolism and stress defense, reflecting similar metabolic ac-
tivities. Few spots also showed significant variation in abundance between A-type 
and B-type granules. Some enzymes involved in seed starch biosynthesis (starch 
synthase IIa ‘SSIIa’, SSIII, starch branching enzyme IIb ‘SBEIIb’, and ‘SBEIIa’) 
were purified by anion-exchange chromatography and immunoprecipitation togeth-
er with additional proteins, and their identification by MS provided insights into 
multisubunit complexes and carbon partitioning between metabolic pathways in 
developing seeds (Hennen-Bierwagen et al. 2009).
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12.5  Endoplasmic Reticulum: An Inticulum Endomembrane 
System for SSP Processing, Trafficking, and Lipid 
Biosynthesis

Seed development is accompanied by high rates of SP and/or lipid synthesis, which 
are degraded during germination to provide nutrients for the young heterotrophic 
seedling. The ER plays an important role in seed filling since it is the site of SP matu-
ration and lipid synthesis. Therefore, there is strong interest in identifying the proteins 
related to this endomembrane system in view of stimulating SP or lipid synthesis/mat-
uration in developing seeds (Table 12.2). Subproteomics approaches were employed 
to better decipher the complex events occurring in ER during seed development and 
germination. ER was purified from developing and germinating seeds of castor bean 
( R. communis), whose endosperm is liquid and thus highly suitable to intact organelle 
isolation (Maltman et al. 2002, 2007). Proteins present in the soluble ER proteome 
from developing seeds were involved in SP trafficking/processing and those present 
in the soluble ER proteome from germinating seeds were involved in folding process-
es. Putative components of lipid biosynthesis were unidentified in urea soluble ER 
fractions; these proteins were hypothesized as either insoluble in the 2-D extraction 
buffer or located in ER integral membranes (Maltman et al. 2007). Some luminal pro-
teins involved in protein folding were identified, such as protein disulfide isomerase 
(PDI) and putative chaperonin of the binding protein (BiP) class. PDI catalyzes the 
formation and rearrangement of disulfide bonds of the newly synthesized proteins, 
whereas BiP, a molecular chaperone related to the HSPs, is involved in the assem-
bling of the nascent proteins by preventing their denaturation or aggregation and in 
the recognition and disposal of misfolded polypeptides. In M. truncatula seeds, the 
temporal induction of the proteins identified as BiP and PDI coincided with the onset 
of SP accumulation (Gallardo et al. 2003), which makes these chaperones good can-
didates for controlling folding and assembly of SP during seed development.

12.6  Oil Bodies: A Reservoir of Lipids As Carbon  
and Energy Source

In oleoproteaginous seeds, lipids are deposited in the form of TAG during seed 
development and are mobilized upon germination to provide carbon and energy for 
the developing seedling. After trafficking in the ER, TAGs accumulate in embryo or 
endosperm in small spherical organelles named OBs, composed of a core of TAG 
surrounded by a monolayer of phospholipids embedded with proteins (Shimada 
and Hara-Nishimura 2010). The exact mechanisms of OBs biogenesis and degrada-
tion still remain to be elucidated. Because of the central role played by proteins in 
OB stability and resistance, several works focused on their characterization in oil-
rich mature seeds of Arabidopsis (Jolivet et al. 2004), rapeseed (Jolivet et al. 2009; 
Katavic et al. 2006), and soybean (Schmidt and Herman 2008) (Table 12.2).
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First information insights into OB-protein complement were achieved through 
a subproteomic approach, which combined protein extraction from purified OBs 
derived from Arabidopsis mature seeds with 1-DGE and MS. Eight proteins were 
identified; oleosins represented up to 79 % of OB protein content and the 18.5 kDa 
polypeptides were being the most abundant (Jolivet et al. 2004). Among these pro-
teins, the putative embryo specific protein ATS1 (a novel Arabidopsis thaliana 
seed protein) and the 11-β-hydroxysteroid dehydrogenase-like protein were also 
detected in mature seed OBs of two B. napus crop cultivars. Among the novel 
OB-proteins identified in B. napus, a short chain dehydrogenase/reductase was 
found to be similar to a TAG-associated factor from narrow-leafed lupin, while 
a myrosinase showed a high similarity to the lipase/hydrolase family of enzymes 
with GDSL motifs. Both proteins were suggested to act in OB degradation. The 
24 kDa oleosin was investigated by a functional proteomics approach combining 
ultrastructural observation and protein analyses in transgenic soybean lines un-
able to synthesize this protein. Transgenic seeds showed large OB-ER complexes 
with the interior dominated by micro-OBs, which were abundant in caleosin and 
lipoxygenase but, as expected, absent in oleosin, for which a surfactant function 
was thus proposed (Schmidt and Herman 2008). Consistent methodological im-
provements of OB proteomics were gained through the use of highly efficient OB 
purification steps to remove non-specifically OB-trapped proteins. Genomics and 
conventional/shotgun proteomics approaches were combined and allowed, togeth-
er with searches for PTMs and immune detections, a precise characterization of 
the major seed OB-proteins (e.g., 19 oleosins, 5 steroleosins, and 9 caleosins), 
for some of which, PTMs were detected (e.g., acetylation of some oleosins, low 
level of phosphorylation of steroleosins and caleosins) (Jolivet et al. 2009). Further 
analyses about OB proteins during seed development and their possible role(s) in 
OB biogenesis will help to decipher part of the processes governing oil accumula-
tion in seeds.

12.7  Nuclei: Site of Gene Expression and Regulatory 
Processes for Seed Development

The eukaryotic nucleus is an organelle particularly complex both in structure and 
function. It is surrounded by a double membrane, and an intense trafficking of pro-
teins and RNAs occurs through its nuclear pore complex. It hosts mostly of the 
DNA-coded genetic information but regulatory networks still need to be identified. 
Its structure is highly dynamic. Both euchromatin and heterochromatin move con-
tinuously through the fibrillar network of the nuclear matrix, depending on cell tran-
scriptional status (Erhardt et al. 2010). The cardinal role of nucleus in eukaryotic 
gene expression and regulation poses this organelle as preferential site of proteins 
(e.g., transcription factors/regulators) controlling plant developmental programs or 
physiological states, including seed development (Table 12.2).
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The nuclear proteome was explored at the switch towards seed filling in order to 
understand molecular mechanisms governing the transition from embryogenesis to 
reserve accumulation in the legume model plant M. truncatula. This study revealed 
an unexpected high pool of ribosomal proteins, in preparation for the subsequent in-
tense synthesis activity for SPs in embryos (Repetto et al. 2008). In comparison with 
Arabidopsis leaf nuclei (Bae et al. 2003) and chickpea (Pandey et al. 2008), the M. 
truncatula seed nuclear proteome was enriched in three classes (DNA metabolism, 
RNA processing, and ribosome biogenesis; Repetto et al. 2008), the proportion of 
ribosomal proteins exceeding that in nuclear proteomes from vegetative tissues or 
cell cultures. In particular, among the 143 proteins identified by 1-DGE and nLC 
ES-MS/MS, several new nuclear proteins were highlighted with possible roles in 
the biogenesis of ribosomal subunits (PESCADILLO-like) or in nucleocytoplasmic 
trafficking (dynamin-like GTPase), together with others involved in transcriptional 
regulation (MADS-box protein AGL11), RNA processing, silencing, or transport. 
Some of these proteins were not previously reported in seeds, such as the DIP2 and 
ES43 transcriptional regulators or RNA silencing-related ARGONAUTE proteins. 
Interestingly, this study also revealed a possible control of gene expression through 
modification of genome architecture/accessibility during seed filling and matura-
tion, as suggested by the timing of expression of genes encoding chromatin-mod-
ifying enzymes (C-5 MTase, HAT, HDA) (Repetto et al. 2008). In the year 2008, 
another approach was used by Li et al. (2008) to elucidate regulatory mechanisms 
of endosperm development in rice and, indirectly, grain yield improvement in cere-
als. The authors developed a method for the enrichment of endosperm nuclei and 
the recovery of relatively low-abundance proteins for shotgun proteomics. Among 
the 468 identified proteins, 44 % were hypothetical, supporting the importance of 
nuclear proteome characterization for genome annotation, while a large propor-
tion was putatively acetylated (e.g., putative H2B, retrotansposon, transposon, and 
14 function unknown nuclear proteins) or methylated (bZIP transcription factor, 
H2A, putative HSF, TRAB1, transposon protein, retrotransposon protein, and 13 
unknown and hypothetical nuclear proteins). Acetylation and methylation of these 
proteins may affect their interactions with the nuclear genome, particularly in the 
imprinted endosperm genome. Similarly to Repetto et al. (2008), many ribosomal 
proteins were identified by Li et al. (2008) but the authors did not include them in 
the list of nuclear proteins as they can be both nuclear and cytoplasm. A differential 
expression of nuclear proteins during seed endosperm development (from 8 to 35 
DAP) was reported in Z. mays (Ferreira et al. 2006). Some unidentified proteins ap-
peared by 1-DGE as specific to early versus late developmental stages. Among the 
nuclear proteins that may play a role during late seed development is the p16 protein 
identified by Castillo et al. (2000). This protein may play a dehydrin like-function in 
the protection of chromatin structure against water deficit during seed development.

Several nuclear proteomics investigations have been performed in other tissues 
than seeds and many nucleus-specific proteome reference maps have been created 
to understand various plant physiological processes: dehydration responses in seed-
lings of Oryza sativa (Pandey et al. 2008) and Cicer arietinum (Choudhary et al. 
2009), and phosphorylation in those of Arabidopsis (Jones et al. 2009); cold stress 
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and sugar responses in leaves of Arabidopsis and O. sativa, respectively (Bae et al. 
2003; Aki and Yanagisawa 2009); and microgravity and differentiation/callus for-
mation in roots of Lepidium sativum (Sobol et al. 2007) and Z. mays, respectively 
(Alatzas and Foundouli 2009). All these works illustrate the interest of plant biolo-
gists in nucleus and show the usefulness of combining high-purity and yield nuclei 
purification techniques with 1- or 2-DGE protein separations and/or high-through-
put identifications by MS and bioinformatics, to decipher the regulatory network 
governing plant development or physiological states.

12.8  Concluding Remarks

In plants, proteomics investigations of organelles have undoubtedly increased our 
knowledge of their metabolic and regulatory pathways in better understanding seed 
biology. In the last decade, advancements in proteomics technology (i.e., MS instru-
ments, software development) along with access to the genome sequence of several 
plants have helped in digging dipper into organelle proteome, including the identifi-
cation of low-abundance proteins and new organelle-specific proteins. The findings 
of tissue-specific metabolic roles for some organelles underline the importance to 
exploit organelle function(s) in distinct plant compartments. The reconstruction of 
how organelle metabolic network interact/change during plant development is of 
particular interest in the systems biology area (e.g., switches of leaf chloroplast 
and seed amyloplast/OB proteomics during leaf photosynthetate remobilization 
and seed formation). The integration of proteomics with the other high-throughput 
omics technologies (genomics, transcriptomics, and metabolomics) could offer am-
bitious perspectives to reconstruct the seed metabolic networks. The validation of 
hypothetical role(s) for selected protein(s) and their importance in specific physi-
ological processes necessarily pass through gene depletion.
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Abstract Many changes in gene expression occur during maize kernel develop-
ment. Most changes are associated with the three main developmental stages: lag 
phase, grain filling, and grain maturation. Proteomics approaches dedicated to non 
storage proteins coupled with measurements of enzyme activities and metabolite 
levels provide a way to get an overview of the main metabolic changes and to 
look at the coordinated variation of the enzymes involved in the main biosynthetic 
pathways. It also enables to single out specific variation, which may have been 
overlooked by targeted approaches. Identification of proteins during maize kernel 
development not only uncovers physiologically consistent protein patterns associ-
ated with each stage but also reveals the unexpected importance of some pathways. 
A major modification occurs at the transition from lag phase (establishment of 
potential grain size) to grain-filling phase, where starch and proteins are accumu-
lated in the endosperm storage tissue. Although the expression of enzymes involved 
in the biosynthetic pathway for storage product is dominant in the accumulation 
phase, the proportion of protein destination (mainly, chaperonins) and protein syn-
thesis machinery is still important. Detailed proteomics analysis of metabolism 
shows a surprising upsurge of the pyruvate-Pi-dikinase (PPDK) at the late grain-
filling period (21 DAP onwards), and that is interpreted as a switch in the starch/
protein balance. This hypothesis is based on biochemical arguments involving the 
negative effect of PPi generated by PPDK activity on the cytosolic ADP-glucose 
pyrophosphorylase, a key-enzyme in starch synthesis, and the role of phospho-
enolpyruvate in aromatic amino acid synthesis. It is substantiated by the molecular 
genetic data on the O2 gene, which encodes a transcription factor with pleiotropic 
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effects on lysine content, carbohydrate metabolism, and expression of the cyPPDK1 
gene. One way to test this hypothesis is to use association genetics on a large panel 
covering most of the genetic variability in tropical, American, and European maize. 
After genotyping of 375 lines for O2 and cyPPDK1 genes, a polymorphism in the 
O2 coding sequence and several polymorphisms along the cyPPDK1 promoter have 
been identified which are associated in anon-additive way to both the lysine content 
and the protein versus starch balance. These and other findings are the subject of 
discussion of this chapter.

Keywords cyPPDK · Lysine · Maize kernel · Opaque-2 · Proteomics · Starch/protein

13.1  Introduction

Cereals represent a major part of human diet and animal feeding as they provide 
both carbohydrate (starch) and proteins, although unbalanced in some essential 
amino acids as lysine, especially in the case of maize (Young et al. 1998). Since the 
origin of agriculture, human populations have tried to favor grains with larger endo-
sperm, the main storage organ. Maize ( Zea mays L.), one of the major crops, accu-
mulates large amount of starch (75–80 % of endosperm dry matter at maturity) and 
SPs (10–12 %; mainly, zeins) in its kernels. Such resources are primarily devoted to 
seed germination and seedling initial growth. These reserve components constitute 
major traits in both agronomical and natural conditions. The starch/protein balance 
is of major importance in the use of maize for animal feeding. However, the at-
tempts to increase the protein complement by selecting for that trait irremediably 
resulted in lower starch content as illustrated by the well-known Illinois Long-Term 
Selection Experiment, which is spanning over more than 100 generations of classi-
cal breeding (Moose et al. 2004).

A physiological explanation of the apparent antagonism between starch and pro-
tein accumulation is likely to originate from different source-sink relationships for 
each reserve types (Prioul 1996). Indeed, the carbon source for grain filling mainly 
originates from current photosynthesis especially in maize, where carbon remobi-
lization from vegetative parts is poor, especially under stress conditions (Tollenaar 
and Daynard 1978; Prioul and Schwebel-Dugué 1992). Conversely, most nitrogen 
(amino acids) entering kernels comes from protein remobilization in the source or-
gans of previously assimilated nitrogen (Cliquet et al. 1990). Given that protein 
reserve in leaves is largely in the form of carboxylating enzymes [RuBisCO (35 %) 
and PEPC (15 %)] (Rocher et al. 1989), it is clear that an active protein remobiliza-
tion allowing high kernel protein content would be detrimental for photosynthesis 
and thus starch synthesis. This mechanism may be overcome in some stay-green 
genotypes, where late nitrogen uptake and assimilation from the root system reduce 
the drain in leaf proteins, thus the photosynthetic decline (Pommel et al. 2006).

The biochemical and molecular mechanisms controlling starch versus protein 
partitioning in the endosperm are yet to be uncovered. Many kernel mutants are 
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available in maize, suggesting that endosperm development is driven by the coordi-
nate expression of several hundreds of genes (Liu et al. 2008; Neuffer and Sheridan 
1980; Scanlon et al. 1994; Verza et al. 2005). Mutant analysis has been of great help 
in dissecting the biosynthetic pathway for reserves synthesis. Accordingly, each en-
zyme involved in starch synthesis from phloem sucrose import to starch accumula-
tion in amyloplast granules has been identified, as well as were some of the regula-
tory mechanisms (Hannah 2005; Hannah and James 2008). For protein, o2 mutation 
was recognized in the mid-twentieth century not only as affecting kernel aspect but 
more importantly as providing high-lysine grains, thus increasing the nutritional 
value for monogastric animals. Numerous efforts have been made to understand 
the o2-caused pleiotropic effects and its associated drawbacks. A major step in this 
direction was the identification of the O2 gene as a transcriptional activator of the 
bZIP protein family (Hartings et al. 1989; Schmidt et al. 1990) and its expression 
in the subaleurone layer from 10 DAP (Gallusci et al. 1994). Direct evidence on O2 
pleiotropic effects were provided from the o2 mutant which presents reduced tran-
script level of the 22 kD zein gene (Schmidt et al. 1992), increased accumulation of 
transcripts for the albumin class genes (Cord Neto et al. 1995), and also a decreased 
level of the gene encoding the bifunctional enzyme LKR/SDH (lysine-ketoglutarate 
reductase/saccharopine dehydrogenase). LKR/SDH is the first enzyme of lysine ca-
tabolism. The LKR/SDH activity temporally coincides with SP synthesis and ac-
cumulation in seeds and is strongly decreased in the o2 mutants compared to the 
wild type (Azevedo et al. 2003; Brochetto-Braga et al. 1992). The coordinated and 
opposite regulation of zein synthesis and lysine degradation pathways provide a 
basis for two important explanations. Firstly, the potential excess of lysine in the 
wild type seeds, if not utilized for the zein synthesis, would be degraded and, in 
turn, could act as a limiting factor for the synthesis of lysine-containing proteins. 
Secondly, the higher kernel lysine content in the o2 mutant indicates increase in the 
lysine-containing proteins (Landry et al. 2002). However, a demonstrated proof for 
limitation of lysine accumulation in seeds is still lacking.

In addition to the effect of O2 on SP expression, altered transcript expressions 
were found for the genes encoding enzymes of the starch biosynthetic pathway in 
the o2 mutant seeds as compared to wild type (Giroux et al. 1994), suggesting that 
the O2 gene also affects enzymes involved in the carbon metabolism. Accordingly, 
expression of the cytosolic form of the pyruvate-Pi-dikinase ( cyPPDK1) is reduced 
at the mRNA, protein, and enzymatic activity levels due to the o2 mutation (Madd-
aloni et al. 1996). Furthermore, a comparative proteomics analysis of the seven o2 
mutants along with their corresponding isogenic wild type provided a full picture 
of the extensive changes in the protein complements, including zeins and PPDK 
(Damerval and Le Guilloux 1998). Hence, the O2 and cyPPDK1 genes are excel-
lent candidates for controlling the starch/protein ratio in seeds (Prioul et al. 2008b).

Among the natural population of maize, genetic variation has largely been ob-
served for traits, such as yield, endosperm content in lipids, proteins, starch, or pro-
tein quality. For example, quantitative variation of zeins in various genotypes was 
demonstrated using an improved extraction method and2-DGE-based proteomics 
approach (Consoli and Damerval 2001). To date, genes and alleles have been 
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seldom identified that control natural variation among cultivated maize. Omics-
identified molecular markers and their use inbreeding programs might help in un-
derstanding the mechanisms and regulations involved in seed quality and yield. 
However, a rigorous validation of the candidate genes is necessary before utilizing 
them for genetic breeding. In this respect, association genetics provides a power-
ful tool. A similar approach is largely being used for human and animal genetics. 
Since the pioneer work of Thornsberry et al. (2001), this method has received an 
increasing interest from plant geneticists, especially with the development of high-
throughput genotyping methods. The principle is to analyze a core population of 
large genetic diversity for molecular polymorphisms of candidate genes, and to 
test the correlation between variation at phenotypic traits of interest and genetic 
diversity, such as SNP.

Cereal endosperm development is quite well characterized from its physiological 
point of view. Three main key phases are already described that include a total of 
five successive phenomena. The ‘lag phase’ begins from within a few hours after 
pollination to 12 DAP and consists of three stages, coenocytic, cellularization, and 
differentiation, resulting in rapid expansion of the endosperm. The subsequent pe-
riod ranging from 12 to 40 DAP is dedicated to kernel filling. Biochemically, the 
filling involves the conversion of imported sucrose and amino acids into starch and 
SPs. Most starch present in the endosperm is thus synthesized within a 28-day pe-
riod after the lag phase. Afterwards, the maturation-desiccation phase occurs, lead-
ing to the mature kernel at 70 DAP. A proteomic analysis of non SPs performed at 
seven successive stages (4 through 40 DAP) of developmental process revealed the 
main shifts in individual protein amount (Méchin et al. 2007). These proteins were 
mostly enzymes involved in starch biosynthesis and provided information on regu-
lation, when comparing to the variation in key enzyme activities and carbohydrate 
levels and also upon complementary transcriptomics analyses (Prioul et al. 2008a).

This chapter will mainly present the contribution of proteomics and some com-
parison with transcriptomics results towards understanding of the main changes in 
protein expression during seed development using maize as a model system. The 
potential role of two candidate genes O2 and cyPPDK1 in controlling starch/protein 
ratio and lysine content will be tested using association genetics.

13.2  Functional View of Maize Endosperm Development 
from Proteomics Analysis and Complementary 
Transcriptomics Measurements

Grains were sampled from the middle part of each ear at 4, 7, 10, 14, 21, 30, and 40 
DAP to cover the main phases of endosperm development. Starting from 14 DAP 
(as soon as kernels developed enough to allow easy dissection), kernels were dis-
sected to collect embryo and pericarp. The 2-DGE was performed using the IPG 
strip of 4–7 pH gradient in order to eliminate the zeins, basic proteins ( pI > 7) and 
to enrich low-abundance proteins. A reference map was established for the 14-DAP 
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stage, which is likely to contain proteins from both the lag and filling phases. Of 
the 632 excised protein spots, 504 spots were unambiguous identified by MS/MS 
analysis (Méchin et al. 2004). A total of 423 out of 504 spots were identified and 
quantified at four through 40 DAP (Méchin et al. 2007). Of 423 identified spots, the 
function of 121 spots could not be assigned. Hence, hierarchical clustering analysis 
was performed on the 302 remaining protein spots. The cluster analysis revealed 
four main developmental profiles, presenting a maximum protein accumulation at 
4–10 DAP, 10–14 DAP, 14–30 DAP, and 30–40 DAP, respectively (Fig. 13.1). Pro-
tein compositions in each cluster were physiologically meaningful.

Cluster I (4–10 DAP) covers the lag phase, including cellularization, cell di-
vision, and CW deposition (Fig. 13.2). Proteins within this cluster belonged to 
functional categories metabolism, protein destination, cell rescue (defense and anti-
ROS), organization, cell division, and protein synthesis. While the relative impor-
tance of respiration metabolism (glycolysis and Krebs cycle) is not surprising, the 
large contribution of cell rescue proteins and notably protection against ROS is 
rather unexpected. Presence of actin, tubulin, and cell organization proteins might 
be related to the active division and cellularization at this early stage. The predicted 
involvement of a large number of proteins in proteolysis is consistent with an im-
portant protein turnover process, which is likely to be associated to the switch from 
growth and differentiation to storage.

Cluster II corresponds to the early accumulation phase with minimum diversity 
in protein categories. Metabolism and protein destination categories appears to be 
equally important at early phase, but the protein destination category largely consist 
of proteins dedicated to protein degradation which is consistent with complete re-
newal of the enzyme set when shifting from lag to accumulation phase. In clusters 
III and IV, the relative representation of metabolism-related enzymes increases from 
37 to 47 %, which is in agreement with endosperm storage filling. Nevertheless, 

Fig. 13.1  Hierarchical clustering analysis of 302 proteins quantified from 2-DGE-based analysis 
of kernel (4–10 DAP) and endosperm (14–40 DAP). The time course of maximum protein quanti-
ties ( red color) can be grouped into four clusters corresponding to the accumulation of proteins 
(excluding the storage proteins) at the lag, early, mid-late, and late phases

4     10    21   40
7     14    30

D
AP

LATE MID LATE EARLY LAG

Protein Accumulation During Different Phases Seed Development
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proteins frequently overlooked at this stage are also in fair amount. The ‘protein 
destination’ category is a good example but its composition changed from previ-
ous clusters in favor of proteins involved in protein folding (i.e., chaperones, BiP, 
and PDI); this change in protein composition is consistent with the timing of SP 
accumulation. In contrast, the diversity in the category of protein synthesis-RNA 
processing decreased (Fig. 13.2).

The complementary transcriptomics analysis at 10 (end of lag phase), 14 (begin-
ning of reserves accumulation), and 21 (maximum rate of reserves accumulation) 
DAP typical stages led to the identification of 711, 757, and 384 ESTs, respec-
tively (Prioul et al. 2008a). A comparative analysis of transcriptome and proteome 
data showed a good agreement between category rank in the 10 DAP transcriptome 
and 14 DAP proteome, as expected because of the likely lag between transcription 
and mature protein accumulation. The only notoriously missing categories in the 
proteome were kinases and proteins for RNA processing, which are likely to be 
expressed at a level below the detection limit of 2-DGE. Transcriptomics also pro-
vides information of the time course of expression of SPs, which were not consid-
ered by proteomics for technical reasons. The SP sequences increased dramatically 
from 5 to 38 % between 10 to 21 DAP (Prioul et al. 2008a).

13.3  Interpretation of Protein Expression Associated 
to Metabolism in Relation with Evolution of 
Endosperm Physiology During Development

A close examination of the ‘metabolism’ category in all the four clusters (Fig. 13.3) 
revealed several trends, which could be interpreted in accordance to both changes 
in metabolism orientation and endosperm microenvironment. In addition, PPDK 
abundance at the late phase provides new insights into seed development.

13.3.1  Glycolysis, TCA Cycle, and Anoxia

A major change was found in the balance between the oxygenic and nonoxygenic 
components of the respiratory pathway during seed development. The expressions 
of Krebs-TCA cycle enzymes were at a maximum during the lag phase (4–10 DAP), 
whereas glycolytic enzymes reached their maximum expressions during early and 
mid-phases (Fig. 13.3). It is important to note that TCA cycle requires oxygen for 
its proper function but glycolysis does not. Hence, the metabolic shift between two 
processes of the respiratory pathway could be interpreted in the light of the recent 
demonstration that starch accumulation in the endosperm (i.e., after 12 DAP) pro-
ceeds under very hypoxic conditions (Rolletschek et al. 2005). The lack of oxygen 
preventing function of the Krebs cycle is likely to influence the overall expression 
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of its corresponding enzymes. The hypoxic condition fails to affect starch synthesis 
as ATP needed for the synthesis of ADP-glucose (the starch precursor) is produced 
without oxygen by the SUS UDP-glucose pyrophosphorylase/AGPase (UGPase/
AGPase) cycle and by the first steps of glycolysis (Fig. 13.4).

Fig. 13.4  Variation in the content of the enzymes of the respiratory metabolism (glycolysis and Krebs 
cycle) from 4 to 40 DAP as measured by quantitative 2-D electrophoresis. 1 invertase, 2 sucrose syn-
thase, 3 hexokinase, 7 phosphoglucomutase, 16 fructokinase-II, 16’ diphosphate-fructose-6-phos-
phate-1-phosphotransferase, 18 triosephosphate-isomerase, 19 phosphoglycerate-dehydrogenase, 
20 phosphoglycerate-kinase-3, 21 phosphoglycerate-mutase (bis), 22 phosphoglycerate-mutase, 
23 enolase, 24 pyruvate-kinase, 25 pyruvate-orthophosphate-dikinase, 26 A, pyruvate-dehydro-
genase, 26 B, dihydrolipoamide S-acetyltransferase, 30 aconitate-hydratase = citrate-hydro-lyase, 
31’ NADP-specific-isocitrate-dehydrogenase, 35 succinyl-CoA-ligase (synthetase), 36 succinate-
dehydrogenase, and 38 malate-dehydrogenase. Adapted from Prioul et al. (2008)
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13.3.2  Starch Synthesis: From Transcripts and Protein  
to Enzyme Activities

Most of the enzymes involved in starch synthesis had maximum expression during 
the seed-filling phase (Prioul et al. 2008a). As few enzymes could not be identi-
fied using the 2-DGE approach, focus was directed on the comparison of enzymes 
involved in carbohydrate metabolism over the time course period of 10 through  
40 DAP with the quantitative information of their corresponding gene transcripts as 
per qRT-PCR and activities of eight key enzymes and nine metabolites. Two distinct 
patterns were observed. First, the invertases and their resulting products (hexoses) 
reached their maximum from 10 to 20 DAP, which is consistent with the need of 
hexose during early seed development as shown by the CW invertase mutant mi-
nature-1 analysis (Cheng and Chourey 1999). Second, as observed previously for 
AGPase (Prioul et al. 1994), the starch pathway enzymes appeared from 14 DAP 
(Prioul et al. 2008a). In most cases, it appears that transcriptional control is respon-
sible for the global regulation of starch biosynthesis (Prioul et al. 2008a).

13.3.3  PPDK and Starch/Protein Balance

Accumulation of enzymes involved in metabolite production, namely amino ac-
ids, carbon skeletons, and starch, tended to increase during the two ‘late’ phases 
(Figs. 13.1–13.3; Clusters III & IV). But the most prominent change is sudden onset 
of the PPDK protein starting from 21 DAP. The PPDK is known as a key enzyme 
of the C4 photosynthetic pathway as it allows the C4 cycle to proceed. Given this, 
its location in nonphotosynthetic organs (like endosperm) would seem puzzling, 
but the literature survey shows several reports on abundant PPDK activity in the 
cereal endosperm (Meyer et al. 1982), such as wheat (Aoyagi and Bassham 1984), 
rice (Imaizumi et al. 1997), and maize (Gallusci et al. 1996). In nonphotosynthetic 
tissue, it was suggested that PPDK functions parallel to pyruvate kinase (PK) in 
the glycolytic pathway, but due to its reversibility it may function in the opposite 
direction, thus producing a so-called futile cycle. However, this cycle provides the 
interesting property of regulating the PEP/pyruvate ratio, two organic acids being at 
the entry point for aromatic and alanine-aspartate amino acid families, respectively.

The PPDK-catalyzed reversible reaction also has a consequence on the levels 
of ATP and PPi. Indeed, when PPDK acts in the PEP-to-pyruvate direction, one 
more ATP is produced to catalyze the same reaction by PK. In the reverse direction, 
PPDK produces one AMP and one PPi, which is potentially important for starch 
synthesis in cereal seeds because in these plants the synthesis of ADP-glucose 
takes place in the cytosol. Under these conditions, PPi accumulation is pushing the 
reversible activity of AGPase toward ADP-glucose degradation rather than ADP-
glucose synthesis, a mandatory step for starch synthesis. Thus, PPDK may play a 
central role in storage product composition, since PPi production will reduce starch 
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accumulation in favor of amino acid synthesis, especially aspartate and aromatic 
acids. Genetic data provide several interesting arguments, which support above-
mentioned hypothesis of a possible PPDK role in starch/protein balance. First, 
the QTL for starch/protein ratio was colocalized on the chromosome 6 (bin 6.05) 
with the locus of cyPPDK1 gene, expressed specifically in the endosperm cytosol 
(Aoyagi and Bassham 1984). Conversely, no such colocation has been observed for 
the other reported PPDK gene on the chromosome 8 (http://www.maizegdb.org/). 
Second, from the o2 mutant analysis it is inferred that cyPPDK1 is upregulated by 
the O2 TF (Maddaloni et al. 1996).

13.4  Epistatic Relationship Between cyPPDK1 and O2 
Genes in Relation with Starch/Protein Balance  
and Lysine Content

Association genetics approach has been applied to test the possible causal relation-
ship between DNA polymorphism at cyPPDK1 and O2 genes and natural variation 
in the seed contents of starch and protein. Association genetics is a powerful method 
to track gene polymorphisms responsible for phenotypic variation since it takes ad-
vantage of existing collections and historical recombination to study the correlation 
between large genetic diversity and phenotypic variation. When simultaneously ex-
amining two genes, as in the case of cyPPDK1 and O2 genes, it is also possible to 
test for epistatic effect. The epistatic effect means that pairs of polymorphism in 
each gene result in combined effect on the associated phenotypic traits. For this 
purpose, a panel of 375 inbred lines, representative of the natural diversity in tropi-
cal, American, and European maize has been characterized for genome-wide neutral 
markers and population structure (Fig. 13.5). In this panel, SNPs were identified at 
14 and 10 positionsin the cyPPDK1 and O2 genes, respectively, either in promoter, 
intronic, or exonic regions (Fig. 13.6). Only two SNPs had effect on amino acids 
encoding while the other SNPs were silent (Manicacci et al. 2009). Phenotypic 
traits, such as kernel starch/protein ratio and individual amino acid content, were 
measured in each line by NIRS (near-infrared spectrometry) in a high-throughput 
manner. Individual SNPs and epistatic interactions between O2 and cyPPDK1 poly-
morphisms were found to be associated to variation in starch/protein ratio and ly-
sine content using the statistical models, which correct for population structure and 
individual kinship (Manicacci et al. 2009) (Fig. 13.7).

13.4.1  Kernel Protein/Starch Balance

The cyPPDK1 gene polymorphism is significantly linked to diverse phenotypic 
traits: amino acid and protein contents as well as the protein/starch ratio. All these 
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Fig. 13.5  Structure of the 375 inbred line panel covering most of the genetic variability in Ameri-
can and European maize. This highly recombined population with large diversity was character-
ized for population structure and individual kinship before searching for associations between 
SNPs in cyPPDK and O2 genes and the phenotypic traits
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Fig. 13.6  Polymorphisms in the cyPPDK1 and O2 genes among 375 inbred lines, either in pro-
moters, introns, or exons
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associations involve a SNP polymorphism located in the coding region (C817), 
suggesting that this gene has a direct effect on amino acid synthesis. This is con-
sistent with the fact that cyPPDK1 activity reversibly catalyzes the conversion 
of pyruvate into PEP, which is the initial substrate for aromatic amino acid bio-
synthesis, namely phenylalanine. PEP is also indirectly involved via oxaloacetate 
in the synthesis of aspartate-derived amino acids, such as threonine, isoleucine, 
methionine, and lysine. Interestingly, SNP C817 is associated with the contents 
of all these amino acids, except lysine. Although the C817 polymorphism itself 
might not be the causative element for the variation in amino acid content because 
it is partly linked with other polymorphisms in the promoter, it is likely that the 
promoter plays an important role in aromatic and aspartate-derived amino acid 
synthesis, except for the lysine accumulation, which is likely the subject of a more 
complex regulation.

Additionally, strong associations were observed between many phenotypic traits 
related to kernel starch and protein contents and the combination of O2 SNP O3988 
and one of the SNPs in the cyPPDK1 promoter (CP125, CP161, CP509, or CP515; 
Fig 13.7). As all of these phenotypic traits being strongly correlated with each other 
and all the four SNPs in the cyPPDK1 promoter being in linkage disequilibrium 
(more or less linked), these associations are likely due to the same cause. Spe-
cific analysis of all significant interactions between these SNP pairs in the O2 and 
cyPPDK1 alleles showed that low starch content, high protein content, and high 
protein/starch ratio are only obtained for the simultaneous change of allele A to T 
at O3988 and allele T to C at CP509 (or G to A at CP125, A to G at CP161, or TG 
to a 2-bp deletion at CP515) (Manicacci et al. 2009). These observations reinforce 
the afore-mentioned hypothesis as raised from the proteomics study, stating that the 
cyPPDK protein has a critical role in protein/starch balance in the kernel (Méchin 
et al. 2007). However, the natural polymorphism in the cyPPDK1 gene alone shows 
only slight effect on endosperm protein content and no association with starch con-
tent, whereas the protein and starch contents as well as protein/starch balance are af-
fected by epistatic interactions between the O2 coding sequence and the cyPPDK1 
promoter. This finding suggests that an increase in protein/starch ratio is unlikely to 
be achieved through selection of more efficient cyPPDK1 alleles but rather through 

Fig. 13.7  Epistatic interactions between cyPPDK1 and O2 genes. Changes in the protein starch 
ratio (P/S) and Lysine content as a function of single nucleotide changes at pairs of SNPs. A 
adenine, C cytosine, T thymine
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specific combinations of compatible alleles that allow an increased activation of 
cyPPDK1 by its transcriptional activator O2. Maddaloni et al. (1996) have shown 
that O2 upregulates the cyPPDK1 transcription through DNA binding of the O2 
protein on two specific domains located at positions 163–172 and 295–304. How-
ever, these two domains show no polymorphism among the 30 inbred lines initially 
sequenced; thus, no SNP has been defined in these regions. This result leads to the 
assumption that other sequences are involved in the ability of O2 to regulate cyP-
PDK1 transcription. They could be located in the cyPPDK1 promoter and 3′-un-
translated region (UTR) in O2, as discussed by Manicacci et al. (2009).

13.4.2  Complex Control of Lysine Content by O2 and cyPPDK1

The strongest association for a single SNP was found between O2 polymorphism 
O3988 and lysine content (FDR < 10−4) (Manicacci et al. 2009). Although such as-
sociation is expected from the well-known effect of the mutant allele o2 on kernel 
lysine content because of the 50–70 % reduction in the lysine-free zeins (Landry 
et al. 2002) and an increase in the lysine-rich proteins (Habben et al. 1993), it 
was not detected by an QTL approach, demonstrating the strength of the associa-
tion genetics within a large collection of inbred lines. In the present example, it is 
possible to show how to use O2 natural polymorphism to control lysine content. 
No single SNP association was significant between cyPPDK1 polymorphism and 
lysine content but the role of cyPPDK1 could be revealed when combined with 
O2 polymorphism. Such epistatic effect is observed with the combination of SNP 
C2252 and SNP O3988 polymorphisms on lysine content (Fig. 13.7). Even more 
striking example of epistasis between both genes can be obtained by O1866 and 
CP125 SNPs. While none of these SNPs is individually associated with lysine con-
tent, their interaction strongly correlates with its variation. Two combinations of 
alleles (i.e., allele A at CP125 and allele T at O1866 or allele T at CP125 and allele 
A at O1866) produced high lysine, while the two remaining combinations lead to 
low lysine.

The strong association of O3988 with lysine in the absence of interaction with 
C2252 suggests that there is an additional effect of O2 on lysine content, indepen-
dent from cyPPDK1. This may be achieved through O2 transcriptional control of 
lysine degradation by the LKR/SDH enzyme (Arruda et al. 2000). Further studies 
show that the activities of the first two enzymes (AK, aspartate kinase; HSDH, ho-
moserine dehydrogenase) of the aspartate pathway producing lysine, threonine, and 
methionine are also controlled by O2 (Azevedo et al. 2003). The rationale for this 
effect is based on the fact that very little lysine is required in maize endosperm since 
the main SP zeins do not contain this amino acid. Thus, excess of free lysine has 
to be continuously catabolized through the saccharopine pathway. The association 
genetics approach further suggests that the natural diversity in lysine degradation 
controlled by O2 plays a central role in grain nutritional value.

J.-L. Prioul et al.



261

13.5  Concluding Remarks

Recent nontargeted approaches using omics methods provide an overview of the 
molecular regulation and the metabolic reorientation occurring during seed devel-
opment. Proteomics data are central as they yield access to posttranscriptional regu-
lation when compared to transcriptomics, and to corresponding enzymes activities 
and substrate or product contents. Looking at the data from a physiologist point of 
view may allow uncovering phenomena, the importance of which have been over-
looked by targeted approach, enabling to raise new functional hypotheses.

In the present example of maize kernel development, the likely importance of 
some overlooked phenomena is revealed. During the lag phase, a large number of 
proteins and genes involved in protection against biotic and abiotic stresses were 
found, in addition to the expected proteins involved in division, cellularization, cell 
organization, and protein synthesis. The transition to the storage phase is marked 
by a maximum expression of proteases, which may be explained by resetting of the 
protein pool, thus enabling the reorientation of the metabolism towards the syn-
thesis of the storage products (i.e., accumulation of starch and protein in the en-
dosperm). However, among the proteins having their maximum expression during 
grain filling, the proportion of proteins related to storage metabolism was not higher 
than 40–48 %. Contribution of the protein folding (15–16 %) and protein synthe-
sis (10–12 %) categories remains important. Furthermore, a meaningful important 
change was also observed in respiratory metabolism since the enzymes of the oxy-
genic pathway (Krebs cycle) become less expressed as compared to nonoxygenic 
enzymes (glycolysis). This is consistent with the reported deeply hypoxic environ-
ment in the endosperm at that stage because of the low permeability to gas of the 
kernel pericarp. Another dramatic change related to respiration and carbon metabo-
lism is the sudden upsurge of cyPPDK, an enzyme generating a futile cycle with PK 
in glycolysis. The result of this cycle provides a way to regulate PEP and pyruvate 
levels, two key metabolites for the synthesis of aromatic amino acids and aspartate-
derived amino acids, respectively. In addition, the generation of PPi by cyPPDK in 
endosperm cytosol could slow down the synthesis of ADP-glucose, the substrate for 
starch synthesis. The combined action of cyPPDK products, namely PEP and PPi, 
on starch and amino acid synthesis raises the hypothesis of a role of this enzyme in 
regulating the starch/protein ratio at the end of the rapid grain-filling period.

In order to provide support for this hypothesis, genetic tools were used to make 
progress towards the establishment of causative relationships. An attracting genetic 
observation came from reported data on the O2 gene, a pleiotropic TF known to act 
on lysine content but also on the expression of cyPPDK1. Taking advantage of the 
now available high-throughput sequencing and phenotyping techniques, associa-
tion genetics was performed on a 375 inbred line panel covering the maize genetic 
diversity. The sequence polymorphism of cyPPDK1 and O2 genes was analyzed 
in parallel to measurement of individual amino acid content and starch/protein ra-
tio. Highly significant associations were found between the phenotypical traits and 
SNPs in both genes, thus validating their likely role in controlling the variation in 
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these traits. In addition, a prominent result is that the maximum effect is observed 
from specific pair combinations of SNPs in the two genes, suggesting the major role 
of epistatic interaction between the TF O2 and its target gene cyPPDK1.
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Abstract Seeds are a common experimental system for many reasons. Among 
these: (i) they occupy a major niche in agriculture and human nutrition; (ii) they 
are a rich source of critical genetic information; and (iii) they are a near-ideal sys-
tem for the study of phytohormone action or the transition from either dormancy 
or quiescence to active growth and development. One important component of all 
of these considerations is occurrence of the highly-abundant seed storage proteins 
(SSP). While on the one hand the high levels of proteins present in seeds make 
them attractive subjects, the SSP themselves are anathema to proteomics analyses. 
Without some sort of pretreatment removal of SSP, they will be virtually the only 
proteins identified in shotgun proteomics analyses. Here in, we describe and com-
pare several methods commonly used to deplete samples of SSP, present the rela-
tively recent application of combinatorial-ligand random-peptide libraries to seed 
proteomics studies, and speculate briefly on the short-term future.

Keywords Affinity chromarography · Dynamic range · Polyacrylamide gel 
electrophoresis · Proteomics · Solubility · Storage proteins

14.1  Background

Anonymous proteomics profiling is the cornerstone of contemporary systems biol-
ogy (Cox and Mann 2011). The advances in high performance ion trap (IT) MS 
employing ESI and nanoflow LC have significantly improved the ability to analyze 
proteins from biological samples (Chait 2011). However, despite these advances 
there remain serious inherent limitations. Simply stated, the range of protein con-
centrations in biological samples is very large (up to 1012 in serum; Hortin and 
Sviridov 2010; Wu and Han 2006) and the dynamic range of the analytical ap-
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proaches employed is small (less than 103 in most cases; Vestal 2011). The only 
practical way to overcome the protein dynamic range problem is by adding some 
sort of prefractionation/depletion step to the workflow.

14.1.1  Mammalian Serum

Prefractionation of proteins prior to proteolysis, chromatography, and MS analyses 
will decrease the dynamic range and increase the number of confident identifica-
tions. A number of methods were evaluated for prefractionating serum samples as 
part of the human Plasma Proteome Project (Barnea et al. 2005). These methods 
include strong cation exchange (SCX) chromatography, preparative SDS-PAGE, 
liquid-phase IEF (LP-IEF), and serial immunoremoval. These methods have been 
effective in removing or greatly reducing abundant proteins, such as albumin 
(Fig. 14.1a), IgG, and transferrin (Ogata et al. 2005; Steel et al. 2003; Zolotarjova 
et al. 2005). The efficacy of the different prefractionation methods was evaluated as 
an increase in the number of proteins identified, and higher confidence levels and 
sequence coverage of the identified peptides. Prefractionation based on serial im-
munoremoval gave the best results, followed by SCX, preparative electrophoresis, 

Fig. 14.1  The villains of dynamic range. Lane a, total human serum proteins. The position of 
serum albumin is indicated with a carat to the right. This is an image of a silver-stained gel that 
over represents the levels of the non-albumin proteins. Lane b, total soybean ( G. max) leaf pro-
teins. The positions of RuBisCO large and small subunits are indicated by the carats to the right. 
The image is of a Coomassie brilliant blue (CBB) stained gel. Lane c, total proteins from devel-
oping soybean seeds. The positions of, from top to bottom, the β-conglycinin acidic subunits, 
glycinin, and the β-conglycinin basic subunits are indicated by carats to the right
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and LP-IEF. It is important to note that each of the methods revealed a distinct set 
of proteins, so that determining a comprehensive overview of the serum proteome 
required the use of several different prefractionation approaches in parallel. It was 
the prefractionation research on serum that ultimately gave rise to application of 
this strategy to plant proteomics analyses.

14.1.2  Leaves

Proteomics analyses of plant tissues and organs are often impeded by the very high 
levels of a relatively small number of individual proteins. The Calvin cycle enzyme 
RuBisCO comprises 40–80 % of total leaf protein (Parry et al. 2003; Fig. 14.1b). 
Indeed, RuBisCO is considered the most abundant protein in the biosphere (Ellis 
1979). Luckily, the RuBisCO primary sequence is relatively conserved and the use 
of an immunoremoval strategy improved analyses of the leaf proteome (Cellar et al. 
2008). Subsequently a chemical-precipitation method for RuBisCO depletion has 
been described that is simple and inexpensive (Krishnan and Natarajan 2009). Use 
of either method resulted in a significant increase in the number of proteins identi-
fied.

14.1.3  Seeds

Unfortunately, the situation with seeds is comparably extreme to those of serum or 
leaves (Fig. 14.1c).The SSPs can comprise as much as 70 % of total protein fraction 
from seed storage organs, such as cotyledons or endosperm (Miernyk et al. 2011). 
The extremes in dynamic range of seed proteins make it difficult, if not impos-
sible, to achieve resolution by 2-DE in amounts sufficient for identification of less-
abundant proteins by MS. Reduction/depletion of the SSP from total seed protein 
fractions is necessary in order to reduce the dynamic range problems and effectively 
increase the levels of the less-abundant components. There are several different 
strategies by which reduction in dynamic range can be achieved.

14.2  Strategies for Addressing the Dynamic Range 
Problem Inherent to Seed Biology

14.2.1  Immunoremoval of Abundant Seed Proteins

Removal of supra-abundant proteins with antibodies is the most specific of all of 
the depletion methods, and has successfully been used to remove albumin from 
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serum (Cellar et al. 2009; Steel et al. 2003) and RuBisCO from leaf preparations 
(Cellar et al. 2008). The efficacy of immunoremoval depends upon the avidity of 
the antibodies used (Schneider et al. 1982). In general, antibodies prepared against a 
native antigen are more useful in immunoremoval than antibodies prepared against 
a denatured antigen. This can be problematic with SSP, some of which are only 
slightly soluble in aqueous solutions (Osborne 1908). However, at least some of 
the difficulties in antigen solubility can be overcome through the use of synthetic 
peptides (Houston et al. 2009) (Fig. 14.2).

There are several potential difficulties that must be considered before commit-
ting to an immunoremoval strategy. Antibody preparation can be expensive, and is 
not always efficient. Polyclonal antibodies are generally available in limited quanti-
ty. This is not a problem with monoclonal antibodies. However, storage and growth 
of hybridomas can be quite expensive. Finally, sometimes immunoremoval sim-
ply does not work as the result of unanticipated technical problems. For example, 
monoclonal antibodies against the ricin castor seed lectin (Brandon and Hernlem 
2009) gave excellent results when used to detect the protein on immunoblots but 
surprisingly were inefficient at binding and removal of ricin from aqueous solu-
tions (MLJ unpublished data). Nonetheless, the typical selectivity and efficiency of 
immunoremoval make it an excellent first choice when designing an experimental 
strategy.

Fig. 14.2  Pretreatment of a clarified homogenate prepared from developing castor seeds by 
immunoremoval of the supra-abundant Ricinus communis agglutinin subunits. The protocol used 
is briefly described in panel (a), and the results obtained is shown in panel (b). Gel lane 1, total 
castor seed proteins detected by staining with CBB; lane 2, the non-binding fraction after incuba-
tion with the anti-RCA antibodies; and lane 3, proteins eluted from the immobilized anti-RCA 
antibodies at pH 2.5
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14.2.2  Depletion of Abundant Seed Glycoproteins

Many abundant SSP are N-glycosylated (Doyle et al. 1986; Lauer et al. 2004; 
Lerouge et al. 1998; Maruyama et al. 1998; Wilson 2002), making lectin-affinity 
chromatography a potentially useful removal method in this context (Hirabayashi 
2004; Van Damme 2011). Concanavalin A (con A), which recognizes and binds 
high-mannose type glycans (those with terminal α-D-mannopyranoside or α-D-
glucopyranoside residues), is the best understood and most commonly used lec-
tin (Rüdiger and Gabius 2001). Many additional lectins are available with glycan-
specificities that encompass most of the typical complex-type glycans (those with 
terminal galactopyranoside residues, branching xylose, or fucose residues).

In soybean seeds, the abundant SSPs are the 7S (β-conglycinin) and 11S (gly-
cinin) globulins (Krishnan 2000; Miernyk and Hajduch 2011). Together, these two 
fractions comprise up to 70 % of total seed protein. The β-conglycinin SSPs are 
known to be N-glycosylated (Maruyama et al. 1998) and, at least, one glycan is 
of the high-mannose type, which should allow the use of con A in a lectin-based 
affinity-depletion step. Our initial attempts at using con A-Sepharose for glycopro-
tein-depletion resulted in the appearance of an abundant band at approximately Mr 
26,000 in all fractions (Miernyk and Johnston 2006). This is close to the deduced 
molecular weight of the con A monomer (22.5 kDa). At pH values above 5.6, con A 
is a homo-tetramer of 22.5 kDa subunits (Lis and Sharon 1973), which could disso-
ciate in the urea-containing buffer systems commonly used in electrophoresis-based 
proteomic analyses. The Mr 26,000 protein band was subsequently verified as con 
A by MALDI-TOF-MS peptide mass fingerprint analysis (Miernyk and Johnston 
2006).

Using a combination of dimethyl pimelimidate and dimethyl suberimidate, we 
were able to chemically cross-link the subunits of the con A-immobilized on Sepha-
rose 4B. After cross-linking, the immobilized lectin appeared to remain fully active, 
and there was no evidence of the con A subunit bleeding from the column even in 
buffer containing 4 M urea. Use of the cross-linked con A-Sepharose effectively re-
duced the amount of the β-conglycinin storage proteins (Fig. 14.3). To validate the 
improvement in 2-D spot definition resulting from glycoprotein-depletion, six pro-
teins were selected for MS analysis. Prior to con A-Sepharose glycoprotein affinity-
depletion, the selected protein spots were faintly visible, and no ions useful for iden-
tification by MALDI-TOF PMF were obtained. After glycoprotein depletion, each 
was identified with high confidence (Miernyk and Johnston 2006). Mild chemical 
cross-linking of proteins has potential for application to proteomics analysis tools 
beyond immobilized-con A (e.g., it is additionally possible to chemically cross-link 
antibodies; MLJ unpublished data).

Con A-affinity chromatography removes all high-mannose type glycoproteins 
from a complex mixture, including low-abundance non-SSP proteins. These can be 
eluted from the lectin with the hapten α-methyl-mannoside (Lis and Sharon 1973), 
separated from the β-conglycinin by electrophoresis, digested, and analyzed by 
LC-MS.
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14.2.3  Liquid-Phase Isoelectric Focusing

The first practical, usable, and commercially available device for LP-IEF (Bier 
1998) was dubbed the Rotofor. These devices are available for separations on three 
different scales (preparative, as much as 1 g of protein in a total volume of up to 
60 mL; “Mini,” up to 18 mL; and “Micro”, up to 2.5 mL). A typical instrumental 
setup is assembled from 20 sample chambers, separated by liquid-permeable nylon 
screens. Upon completion of a separation, the 20 focused fractions are collected si-
multaneously by piercing a septum at the bottom of each chambers with 20 needles 
connected to a vacuum source. The proteins in each of the individual, narrow-pH 
range fractions can then be further separated by SDS-PAGE (Hochstrasser et al. 
1991). This method has been used extensively in both shotgun proteomics analyses 
(Righetti et al. 2003) and in individual, specific applications (Ayala et al. 1998; 
Petrash et al. 1991; Vincent et al. 2009). Separation of Glycine max seed proteins 
can be seen in Fig. 14.4.

More recently, Agilent Technologies has marketed a LP-IEF system called the 
3100 OFFGEL fractionator. In this system, the pH gradient results from use of 

Fig. 14.3  Pretreatment of a clarified homogenate prepared from developing soybean seeds by 
immobilized-lectin affinity chromatography. Cross-linked con A-Sepharose was used to selec-
tively remove abundant high-mannose type glycoproteins, including the abundant β-conglycinin 
SSP. The protocol used is briefly described in panel (a), and the results obtained is shown in panel 
(b). Gel lane 1, total soybean seed proteins detected by staining with CBB; lane 2, the non-binding 
fraction after incubation with the con A-Sepharose beads; and lane 3, proteins eluted from the 
lectin beads with 400 mM α-methyl-mannoside
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an immobilized pH gradient strip, rather than pH limit ampholytes. The OFFGEL 
fractionator apparently works equally well with proteins and peptides, allowing 
flexibility with regard to when the proteolytic digestion is done (Chenau et al. 
2008; Hörth et al. 2006). The Rotofor and OFFGEL, and similar devices, such 
as the ZOOM IEF Fractionator (Richardson et al. 2008), allow the possibility of 
3- or even 4-D experimental separations with exceptional resolution. Typically 
these separations would include LP-IEF, gel electrophoresis, or RP-HPLC, and 
then nano-flow LC-MS analysis (Elschenbroich et al. 2009; Scruggs et al. 2010; 
Thorsell et al. 2007; Wagner 2011). These strategies have seldom been applied to 
depletion of SSP but, as can be seen in Fig. 14.4, they can be effective and deserve 
more attention.

Fig. 14.4  Fractionation of proteins from developing soybean seeds by Rotofor preparative liquid 
phase isoelectric focusing (IEF). The protocol used is briefly described in the upper panel. The 
results obtained is shown in the lower panel. The supra-abundant β-conglycinin and glycinin SSP 
are concentrated in the low pI fractions three and four
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14.2.4  Differential Solubility

The first systematic classification system for proteins was developed by Osborne 
(1908), and it remains in use today (Miernyk and Hajduch 2011; Miernyk et al. 
2011). The SSP are grouped on the basis of solubility in H2O (albumins), dilute 
saline solutions (globulins), alcohol:water mixtures (prolamins), and dilute alkali or 
acid (glutelins). The majority of agriculturally important SSP are albumins, globu-
lins, or prolamins. While albumins are found in all seeds, prolamins and glutelins 
are most abundant in monocotyledon seeds and globulins are prevalent in dicotyle-
don seeds (Krishnan 2000; Shewry et al. 1995).

In principle, it should be possible to deplete a sample of SSP by either differ-
ential solubility or isoelectric precipitation. In fact, these simple strategies seldom 
work satisfactorily. For example, when a total protein fraction prepared from devel-
oping soybean seeds was dialyzed exhaustively against deionized water, it should 
have yielded a globulin-depleted albumin fraction and an insoluble globulin frac-
tion. Both fractions, however, were heavily cross-contaminated. Results were bet-
ter with rice seed glutelins, and best with maize prolamins (Fig. 14.5). Extraction 
of dry, mature maize endosperm did yield a prolamin (zein)-enriched fraction, but 
some of the zeins remained associated with the ethanol-insoluble material. This was 
probably because of oxidative cross-linking of the zein subunits (Field et al. 1983), 
and might have been improved by including 2 % (v/v) 2-mercaptoethanol (2-ME) 
in the 70 % ethanol solvent.

Fig. 14.5  Prefractionation of maize seed proteins by differential solubility. The protocol used is 
briefly described in panel (a). The results obtained is shown in panel (b). Gel lane 1, total maize 
seed proteins detected by staining with CBB; lane 2, maize proteins after extraction with 70 % 
ethanol; and lane 3, the zein seed storage prolamins extracted with 70 % ethanol
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Krishnan et al. (2009) adopted a somewhat different strategy for depleting total 
soybean seed proteins of the very abundant 7S and 11S globulins. They found that 
incubation of a total protein fraction with 10 mM Ca2 +  led to precipitation of the 
seed globulins glycinin and β-conglycinin (Fig. 14.6). This simple and inexpensive 
method removed 87 ± 4 % of the SSP from the sample and allowed identification 
of 541 previously inconspicuous proteins. In preliminary experiments, this method 
appeared to work equally well with seeds from other legumes (e.g., peanut, bean, 
pea, and alfalfa). While it would be difficult to improve the ease or cost of the 
calcium-precipitation strategy, it does not always work perfectly and might be more 
productively combined with one of the other methods described herein.

14.2.5  Combinatorial-Ligand Random-Peptide Beads

Amino acids in a protein primary sequence that are complementary to an immo-
bilized ligand allow that protein to be removed from a complex mixture, up to the 
point of saturation of the ligand (Righetti et al. 2007). With sufficient diversity, 
it is theoretically possible to have an immobilized ligand complementary to each 
protein in a complex mixture, ensuring that they would all be adsorbed. When a 

Fig. 14.6  Prefractionation of a clarified homogenate prepared from developing soybean seeds by 
calcium-mediated precipitation. The protocol used is briefly described in panel (a). The results 
obtained is shown in panel (b). Gel lane 1, total soybean seed proteins detected by staining with 
CBB; lane 2, proteins remaining soluble after treatment with 5 mM CaCl2; and lane 3, proteins 
precipitated by CaCl2 treatment
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biological sample is incubated with such a ligand-library under capacity-restrained 
conditions, abundant proteins will saturate all available high-affinity ligands and 
the remaining non-binding majority of the protein will remain in solution (Boschetti 
and Righetti 2009). In contrast, a low-abundance protein will not saturate the cor-
responding high-affinity ligand, and most of this protein will be removed from solu-
tion (Fig. 14.7). Based on this saturation-overload principle, use of a combinatorial 
library should enrich for low-abundance proteins relative to those of high abun-
dance (Righetti et al. 2007). Elution of the entire population of proteins adsorbed to 
the beads should result in a solution with a smaller dynamic range than the starting 
material but still including representatives of all of the original proteins.

Results from preliminary experiments indicated that hexapeptides were the best 
length to capture the largest population of proteins (Boschetti and Righetti 2008a). 
Libraries of hexapeptide ligands can be synthesized on resin beads. Each bead is 
covered with millions of copies of a unique-sequence hexapeptide, and each bead 
potentially has a hexapeptide of a different sequence. Using the 20 naturally oc-
curring amino acids, it is feasible to prepare a library of linear hexapeptides with 
64 million different sequences (Boschetti and Righetti 2008a). Relatively recently, 
combinatorial-ligand libraries composed of millions of hexapeptides have been use 
to “amplify” the low-abundance proteins that comprise ~ 50 % of any proteome 
(Righetti et al. 2010). An example is the ability to explore the low-abundance pro-
teome in chicken egg white and yolk. Using the peptide library method, it was 

Fig. 14.7  A schematic representation of the use of combinatorial-ligand random-peptide beads to 
reduce sample protein dynamic range. Each bead (A–F) is decorated with a unique linear hexapep-
tide that interacts with a single protein species. A portion of the proteins species that are in excess 
of bead capacity will flow through. All of the proteins from the input sample are represented in 
the eluted fraction, but the overall dynamic range has been reduced. Adapted from Boschetti and 
Righetti 2009
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possible to detect at least twice as many protein species compared to the best results 
obtained with un-fractionated samples (Righetti et al. 2007, 2010).

The combinatorial-peptide beads, in the format of the ProteoMiner kit (Boschetti 
and Righetti 2008b), have been productively used in analyses of Hevea brasiliensis 
latex (Boschetti et al. 2009) and the cytoplasmic proteome from maize (Boschetti 
et al. 2009), and more recently spinach leaves (Fasoli et al. 2011). At the time of 
writing, there were no publications describing the use of ProteoMiner for analysis 
of seed proteins. Our attempts to use ProteoMiner kit, under the conditions devel-
oped for spinach leaves, to either deplete samples from developing soybeans of the 
abundant SSP or to prepare samples that yielded an increased number of protein 
ID’s have been without success to date (MLJ unpublished data). The method is 
known to be sensitive to pH and solvent characteristics, and will likely have to be 
customized for individual applications. Furthermore, we speculate that the often 
unusual solubility of SSP might be problematic in terms of nonspecific adsorption. 
The possible use of a two-stage strategy might overcome these problems, e.g., start-
ing with a calcium-precipitation step followed by use of the combinatorial-peptide 
beads.

14.3  Concluding Remarks

The short-term future of seed proteomics will feature more and better protein iden-
tifications. This goal will be achieved through combined advances in instrumenta-
tion (Chait 2011), bioinformatic analyses and methods for protein identification 
(Bandeira et al. 2011), improved databases (e.g., phytozome.net/), and, of course, 
improvements in the methods used to deplete the supra-abundant SSPs from input 
samples. In the latter case, the strategy of using combinatorial-ligand random-pep-
tide beads has substantial potential. One obvious improvement would be to remove 
the “random” component. In part because of their abundance, genes and cDNAs 
for SSPs were among the first sequenced at the beginning of the genomics era (Mi-
ernyk and Hajduch 2011). Because the sequences of many SSP are extant (Esen 
1990; Feeney et al. 2003; Gibbs et al. 1989), it should be relatively simple to pre-
pare “designer sequence”-beads that would have both the capacity and specificity 
to efficiently remove these supra-abundant components of the seed proteome. This 
strategy should additionally be amenable to incorporation into high-throughput ex-
perimental designs.
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Abstract Metabolite interconversion at the phosphoenolpyruvate (PEP)-pyruvate-
oxaloacetate node involves a complex set of cytosolic and plastidial reactions that 
interconnect the major pathways of carbohydrate metabolism, thereby making a 
crucial contribution to the distribution of carbon flux among catabolism, anabo-
lism, and ATP and NAD(P)H supply to plant cells. Enzymes involved in plant 
PEP metabolism catalyze a diverse array of reactions, including a major metabolic 
branchpoint between primary and secondary (shikimate pathway) metabolism. Car-
bon partitioning at the PEP branchpoint is complicated by an intricate network of 
posttranslational enzyme controls, including allosteric effectors and protein kinase 
mediated phosphorylation. Experiments on transgenic or mutant plants possessing 
altered amounts of PEP metabolizing enzymes or transporters are enhancing our 
understanding of the functional organization and control of oilseed PEP metabolism. 
Such experiments illustrate the highly flexible nature of plant PEP metabolism and 
the crucial biosynthetic function played by glycolysis and respiration beyond their 
role in catabolic ATP generation. This chapter summarizes what is known about 
the key PEP metabolizing enzymes and corresponding metabolic fluxes during the 
reserve deposition stage of oilseed development. PK and PEPC are of particular 
interest since they play an essential role in controlling the provision of: (i) pyruvate 
for mitochondrial ATP production via oxidative phosphorylation; (ii) tricarboxylic 
acid cycle intermediates needed for nitrogen assimilation and amino acid biosyn-
thesis; and (iii) precursors and cofactors (e.g., pyruvate, acetyl-CoA, malate, ATP, 
and NAD(P)H) needed for plastidial fatty acid synthesis. Novel insights into the 
functions, and molecular and regulatory characteristics of oilseed PK and PEPC iso-
zymes have arisen through their purification and detailed biochemical and molecu-
lar characterization, as well as advances in functional genomics, proteomics, and 
metabolic flux analysis. PK and PEPC are becoming important targets for metabolic 
engineering of the PEP branchpoint to modify levels of agronomically important 
end products, such as storage proteins and lipids in oilseeds.
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15.1  Introduction

In developing seeds, the partitioning of imported photosynthate between starch, 
storage lipid, and SP biosynthesis is of major agronomic concern. Metabolism of 
the glycolytic intermediate PEP (Fig. 15.1a) plays a central role in controlling the 
flux of seed carbohydrates towards plastidic FA biosynthesis versus the mitochon-
drial production of ATP and organic acids needed for amino acid interconversion 
in support of SP biosynthesis (Baud and Lepiniec 2010; Rawsthorne 2002; Weber 
et al. 2005). PEP’s universal metabolic importance largely stems from the fact that 
it occupies the highest position on the thermodynamic scale of known phosphory-
lated metabolites (Davies 1979). The equilibrium position between the keto and 
enol forms of pyruvate greatly favors the keto form. The enol form is at a much 
higher energy level, and thus PEP is referred to as a ‘high energy’ compound owing 
to its stabilization of the enol form. PEP is a versatile metabolite that: (i) participates 
in a wide range of reactions by enzymatic cleavage on either side of its enol oxygen 
atom; C-O cleavage producing an active pyruvyl group and O-P cleavage produc-
ing an active phosphoryl group (Fig. 15.1a); (ii) is situated at a major metabolic 
branchpoint leading into a variety of primary and secondary metabolism pathways 
(Fig. 15.1b); and (iii) is a potent allosteric effector of several cytosolic and plastidic 
enzymes (Fig. 15.2a) (Davies 1979; Plaxton and Podestá 2006). A comprehensive 
analysis of PEP metabolism will greatly benefit our overall understanding of the 
control and integration of photosynthate partitioning during seed filling.

The major storage compounds accumulated in developing oilseeds are oil (TAGs) 
and SPs, derived from imported sugars and amino acids. However, attempts to en-
gineer seed oils have met with limited success. In order to improve oil yield and 
quality, a more detailed understanding of the underlying metabolism during oilseed 
development is needed, as well as the degree to which cytosolic, mitochondrial, and 
plastidial metabolic pathways are integrated and regulated to control the flow of 
carbon from maternal sources into seed storage products (Baud and Lepiniec 2010). 
In plants, FA synthesis occurs predominantly in the plastids and requires carbon 
in the form of acetyl-CoA, ATP, and reducing power in the form of NADH and 
NADPH (Fig. 15.2b) (Rawsthorne 2002). Precursors for acetyl-CoA synthesis must 
be generated within the plastid or imported from the cytosol. In plastids of green 
oilseeds, such as Brassica napus (also called oilseed rape, rapeseed, or canola), the 
photosynthetic electron transport chain makes an important contribution to the gen-
eration of plastidic ATP and NADPH (Ruuska et al. 2004; Schwender et al. 2004). 
By contrast, leucoplasts from heterotrophic nongreen oilseeds, such as castor endo-
sperm or sunflower and maize embryo’s, must generate these compounds without 
relying on a photosynthetic electron transport chain. In both green and nongreen 
developing oilseeds, however, PEP metabolism via PEPC, and the cytosolic and 
plastidic isozymes of PKc and PKp, respectively, makes a crucial contribution to 
the control of photosynthate partitioning towards leucoplast FA biosynthesis versus 
the mitochondrial production of C-skeletons and ATP needed for amino acid inter-
conversion in support of SP biosynthesis (Baud and Lepiniec 2010; O’Leary et al. 
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2011b; Rawsthorne 2002). A number of reviews concerning various aspects of the 
organization and control of photosynthate partitioning to storage end products by 
developing seeds have appeared over the past decade (Baud and Lepiniec 2010; 
Borisjuk et al. 2004; Gallardo et al. 2008; Hills 2004; Rawsthorne 2002; Santos-
Mendoza et al. 2008; Weber et al. 2005; Weselake et al. 2009). The aim of this 
chapter is to provide an overview of the central role played by PEP metabolism in 
supporting storage oil and protein biosynthesis during the reserve deposition phase 
of oilseed development. Our focus is on the molecular and biochemical properties, 
and posttranslational controls of the key regulatory enzymes that coordinate flux 
through the PEP branch point to storage end products, namely PKc, PKp, and PEPC.

15.2  PK and PEPC Exert a Major Influence on the Metabolic 
Control of Oilseed Glycolysis and Respiration

In nonplant systems such as mammalian liver, primary control of glycolytic flux 
of hexose-phosphates to pyruvate is mediated by ATP-dependent phosphofructoki-
nase (ATP-PFK), with secondary control at PK (Plaxton 1996; Plaxton and Podestá 
2006). Activation of ATP-PFK increases the level of its product, fructose-1,6-P2, 

Fig. 15.1  The central role of PEP in plant metabolism. At least eight different enzymes are 
involved in plant PEP metabolism. This includes a major metabolic branch point between primary 
and secondary (shikimate) metabolism. 2-PGA 2-P-glycerate, DAHP 3-deoxy-D-arabino-heptu-
losonate-7-P, EPSP 5-enolpyruvyl shikimate-3-P
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Fig. 15.2  Glycolytic control and PEP partitioning in primary plant metabolism is largely medi-
ated by PK and PEPC. a This scheme highlights the essential role of the two terminal enzymes 
of plant cytosolic glycolysis, PKc and PEPC, in controlling the provision of mitochondria with 
respiratory substrates (pyruvate and malate), as well as for generating the 2-OG and OAA respec-
tively required for NH4

+-assimilation via GS/GOGAT in plastids and Asp aminotransferase in 
the cytosol. The coordinate control of PEPC and PKc by allosteric effectors, particularly Glu and 
Asp, provides a mechanism for the regulation of cytosolic glycolytic flux and PEP partitioning 
during and following NH4

+-assimilation as discussed in the text. PEP’s role in providing ‘bottom 
up’ allosteric control of glycolysis is also illustrated. Dotted arrows with a circled plus and minus 
sign indicate enzyme activation and inhibition, respectively, by allosteric effectors. b Alternative 
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which is a potent feed-forward allosteric activator of the majority of nonplant PKs 
examined to date. By contrast, a wide variety of studies in vascular plants and green 
algae consistently demonstrated that plant glycolysis is controlled from the ‘bottom 
up’ with primary and secondary regulation exerted at the levels of PEP and fructose-
6-P utilization, respectively (Fig. 15.2a) (Plaxton 1996; Plaxton and Podestá 2006). 
These findings are compatible with enzymological studies demonstrating that plant 
ATP- and PPi-dependent PFKs demonstrate potent allosteric (feedback) inhibition 
by PEP (Fig. 15.2a) (Plaxton and Podestá 2006). It follows that any enhancement in 
the activity of PK or PEPC will relieve PEP’s inhibition of ATP-PFK and PPi-PFK, 
thereby elevating glycolytic flux from hexose-P. In this way, PEPC and/or PKc play 
a central role in the overall control of plant respiration, since the control of their ac-
tivities in vivo will ultimately dictate the rate of mobilization of starch or sucrose for 
respiration, while simultaneously controlling the provision of: (i) pyruvate for ATP 
production via oxidative phosphorylation and (ii) TCA cycle C-skeletons needed 
for nitrogen-assimilation or as biosynthetic precursors. PEPC and PKc represent 
important targets for metabolic engineering of plant respiration and carbon parti-
tioning in developing seeds.

15.3  Cytosolic Versus Plastidic PEP Metabolism 
of Developing Oilseeds

One prominent feature of primary plant metabolism is the presence of the com-
plete or nearly complete sequence of glycolytic enzymes in plastids, distinct and 
spatially separated from glycolytic enzymes located in the cytosol (Fig. 15.2b). 
The integration of cellular metabolism necessitates controlled interactions be-
tween pathways sequestered in various subcellular organelles. Thus, cytosolic and 
plastidic glycolytic pathways of developing oilseeds interact through the action of 
highly selective metabolite transporters of the inner plastid envelope (Weber and 
Linka 2011). These transporters include the PEP/Pi translocator, which mediates 
the import of cytosolic PEP in counterexchange with Pi. Analysis of the Arabi-
dopsis cue1 mutant, which lacks PEP/Pi translocator activity, demonstrated its es-
sential role in providing PEP to the plastid in support of storage oil biosynthesis 
by the developing seeds (Prabhakar et al. 2010). The prime function of glycolysis 
in nonphotosynthetic plastids is to generate C-skeletons, reductant, and ATP for 
key anabolic pathways, particularly FA synthesis (Fig. 15.2b). A complete gly-
colytic pathway appears to be present in plastids isolated from developing pea 

15 The Central Role of Phosphoenolpyruvate Metabolism in Developing Oilseeds

metabolic routes for the conversion of sucrose into FAs in developing oilseeds. PKp generates 
pyruvate and ATP for plastidial FA synthesis. In nongreen oilseeds PEPC controls cytosolic PEP 
partitioning to malate as a source of pyruvate and reducing power (NADPH and NADH) for leu-
coplast FA synthesis. AAT Asp aminotransferase, ETC electron transport chain, MEm/PDCm and 
MEp/PDCp, mitochondrial and plastidial isozymes of ME and PDC, respectively
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and B. napus embryos, and castor seed endosperm (Rawsthorne 2002). However, 
leucoplasts from other developing oilseeds (such as sunflower) appear to lack one 
or several enzymes of the lower half of glycolysis (e.g., enolase) (Troncoso-Ponce 
et al. 2009). In this case, the import of cytosolic PEP (or one of its derivatives, such 
as pyruvate or malate) is the only mechanism to provide primary carbon sources 
for lipid biosynthesis.

Plants, unlike animals and fungi, have additional flexibility at the PEP node 
because they express PEPC, a tightly controlled cytosolic enzyme that catalyzes 
the irreversible β-carboxylation of PEP to oxaloacetate (OAA) using Mg2 +  as a 
cofactor. Besides its fundamental and widely studied function in the initial fixa-
tion of atmospheric CO2 during C4 and crassulacean acid metabolism (CAM) pho-
tosynthesis, PEPC has many nonphotosynthetic roles, including supporting seed 
formation and germination (O’Leary et al. 2011b). A ubiquitousand pivotal function 
for plant PEPC is to anaplerotically replenish TCA cycle intermediates consumed 
during biosynthesis and NH4

 + -assimilation (Fig. 15.2a). In conjunction with cy-
tosolic MDH and mitochondrial NAD-dependent malic enzyme (ME), PEPC can 
also indirectly bypass the reaction catalyzed by PKc (Fig. 15.2a). Indeed, in vivo 
metabolic flux studies of developing B. napus embryos using 13C-labeled precur-
sors demonstrated that approximately 50 % of mitochondrial pyruvate was derived 
via NAD-ME and 50 % via PKc (Schwender et al. 2004). Experiments with trans-
genic tobacco plants lacking PKc highlighted the importance of this enzyme in the 
control and integration of plant carbon and energy metabolism while confirming 
the exceptional flexibility with respect to the manner by which cytosolic PEP can 
be metabolized into pyruvate (Grodzinski et al. 1999). However, in contrast to the 
cytosol, PKp represents the only known route by which PEP can be converted into 
pyruvate in the plastid (Fig. 15.2b). As discussed below, profound differences have 
been documented in the respective physical, immunological, and kinetic/regulatory 
features of oilseed PKc and PKp isozymes. Experiments with mutant B. napus plants 
lacking expression of seed-specific PKp subunits have confirmed PKp’s central role 
in generating pyruvate and ATP needed for long-chain fatty acid biosynthesis within 
the leucoplast (Andre et al. 2007).

15.4  PEPC Supports Oilseed Storage Protein and Fatty 
Acid Biosynthesis

Seed SP synthesis has been traditionally linked to PEPC activity owing to the re-
quirement for OAA and 2-oxoglutarate (2-OG) needed to assimilate NH4

 +  during 
formation of amino acids (Fig. 15.2a). Seeds import nitrogen in the form of amino 
acids, but still require additional C-skeletons because: (i) glutamine, a major com-
ponent of the supplied amino acids contains two amino groups per 2-OG skeleton 
and (ii) amino acids such as alanine can be deaminated and respired through the 
TCA cycle, yielding NH4

 +  that must be rapidly assimilated into glutamine and glu-
tamate via glutamine synthetase (GS) and glutamate-oxoglutarate amino transfer-
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ase (GOGAT) (Fig. 15.2a). PEPC’s role in seed amino acid metabolism has been 
corroborated by a study of transgenic bean plants overexpressing Cornybacteri-
um PEPC, which is not feedback inhibited by malate, in a seed specific manner; 
repartitioning of carbon from sucrose/starch into organic and free amino acids was 
observed during seed development (Rolletschek et al. 2004). These changes were 
consistent with enhanced PEP partitioning through the anaplerotic pathway cata-
lyzed by PEPC. Consequently, the transgenic seeds were up to 30 % larger, and 
accumulated up to 20 % more SP (Rolletschek et al. 2004).

De novo FA synthesis occurs within the plastid and requires stoichiometric 
amounts of acetyl-CoA and ATP, and NADPH and NADH for each C2 addition 
to the growing acyl chain in the reactions catalyzed by ACCase and FA synthase 
(Rawsthorne 2002). However, the pathway leading from sucrose-derived cytosolic 
hexose-phosphates to plastidial acetyl-CoA (and the corresponding metabolism 
generates plastidic ATP and NAD(P)H) is highly flexible (Fig. 15.2b) and certainly 
varies within and between species. Studies of isolated leucoplasts from nongreen 
developing castor and sunflower seeds showed that relative to other precursors 
exogenous malate supported maximal rates of FA synthesis (Pleite et al. 2005; 
Smith et al. 1992). As a consequence of malate’s oxidation into acetyl-CoA via 
the plastidialisozymes of NADP-ME and the pyruvate dehydrogenase complex 
(PDCp) all of the NADPH and NADH required for carbon incorporation into FAs 
is produced (Fig. 15.2b). Both PEPC and plastidial NADP-ME are abundant in 
developing castor bean endosperm (Sangwan et al. 1992b; Shearer et al. 2004), 
and a novel malate-Pi antiporter exists in the castor and sunflower leucoplast en-
velope (Fig. 15.2b) (Eastmond et al. 1997; Pleite et al. 2005). Furthermore, the 
most significant increase in the activity and concentration of castor endosperm 
PEPC and plastidial NADP-ME coincides with the most active phase of storage oil 
accumulation (Blonde and Plaxton 2003; Gennidakis et al. 2007; Sangwan et al. 
1992b; Shearer et al. 2004). These results are compatible with the hypothesis that 
PEPC has an additional function to control sucrose partitioning at the cytosolic 
PEP branchpoint for generation of precursors and reducing power needed for FA 
biosynthesis, particularly in nongreen oilseeds such as castor bean (Fig. 15.2b). 
This hypothesis was corroborated by a quantitative proteomic analysis of castor 
bean reserve deposition that concluded that cytosolic glycolysis and malate syn-
thesis via PEPC and MDH are important contributors of both carbon and reducing 
equivalents for leucoplast FA synthesis (Houston et al. 2009). PEPC also refixes 
CO2 released by ME, PDC, and the TCA cycle to improve overall seed carbon 
economy. However, FA synthesis also requires a source of ATP for ACCase, and 
this may be an indispensible function for PKp (Fig. 15.2b). PKp is also highly ex-
pressed during the oil synthesis phase of developing castor, tobacco, and B. napus 
seeds (Ireland et al. 1980; McHugh et al. 1995; Plaxton et al. 1990; Sangwan et al. 
1992a). The respective contributions of PEPC-MDH-ME versus PKp pathways for 
supporting oilseed FA synthesis require further clarification. It has been suggested 
that the relative importance of each route in developing castor beans may vary di-
urnally according to the rate of photosynthate provision from source leaves (Sang-
wan et al. 1992b).
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Metabolic flux analysis has reported a spectrum of values regarding anaple-
rotic PEP carboxylation to support biosynthetic pathways of developing oilseeds. 
The flux from malate to plastidial pyruvate (and hence, acetyl-CoA) appears 
to be negligible in developing B. napus embryos, whereas about 20 % of total 
pyruvate that feeds into FA biosynthesis in developing soybean seeds appears to 
be generated from malate via plastidial NADP-ME (Allen et al. 2009; Ruuska 
et al. 2004). However, FA synthesis by green B. napus embryos is absolutely 
light dependent, since much of the NADPH and ATP they need to assemble FAs 
from acetyl-CoA is generated via the light reactions of photosynthesis (Ruuska 
et al. 2004; Schwender et al. 2004). In the nongreen developing maize embryo, 
however, 30 % of carbon flux into FAs was derived from PEPC-generated malate 
(Alonso et al. 2010). One caveat of metabolic flux analyses is that they require 
artificially static conditions, such as constant light and sucrose supply, and non-
physiological levels of oxygen (O2). Conversely, the activities of the enzymes 
surrounding the PEP node and their support of FA synthesis are likely to be 
tightly controlled to be in tune with changing environmental conditions, includ-
ing the diurnal cycle.

15.5  Molecular and Biochemical Properties of Cytosolic 
and Plastidic PK Isozymes of Developing Oilseeds

The PK catalyzes the irreversible conversion of PEP and ADP into pyruvate and 
ATP (Fig. 15.2a), thus providing one of the only ways that cells can generate ATP 
via substrate-level phosphorylation. Plant PK biochemistry is quite complex ow-
ing to the existence of multiple PKc and PKp isozymes with different biochemical 
properties depending on the tissue and plant source. Arabidopsis, for instance, has 
14-annotated PK genes encoding eight PKc and four PKp isozymes and that likely 
exhibit a large degree of variation with respect to regulation of gene expression and 
enzymatic activity (by contrast, the human genome only encodes four different PK 
isozymes) (Andre et al. 2007). Plant PKc and PKp isozymes are immunologically 
distinct owing to their amino acid sequence dissimilarity (Plaxton 1989; Plaxton 
et al. 1990, 2002). PKc and PKp from developing oilseeds have thus far been sub-
jected to concurrent biochemical characterization in two systems—heterotrophic 
B. napus suspension cell cultures1 and the oil-rich endosperm of developing castor 
beans (Blonde and Plaxton 2003; Ireland et al. 1980; Moraes and Plaxton 2000; 
Negm et al. 1995; Plaxton 1991; Plaxton et al. 1990, 2002; Smith et al. 2000; Turner 
et al. 2005).

1 Heterotrophic cell suspension cultures of embryos derived in vitro from pollen grains of B. na-
pus closely resemble their developing zygotic (seed embryo) counterpart with respect to FA and 
storage lipid accumulation, and expression of PKc and PKp (Sangwan et al. 1992a; Weselake et al. 
2009).
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15.5.1  Cytosolic PK

Antibodies against B. napus PKc were used to examine PKc subunit composition and 
developmental profiles in developing castor and soybean seeds (Turner et al. 2005). 
A 56 kDa immunoreactive PKc polypeptide was uniformly detected on immunoblots 
of clarified extracts from developing castor endosperm or soybean embryos. Maxi-
mal PKc activities occurred early in castor and soybean development and were up to 
25-fold greater than those of fully mature seeds. Time-course studies revealed a close 
correlation between extractable PKc activity and the relative amount of immunore-
active PKc subunits. The results imply that oilseed PKc synthesis versus proteolytic 
turnover is tightly controlled such that net synthesis predominates earlier in seed 
development, whereas proteolytic turnover prevails during seed maturation (Turner 
et al. 2005). In vivo PKc phosphorylation appears to tag the enzyme for subsequent 
polyubiquitination and proteolytic degradation in maturing soybean seeds (Tang 
et al. 2003). To evaluate the physical and kinetic/regulatory properties of oilseed 
PKc, the developing castor bean and B. napus suspension cell enzymes were purified 
to homogeneity as a ∼ 230 kDa homotetramers composed of 56 kDa subunits (Smith 
et al. 2000; Turner et al. 2005). Their activities exhibited: (i) a broad symmetrical 
pH/activity profile with maximal activity centered around pH 6.5; (ii) hyperbolic 
substrate saturation kinetics, with similarly high affinities for PEP and ADP; (iii) ab-
solute dependence on a univalent and bivalent metal cation cofactor (K +  and Mg2 + ); 
and (iv) greater catalytic efficiency ( Vmax/Km) at pH 7.4 (physiological pH) than pH 
6.4 (Smith et al. 2000; Turner et al. 2005). These characteristics are similar to PKc 
preparations from several other plant sources, but contrast with PKp isolated from 
B. napus suspension cells and developing castor beans, which uniformly displayed 
sharp pH/activity profiles centered at pH 8.0 (Ireland et al. 1980; Plaxton et al. 2002). 
Light-dependent alkalinization of the chloroplast stroma is believed to contribute to 
the metabolic control of several Calvin cycle enzymes, which display similar pH-
activity profiles as the castor bean and B. napus PKp. However, we are unaware of 
any stromal pH estimates for leucoplasts from nongreen oilseeds. Thus, the potential 
role of pH in the control of leucoplast PEP metabolism awaits further research.

The PKc of developing castor and soybeans also demonstrated potent allosteric 
(mixed-competitive) inhibition by glutamate (Tang et al. 2003; Turner et al. 2005). 
Glutamate is thus expected to have major significance in the in vivo allosteric con-
trol of oilseed PKc. It is intriguing that aspartate functioned as an activator of puri-
fied castor bean, soybean, and B. napus PKcs only in the presence of glutamate 
(Smith et al. 2000; Tang et al. 2003; Turner et al. 2005). The inhibition of these PKcs 
by glutamate and its reversal by aspartate was specific for these particular amino 
acids. This reciprocal allosteric control is remarkable considering that glutamate 
differs from aspartate only by having an extra carbon atom in its functional group. 
The data indicate that the cytosolic [aspartate]:[glutamate] ratio is a major determi-
nant of in vivo PKc activity in developing oilseeds. Both glutamate and aspartate 
have been implicated in the allosteric control of PKc versus PEPC in additional 
vascular plant tissues and green algae (Plaxton 1996; Plaxton and Podestá 2006). 
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Allosteric control of plant PKcs and PEPCs by glutamate provides a tight feedback 
control that is hypothesized to balance their overall activity with the production of 
C-skeletons required for NH4

 + -assimilation and transamination reactions in tissues 
active in amino acid and protein synthesis. By contrast, the activity of the hetero-
tetrameric PKc isozyme isolated from endosperm of 5-day-germinated castor seed-
lings was insensitive to glutamate or aspartate (Podestá and Plaxton 1991). These 
allosteric differences reflect tissue-specific PKc isozymes that have evolved to suit 
the distinctive metabolic requirements of developing versus germinating oilseeds 
(i.e., storage lipid and protein accumulation versus mobilization).

15.5.2  Plastidial PK

The PKp polypeptide and activity levels correlate with the most active phase of stor-
age lipid biosynthesis in developing castor bean endosperm, as well as tobacco, B. 
napus, and Arabidopsis embryos (Andre et al. 2007; Blakeley et al. 1991; McHugh 
et al. 1995; Sangwan et al. 1992a). This correlation supports the hypothesis that an 
essential function for PKp is to generate pyruvate and ATP needed for long chain 
FA biosynthesis in leucoplasts. This was corroborated by the observation that T-
DNA insertional Arabidopsis mutants lacking expression of seed-specific PKp sub-
units showed a drastic reduction in seed FA and oil content (Andre et al. 2007). All 
seed PKps examined to date exist as unusual heteromeric complexes composed of 
equivalent amounts of α- and β-subunits having molecular masses of about 64 kDa 
and 57 kDa, respectively, and that are encoded by different PKp genes within the 
nucleus. In developing castor beans, transit peptides of 44 and 60 amino acids are 
respectively cleaved from PKp α- and β-subunit preproteins following their import 
from the cytosol into leucoplast (Negm et al. 1995). The α- and β-subunits of cas-
tor bean PKp are extremely susceptible to partial in vitro proteolysis by an endog-
enous asparaginyl endopeptidase (Cornel and Plaxton 1994; Negm et al. 1995). 
However, nonproteolyzed native PKp from B. napus cell cultures was purified to 
near homogeneity and characterized (Plaxton et al. 2002). A novel kinetic feature 
of the B. napus PKp (subsequently observed with heterologously expressed PKp 
from Arabidopsis embryos), was its allosteric activation by 6-P-gluconate (Andre 
et al. 2007; Plaxton et al. 2002), the product of glucose-6-P dehydrogenase, which 
catalyzes the first committed step of the plastid’s OPPP. Feedforward activation of 
leucoplast PKp by 6-P-gluconate was hypothesized to coordinate the stromal pro-
duction of reductant (NADPH) by the OPPP with pyruvate and ATP generation by 
PKp for leucoplast FA biosynthesis (Andre et al. 2007; Plaxton et al. 2002).

15.6  The Incredible Complexity of Oilseed PEPC

Plant PEPCs belong to a small multigene family encoding several plant-type PEPCs 
(PTPCs), along with at a distantly related bacterial-type PEPC (BTPC). PTPC gen-
esencode similar 105–110 kDa polypeptides having a conserved N-terminal seryl-
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phosphorylation domain (acidic-basic–XX-pSIDAQLR) and that typically exist as 
homotetrameric class-1 PEPCs (O’Leary et al. 2011b). PTPCs have been catego-
rized as being either the photosynthetic (C4 and CAM PEPCs) or nonphotosyn-
thetic (C3) isozymes. PTPCs evolved from a common ancestral gene and display 
a high degree of conservation at the genetic level. All plant genomes sequenced to 
date, including that of ancestral green algae, also contain an enigmatic BTPC gene 
encoding a larger 116–118 kDa polypeptides that exhibits low (< 40 %) sequence 
identity with PTPCs. BTPCs appear to function as catalytic and regulatory subunits 
of extraordinary class-2 PEPC heteromeric complexes, whose novel oligomeric-
structure, control, expression patterns, and putative functions are discussed below.

Our current understanding of oilseed PEPC biochemistry was built upon a 
foundation of integrating classical enzyme biochemistry with modern tools of 
MS and associated bioinformatic databases. In particular, low and highmolec-
ular masses PEPC isoforms of approximately equal abundance were purified, 
identified, and characterized from the endosperm of developing castor beans; 
their respective physical and kinetic/regulatory properties were determined to 
be remarkably analogs to the highly distinctive class-1 versus class-2 PEPC iso-
forms of unicellular green algae (Blonde and Plaxton 2003; O’Leary et al. 2011b; 
Rivoal et al. 2001; Uhrig et al. 2008a). Thus, class-1 PEPC of developing castor 
beans exists as a classic 410 kDa PEPC homotetramer composed of 107 kDa 
PTPC subunits (encoded by RcPpc3). By contrast, the corresponding castor bean 
class-2 PEPC 910 kDa heterooctameric complex consists of the same class-1 
PEPC (RcPPC3) homotetrameric core tightly associated with four 118 kDa BTPC 
subunits (encoded by RcPpc4) (Fig. 15.3) (Gennidakis et al. 2007; O’Leary et al. 
2009).

15.7  Castor Bean Class-1 PEPC Is Controlled by 
Allosteric Effectors, Reversible Phosphorylation, 
and Regulatory Monoubiquitination

15.7.1  Allosteric Effectors

PTPC subunits of class-1 PEPCs from various plant tissues show a range of sen-
sitivities to allosteric effectors, typically activation by hexose-Ps and inhibition by 
malate (Fig. 15.2a). C3 PEPCs (e.g., class-1 PEPC from castor beansor B. napus em-
bryos) are typically very sensitive to allosteric effectors relative to C4 PEPCs, which 
function during C4 photosynthesis under higher malate concentrations (O’Leary 
et al. 2011b). As discussed above, aspartate and glutamate are also important feed-
back effectors of class-1 PEPC and PKc isozymes in green algae and plant tissues 
active in nitrogen-assimilation and/or transamination reactions, including develop-
ing castor beans and B. napus embryos (Blonde and Plaxton 2003; Moraes and 
Plaxton 2000; Smith et al. 2000; Turner et al. 2005). These effectors provide a regu-
latory link between nitrogen metabolism and the control of respiratory carbohydrate 
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metabolism (Fig. 15.2a); they provide a mechanism for decreasing flux from PEP 
to aspartate ( via PEPC and aspartate aminotransferase) while promoting PKc activ-
ity whenever cytosolic aspartate levels become elevated. This elevation will occur 
when the cell’s demands for nitrogen are satisfied, and the overall rate of protein 
synthesis becomes more dependent upon ATP availability, rather than the supply of 
amino acids. In this instance, PKc and respiratory carbon flux may assume a more 
significant role, in terms of satisfying a large ATP demand, than the anaplerotic gen-
eration of biosynthetic precursors via PEPC. Metabolomic analyses of organic and 
amino acid developmental profiles is required to achieve a better understanding of 
the coordinate control of oilseed PEPC versus PKc by allosteric effectors.

Fig. 15.3  Model illustrating the amazing biochemical complexity of castor bean PEPC. The PTPC 
(RcPPC3) of developing castor bean endosperm exists: (i) as a typical class-1 PEPC homotetramer 
(PEPC1) which is activated in vivo by sucrose-dependent phosphorylation of its 107 kDa subunit 
(p107) at Ser11 (Tripodi et al. 2005), and (ii) tightly associated with 118 kDa BTPC (RcPPC4) 
subunits (p118) to form the allosterically-desensitized Class-2 PEPC hetero-octameric complex 
(PEPC2) (Blonde and Plaxton 2001; Gennidakis et al. 2007; Uhrig et al. 2008a; O’Leary et al. 
2009). The BTPC subunits are subject to in vivo multisite phosphorylation at Thr4, Ser425, and 
Ser451 (Dalziel et al. 2012; Uhrig et al. 2008a; O’Leary et al. 2011b, c). Castor bean maturation 
is accompanied by disappearance of the class-2 PEPC complex and BTPC polypeptides and tran-
scripts, and a marked reduction in the amount of class-1 PEPC coupled with dephosphorylation of 
its 107 kDa PTPC subunits (Tripodi et al. 2005). Imbibition and germination is accompanied by 
increased PTPC ( RcPpc3) gene expression, class-1 PEPC activity and amount, and ubiquitination 
of 50 % of its PTPC subunits at Lys628 to form a novel monoubiquitinated class-1 PEPC heterotet-
ramer (Gennidakis et al. 2007; Uhrig et al. 2008b). UB ubiquitin
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15.7.2  Reversible Phosphorylation

A cDNA microarray study identified numerous putative protein kinase and phos-
phoprotein phosphatase genes, whose expressions were significantly enhanced 
during Arabidopsis embryogenesis (Ruuska et al. 2002). Similarly, seed filling in 
developing B. napus embryos is accompanied by dynamic phosphorylation changes 
in a large number of functionally diverse phosphoproteins (Agrawal and Thelen 
2006). Nevertheless, very little is known about the specific roles of enzyme phos-
phorylation and the identification and characterization of the responsible protein 
kinases and phosphatases in the integration and control of carbon and nitrogen 
metabolism and photosynthate partitioning to FAs during oilseed development. 
It is well established that class-1 PEPC from C4− and CAM leaves is controlled 
by reversible phosphorylation at a conserved N-terminal seryl residue, which ac-
tivates the enzyme by decreasing inhibition by malate while increasing activation 
by glucose-6-P. Tripodi et al. (2005) produced antiphosphorylation-site specific 
antibodies to the conserved N-terminal regulatory phosphorylation-site (pSer11) of 
class-1 PEPC from developing castor beans. The anti-pSer11-IgG helped to provide 
the first definitive evidence for: (i) regulatory PEPC phosphorylation-activation 
in maturing seeds and (ii) reversible in vivo dephosphorylation of a developing 
seed PEPC in response to disruptions in photosynthate supply (Tripodi et al. 2005). 
These results implied that a PEPC protein kinase (PPCK) is functional during castor 
bean development. The presence of PPCKwas confirmed in a follow-up study in 
which the enzyme was purified ~ 1,500 folds from developing castor beans (Murmu 
and Plaxton 2007). Size exclusion chromatography and immunoblotting with anti-
(rice PPCK)-immune serum established that this Ca2 + -insensitive PPCK exists as a 
31 kDa monomer (Murmu and Plaxton 2007). PPCK-mediated rephosphorylation 
of castor bean class-1 PEPC activated the enzyme by ~ 80 % when assayed under 
suboptimal conditions (pH 7.3, 0.2 mM PEP, 0.125 mM malate). Castor bean PPCK 
displayed remarkable selectivity for phosphorylating castor class-1 PEPC (relative 
to tobacco, sorghum, or maize PEPCs), exhibited a broad pH-activity optima of pH 
8.5, and at pH 7.3 was activated 40–65 % by 1 mM PEP, or 10 mM glutamine or 
asparagine, but inhibited 65 % by 10 mM malate (Murmu and Plaxton 2007). The 
possible control of castor bean PPCK by disulfide-dithiolinterconversion was sug-
gested by its rapid inactivation and subsequent reactivation when incubated with 
oxidized glutathione and then dithiothreitol (DTT). In vitro PPCK activity showed 
good correlation with in vivo class-1 PEPC phosphorylation status, with both peak-
ing during the mid-cotyledon to full-cotyledon stages of castor bean development 
(Murmu and Plaxton 2007; Tripodi et al. 2005). Notably, PPCK activity and class-1 
PEPC phosphorylation were both eliminated, following pod excision or prolonged 
darkness of intact castor plants; both effects were fully reversed 24 h following 
reillumination of darkened plants (Murmu and Plaxton 2007; Tripodi et al. 2005). 
These results implicate a direct relationship between the upregulation of PPCK and 
consequent activation of class-1 PEPC by phosphorylation during the recommence-
ment of photosynthate delivery from illuminated leaves to the nonphotosynthetic 
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castor beans. Overall, the results support the hypothesis that class-1 PEPC and 
its PPCK participate in the control of photosynthate partitioning into C-skeletons 
needed as precursors for key biosynthetic pathways of developing oilseeds. An im-
portant area for future studies will be to establish signaling pathway(s) that link 
sucrose supply to enhanced PPCK expression and class-1 PEPC phosphorylation-
activation in developing oilseeds.

15.7.3  Regulatory Monoubiquitination

Characterization of native class-1 PEPC purified from germinated castor seed endo-
sperm provided the first example of regulatory monoubiquitination2 of a metabolic 
enzyme in nature (Uhrig et al. 2008b). A 440 kDa class-1 PEPC heterotetramer, 
composed of an equivalent ratio of nonphosphorylated 110 and 107 kDa subunits, 
was purified from three-day-old germinated COS endosperm. MS and immunob-
lotting established that both subunits arose from the same PTPC gene ( RcPpc3) 
encoding the phosphorylated class-1 PEPC homotetramer of developing COS, but 
that the 110 kDa subunit is a monoubiquitinated form of the 107 kDa subunit. MS 
sequencing of tryptic peptides identified Lys628 as PEPC’s monoubiquitination site 
(Uhrig et al. 2008b). Lys628 is absolutely conserved in all PTPCs and BTPCs, and 
is proximal to a PEP binding/catalytic domain (O’Leary et al. 2011b). Monoubiqui-
tination was shown to be inhibitory in nature by increasing the class-1 PEPC’s Km 
(PEP) and sensitivity to allosteric effectors (Uhrig et al. 2008b). It is notable that 
elimination of photosynthate supply to developing castor beans caused by detaching 
intact developing pods from the plant caused class-1 PEPC’s 107 kDa PTPC sub-
units in the endosperm and cotyledon to become dephosphorylated, and then subse-
quently monoubiquitinated in vivo (O’Leary et al. 2011a; Tripodi et al. 2005; Uhrig 
et al. 2008a). Because depodding abolishes photosynthate delivery, it is conceivable 
that the carbon metabolism of depodded developing castor beans is reorganized to 
parallel that of the gluconeogenic germinating endosperm. Moreover, the distinc-
tive developmental patterns of PTPC phosphorylation versus monoubiquitination 

2 Ubiquitin is a highly conserved globular protein of eukaryotic cells that modifies target proteins 
via its covalent attachment through an isopeptide bond between the C-terminal Gly residue of 
ubiquitin and the ε-amino group of a Lys residue on a target protein. A multienzyme system con-
sisting of activating (E1), conjugating (E2), and ligating (E3) enzymes attach ubiquitin to cellular 
proteins. Polyubiquitination is a well known PTM that tags many proteins for their proteolytic 
elimination by the 26S proteasome. However, protein monoubiquitination has been demonstrated 
to play a variety of crucial, nondestructive functions in yeast and mammalian cells. Monoubiq-
uitination mediates protein-protein interactions (by recruiting ubiquitin-binding domain client 
proteins) and localization to help control processes, such as endocytosis, DNA repair, transcrip-
tion and translation, and signal transduction (Uhrig et al. 2008b). Ubiquitin-related pathways are 
believed to be of widespread importance in the plant kingdom. Genome annotation indicates that 
the ubiquitin-related pathway alone comprises over 6 % of the Arabidopsis or rice proteomes with 
thousands of different proteins being probable targets.
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throughout various green and nongreen tissues of the castor plant indicated that 
these PTMs are mutually exclusive (O’Leary et al. 2011a). As discussed above, 
class-1 PEPC phosphorylation-activation has been observed in tissues in which a 
high and tightly controlled flux of PEP to malate has an obvious metabolic role; 
e.g., as occurs during photosynthate partitioning to storage endproducts by develop-
ing castor beans. Clearly, additional research is warranted to assess the interplay be-
tween, and metabolic functions of class-1 PEPC phosphorylation versus monoubiq-
uitination. Future studies also need to characterize the: (i) ubiquitin-binding domain 
proteins that might interact with the ubiquitin ‘docking site’ of monoubiquitinated-
class-1 PEPCs; (ii) possible influence of this PTM on their subcellular location; and 
(iii) signaling pathways and specific E3 ligase that mediate tissue-specific class-1 
PEPC monoubiquitination.

15.8  Castor Bean Class-1 PEPC May Interact with  
a Cytosolic-Targeted PDC

A surprising outcome of the recent coIP proteomics study of the class-1 PEPC 
interactome of developing castor bean endosperm was the identification of PDCp 
as a putative interactor (Uhrig et al. 2008b). Immunoblotting using monospecific 
antibodies raised against E1α, E1β, E2, and E3 subunits of Arabidopsis PDCp 
verified the presence of all four PDCp subunits in eluates from the anti-(COS 
class-1 PEPC [RcPPC3]) immunoaffinity column. Although castor class-1 PEPC 
and PDCp are believed to be localized in different metabolic compartments, there 
are only two enzymatic steps between them (MDH and ME). A previous report 
indicated that PDHp may not be exclusively plastidic in developing castor bean 
endosperm (Reid et al. 1977). In this study, the plastid marker enzyme ACCase 
demonstrated 98 % of its total activity to be leucoplast-localized, while only 62 % 
of total PDC activity was in the same fraction. Conversely, 2 % and 38 % of total 
ACCase and PDC activity were respectively measured in the corresponding cyto-
solic fraction (Reid et al. 1977). Further studies are required to establish PDHp’s 
distribution in the plastid versus cytosol. Nevertheless, the aforementioned find-
ings indicate that a specific class-1 PEPC-PDCp interaction might exist in devel-
oping castor beans. This interaction could facilitate CO2 recycling from PDC to 
PEPC and/or occur as part of a metabolon that channels PEP to cytosolic acetyl-
CoA required for the biosynthesis of isoprenoids, flavonoids, and malonated de-
rivatives, in addition to the elongation of C16 and C18 FAs. Although cytosolic 
acetyl-CoA is generally believed to be generated from citrate and CoA by ATP-ci-
trate lyase (Rawsthorne 2002), PDCp could provide an alternative metabolic route 
for acetyl-CoA production within the castor bean cytosol. It will be interesting to 
determine whether the observed in vitro interaction between a class-1 PEPC and 
PDCp exists in vivo, and if so, the role that it plays in carbohydrate partitioning 
and CO2 recycling.
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15.9  The Class-2 PEPC Complex of Developing Castor Beans 
Exhibits Remarkable Structural and Kinetic/Regulatory 
Properties

15.9.1  BTPC Subunits of Class-2 PEPC

Vascular plant BTPCs constitute a monophyletic group, separate from either the 
PTPCs or bacterial and archaeal PEPCs, and appear to have evolved in green al-
gae (O’Leary et al. 2011b). All deduced BTPC sequences contain residues critical 
for PEPC catalysis, and heterologous expression of green algal ( Chlamydomonas 
reinhardtii) and castor bean BTPCs yielded active PEPCs (O’Leary et al. 2009, 
2011b). Deduced PEPC polypeptides are readily classified as a BTPC or PTPC by 
three main criteria: (i) their C-terminal tetrapeptide is either (R/K)NTG for BTPCs 
or QNTG for PTPCs; (ii) BTPCs lack the distinctive N-terminal seryl phosphoryla-
tion motif characteristic of PTPCs; and (iii) BTPCs contain a unique and highly 
divergent insertion of approximately 10 kDa that exists in a largely unstructured and 
highly flexible conformation, known as an intrinsically disordered region (O’Leary 
et al. 2011b, c). Disordered regions typically exist as a flexible linker that connects 
two globular domains to mediate protein-protein interactions. Indeed, a recent im-
aging study of transiently-expressed wild type and truncation mutants of developing 
castor bean BTPC (RcPPC4) and PTPC (RcPPC3) fluorescent fusion proteins in to-
bacco BY2 suspension cells demonstrated that BTPC’s disordered region mediates 
its in vivo interaction with the PTPC as a class-2 PEPC complex (Park et al. 2012). 
Several lines of evidence indicate that PTPC is an essential binding partner for the 
corresponding BTPC. For example: (i) native vascular plant and green algal BTPC 
subunits tightly associate with corresponding PTPC subunits during purification; 
(ii) heterologously-expressed castor BTPC subunits aggregate and precipitate in 
the soluble fraction of Escherichia coli lysates unless combined with a PTPC; and 
(iii) fluorescent protein-tagged castor bean PTPC and BTPC subunits interact in 
vivo during their transient coexpression in tobacco BY2 cells (O’Leary et al. 2009, 
2011b; Park et al. 2012; Rivoal et al. 2001). PTPCs have thus been hypothesized to 
be compulsory BTPC binding partners that maintain BTPCs in their proper struc-
tural and functional state in class-2 PEPCs (O’Leary et al. 2009, 2011c; Park et al. 
2012).

The tissue-specific expression of BTPC transcripts has been investigated in sev-
eral species. Expression of BTPC transcripts tends to be quite low relative to PTPC 
transcripts, and is dependent upon the developmental stage and metabolic status 
of the tissue being examined (O’Leary et al. 2011a, b). An emerging pattern is the 
increased expression of BTPC in rapidly dividing and/or biosynthetically very ac-
tive cells. For example, BTPC transcripts and polypeptides are coordinately and 
highly expressed during castor bean filling; their developmental profiles coincide 
with class-2 PEPC expression during rapid endosperm growth and oil accumulation 
(Gennidakis et al. 2007). The class-2 PEPC complex of developing castor beans has 
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been independently documented by a variety of in vitro techniques, including coIP 
and nondenaturing PAGE of clarified endosperm extracts coupled with in-gel PEPC 
activity staining and parallel immunoblotting using BTPC- and PTPC-specific an-
tibodies (Gennidakis et al. 2007; Uhrig et al. 2008a). These approaches were used 
to demonstrate comparable class-1 and class-2 PEPC isoforms in extracts of devel-
oping lily pollen (Igawa et al. 2010). BTPC transcripts and polypeptides (and thus 
class-2 PEPC) are also expressed in developing (rapidly expanding) castor leaves, 
but disappear at leaf maturity (O’Leary et al. 2011a).

15.9.2  Kinetic Properties and Allosteric Effectors  
of Class-2 PEPC

Upon extraction, the BTPC subunits of green algal and castor bean class-2 PEPCs 
are extremely susceptible to rapid proteolytic cleavage by an endogenous thio-
lendopeptidase at a specific site within their disordered region (Gennidakis et al. 
2007; Rivoal et al. 2001). This in vitro proteolysis has prevented purification of 
native castor bean class-2 PEPC containing nontruncated BTPC subunits, even in 
the presence of a wide assortment of protease inhibitors and cocktails. To circum-
vent this problem, E. coli lysates containing heterologously-expressed castor BTPC 
(RcPPC4) and Arabidopsis PTPC (AtPPC3) subunits were mixed together in vitro 
to create intact, stable chimeric class-2 PEPCs, which were then purified and char-
acterized (O’Leary et al. 2009, 2011c). The PTPC and BTPC subunits were both 
catalytically active and consequently the chimeric class-2 PEPC displayed biphasic 
PEP saturation kinetics, as previously documented for the purified, nonproteolyzed, 
native class-2 PEPC from the green alga Selenastrum minutum (O’Leary et al. 2009, 
2011c; Rivoal et al. 2001). BTPC is a high Vmax, low affinity, allosterically desen-
sitized class-2 PEPC subunit that exhibits Km (PEP) and I50 (malate) values about 
10- and 15-fold higher, respectively, than those of the PTPC subunits. The BTPC is 
also unaffected by glucose-6-P, a characteristic allosteric activator of class-1 PEPCs 
(Fig. 15.2a). The resulting class-2 PEPC complex as a whole was far less sensitive to 
allosteric effectors compared to the corresponding class-1 PEPC of developing cas-
tor seeds and thus appears to be constitutively active (O’Leary et al. 2009, 2011c).

Significant levels of class-2 PEPC and its constituent BTPC and PTPC subunits 
occur in developing castor beans and lily pollen (Blonde and Plaxton 2003; Gennida-
kis et al. 2007; Igawa et al. 2010; Uhrig et al. 2008a). Both are reproductive sink tis-
sues in which mitosis has been completed and the cells are rapidly expanding while 
simultaneously metabolizing large amounts of imported photosynthate into storage 
lipids and proteins. BTPC and thus class-2 PEPC upregulation appears to be a dis-
tinctive feature of rapidly growing and/or biosynthetically active tissues that require 
a large anaplerotic flux from PEP to replenish TCA cycle C-skeletons being with-
drawn for anabolism. The unique kinetic and regulatory properties of class-2 PEPC 
have been hypothesized to function as a ‘metabolic overflow’ mechanism capable of 
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sustaining significant flux from PEP to malate under in vivo conditions, where the 
corresponding class-1 PEPC activity would become largely suppressed by feedback 
allosteric inhibitors, such as malate, glutamate, and aspartate (O’Leary et al. 2009). 
For example, malate levels in developing castor bean endosperm have been mea-
sured at 5 mM, a value ~ 80-fold higher than the I50 (malate) of the castor class-1 
PEPC at physiological pH, but within the range of the I50 (malate) of the BTPC sub-
unit of castor class-2 PEPC (O’Leary et al. 2009, 2011c; Smith et al. 1992).

15.9.3  Regulatory Phosphorylation of Castor Bean BTPC

Extensive MS analysis of native BTPC coIP’d from developing castor bean endo-
sperm led to the discovery of three novel in vivo phosphorylation sites: Thr4 at the 
N-terminus, and Ser425 and Ser451 within its intrinsically disordered region (Dalziel 
et al. 2012; O’Leary et al. 2011b, c; Uhrig et al. 2008a). The Thr4 and Ser451 phos-
phorylation sites are conserved in other BTPC orthologs, but the Ser425 site is only 
partially conserved. Phosphomimetic mutagensis of the Ser425 and Ser451 sites have 
shown them to be regulatory in nature, with both causing inhibition of the BTPC 
subunits within a class-2 PEPC by increasing their Km (PEP) and sensitivity to 
feedback inhibition by malate and aspartate. The developmental patterns of BTPC 
phosphorylation at Ser425 and Ser451 were examined by immunoblotting clarified 
castor seed extracts with the respective phosphosite specific antibodies, and shown 
to be very distinct from the in vivo phosphorylation-activation of castor bean class-1 
PEPC at Ser11 of its PTPC subunits, implying control by distinct PPCKs and signal-
ing pathways (Dalziel et al. 2012; O’Leary et al. 2011b, c; Tripodi et al. 2005). The 
function of the third phosphorylation site (pThr4) of castor bean BTPC is unknown. 
Kinetic analysis of a T4D phosphomimetic RcPPC4 mutant indicated that it is not 
regulatory in nature. However, it is intriguing that the Thr4 of plant BTPC exists in a 
conserved forkhead-associated (FHA) binding domain (pTXXD). As FHA domains 
have gained considerable prominence as phospho-Thr dependent protein interaction 
modules (O’Leary et al. 2011b), it will be necessary to establish the role that BTPC 
phosphorylation at Thr4 might play in mediating the interaction of class-2 PEPCs 
with FHA domain-containing proteins. Characterization of BTPC from additional 
oilseed species, alongside identification of the responsible protein kinases and re-
lated signaling pathways, will also be essential to further validate and extend the 
role of BTPC and its in vivo multisite phosphorylation in class-2 PEPCs.

15.10  Class-2 PEPC of Developing Castor Beans Appears 
to Associate with the Mitochondrial Outer Envelop

The subcellular location and in vivo interaction of castor bean PTPC (RcPPC3) 
and BTPC (RcPPC4) were recently assessed by imaging PEPC-fluorescent pro-
tein fusions (using confocal laser scanning microscopy; CLSM) that had been 
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transiently expressed in heterotrophic tobacco BY2 suspension cells (Park et al. 
2012). This was complemented by transmission electron microscopy (TEM) of 
immunogold-labeled developing castor bean endosperm and cotyledons using 
monospecific castor BTPC and PTPC antibodies. The overall results indicated 
that: (i) castor bean BTPC and PTPC interact in vivo as a class-2 PEPC complex; 
(ii) BTPC’s intrinsically disordered region mediates its tight interaction with 
PTPC; (iii) the BTPC-containing class-2 PEPC appears to be located on the mi-
tochondrial outer membrane; whereas (iv) the PTPC-containing class-1 PEPC is 
uniformly distributed throughout the cytosol. Mitochondrial-associated cytosolic 
glycolytic isozymes have also been reported in several studies. Sweetlove and 
colleagues showed that seven different glycolytic enzymes formed a metabolon 
on the mitochondrial surface of Arabidopsis suspension cells during periods of 
increased respiration so as to channel carbon from cytosolic metabolite pools 
into the mitochondria while restricting substrate use by competing metabolic 
pathways (Graham et al. 2007). We therefore need to determine the prevalence, 
mechanism, and metabolic role(s) of mitochondrial associated class-2 PEPC 
complexes of developing oilseeds. In addition, it will be important to identify 
any class-2 PEPC interacting proteins that may form a metabolon to facilitate 
respiratory CO2 refixation (e.g., via its possible association with carbonic an-
hydrase and/or bicarbonate transporter of the mitochondrial inner envelop) and/
or anaplerotic PEP partitioning to metabolic end products, such as storage lipids 
and proteins.

15.11  Concluding Remarks

While the central importance of PEP in plant metabolism and physiology has been 
appreciated for many years (Davies 1979), recent research has provided numerous 
insights into the complex biochemical and molecular mechanisms that underpin 
the organization andcontrol of PEP metabolism in developing oilseeds. Integrative 
analyses at the genomics, transcriptomics, proteomics, enzymological/biochemical, 
and cellular levels have revealed the biochemical complexity the key PEP metabo-
lizing enzymes: PKc, PKp, and class-1 versus class-2 PEPC. As documented in Part 
II of this book, important insights into oilseed development have been acquired 
through extensive transcriptomics analyses that have measured the expression of a 
wide variety of genes encoding enzymes involved in the metabolism of imported 
photosynthate into storage end products. However, a change in transcript abun-
dance does not automatically result ina corresponding change in cognate protein 
levels (and even less so in a change to in vivo enzyme activityor pathway flux). 
This is reflected by integrated proteomic and transcriptomics studies of develop-
ing Arabidopsis and Medicago trunculata seeds that only observed a ∼ 50 % cor-
relation between transcript levels and amounts of the encoded enzymes (Gallardo 
et al. 2003; Hajduch et al. 2010). Likewise, the differences in protein accumulation 
and mRNA expression patterns of tobacco seed PKc versus PKp indicated that the 
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developmental expression of these isozymes is controlled by independent transcrip-
tional and posttranscriptional mechanisms (McHugh et al. 1995). This corroborates 
theoretical and experimental studies indicating that the majority of metabolic con-
trol occurs at the posttranscriptional level (Sweetlove and Fernie 2005; Plaxton and 
Podestá 2006). Moreover, transcript profiling provides no information about either 
the subcellular location of the encoded enzymes, their protein-protein interactions, 
nor crucial allosteric effectors and PTMs that may be essential for their in vivo 
function and activity. The applications of metabolic flux analysis and functional 
genomics tools have consistently implicated the importance of posttranslational en-
zyme control in ensuring the optimal regulation and plasticity of cytosolic versus 
plastidic PEP metabolism. This undoubtedly applies to many additional regulatory 
enzymes involved in the control of photosynthate partitioning and reserve deposi-
tion by developing oilseeds. For example, a phosphoproteomics study of develop-
ing B. napus embryosidentified 80 novel phosphoproteins, of which 45 % were en-
zymes involved in metabolism and energy production (Agrawal and Thelen 2006). 
However, the biological relevance of this dynamic phosphoproteome will remain 
unknown until future studies determine the impact of reversible phosphorylation on 
the biological function of each protein.

Many metabolic roles have been attributed to malate and other TCA cycle inter-
mediates within different plant cell types and the versatility of these metabolites is 
undoubtedly linked to the diverse functions and posttranslational controls of plant 
PEPC (O’Leary et al. 2011b). A comprehensive understanding of the linkages be-
tween the expression of individual PEPC isozymes, their specific physiological/
metabolic functions, and the synchronous regulation of PEPC with PKc, PKp, and 
other enzymes of the PEP branchpoint (e.g., PEP carboxykinase, pyruvate Pi-diki-
nase, the shikimate pathway, etc.) represents a major challenge. The refinement and 
integration of enzymology, genomics/bioinformatics, proteomics, transcriptomics, 
metabolomics, cell biology, and metabolite transporter and in vivo flux analyses 
will enhance our understanding of the cell-specific functions and control of cyto-
solic versus plastidial PEP metabolism of developing oilseeds. It is anticipated that 
the characterization of oilseed PKc, PKp, and class-1 and class-2 PEPCs, their in 
vivo PTMs (including the requisite interconverting enzymes, such as PPCK or E3-
ubiquitin ligases, and relevant signaling pathways), and protein-protein interactions 
will remain a fruitful research area for the foreseeable future. Patterns of PKc, PKp, 
and class-1 versus class-2 PEPC (and PTPC versus BTPC) expression need to be 
reevaluated together with the continued application of functional genomics tools 
to assess the impact of altering their expression on anaplerotic PEP-partitioning to 
storage endproducts in developing oilseeds.
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Abstract This chapter summarises the metabolomic strategies currently in force 
in plant science and describes the methods used. The metabolite profiling and fin-
gerprinting of plant tissues through MS- and/or NMR-based approaches and the 
subsequent identification of biomarkers is detailed. Strategies for the microisolation 
and de novo identification of unknown biomarkers are also discussed. The various 
approaches are illustrated by a metabolomic study of the maize response to her-
bivory. A review of recent metabolomic studies performed on seed and crop plant 
tissues involving various analytical strategies is provided.

Keywords Metabolomics · Biomarker identification · Liquid chromatography · 
Mass spectrometry · Nuclear magnetic resonance · Crop plants

16.1  Introduction

Metabolomics aims at the comprehensive and quantitative analysis of wide arrays 
of metabolites in biological samples. It is playing an increasingly important role in 
plant science, particularly in the study of significant metabolome variations in crop 
plants, such as the intended and unintended effects of genetic modifications, stress-
related changes or fruit, and seed development. Metabolomics is a part of systems bi-
ology. The latter comprises a number of other omics technologies, such as transcrip-

Chapter 16
Search for Low-Molecular-Weight Biomarkers 
in Plant Tissues and Seeds Using Metabolomics: 
Tools, Strategies, and Applications

Guillaume Marti, Matthias Erb, Serge Rudaz, Ted Turlings  
and Jean-Luc Wolfender

J.-L. Wolfender () · G. Marti · S. Rudaz
School of Pharmaceutical Sciences, EPGL, University of Geneva, University of Lausanne, 
Quai Ernest-Ansermet 30, 1211 Geneva, Switzerland
e-mail: Jean-Luc.Wolfender@unige.ch

G. Marti
e-mail: guillaume.marti@unige.ch

M. Erb
Root-Herbivore Interactions Group, Max Planck Institute for Chemical Ecology,  
Hans-Knoell-Str. 807745 Jena, Germany

T. Turlings
Laboratory for Fundamental and Applied Research in Chemical Ecology, 
University of Neuchâtel, 2000 Neuchâtel, Switzerland

G. K. Agrawal, R. Rakwal (eds.), Seed Development: OMICS Technologies toward 
Improvement of Seed Quality and Crop Yield, 
DOI 10.1007/978-94-007-4749-4_16, © Springer Science+Business Media Dordrecht 2012



306

tomics (gene expression) and proteomics (protein expression). Metabolomics can be 
considered to be a large-scale analysis of metabolites in a given organism in different 
physiological states (Sumner et al. 2003). Profiling the metabolome may actually 
provide the most ‘functional’ information of all of the omics technologies (Fiehn 
et al. 2000) by giving a broad view of the biochemical status of an organism that can 
be used to monitor significant metabolite variations. Indeed, because metabolites 
are the end products of cellular regulatory processes, their levels can be regarded 
as the ultimate response of biological systems to genetic or environmental changes. 
Finally, this information can be related to other systems biology approaches to assess 
gene function and provide a holistic view of a living system for its in-depth study 
(Rochfort 2005; Saito and Matsuda 2010; Yonekura-Sakakibara and Saito 2009).

With the recent developments in analytical methods and data mining (Dunn et al. 
2011), metabolomics has rapidly evolved to provide a global picture of molecular 
plant organization at the metabolite level. Various biological issues have been suc-
cessfully studied using this holistic approach. Growing number of examples indi-
cate that profiling approaches can be used to expose significant sources of variation 
in the composition of crop and model plants caused by their genetic background, 
breeding method, growing environment, genotype-environment interactions, and 
crop cultural practices (Davies et al. 2010). In plant science, a very important in-
crease in studies related to plant metabolomics has been recorded in recent years 
(Guy et al. 2008b). As an example, this approach was found to be very effective for 
investigating plant system problematics, such as plant stress responses (Shulaev 
et al. 2008) and plant-host interactions (Allwood et al. 2008; Vinale et al. 2008).

Metabolomics has rarely been applied to crop seeds, and most omics studies have 
mainly been focused on proteomics and transcriptomics (Thompson et al. 2009). In 
crop science, breeders have long been aware of composition variation through the ap-
plication of targeted analytical approaches. The usage of broad-scale, ‘unbiased’ analy-
sis of the metabolome now offers major upside to our understanding of the true extent 
of variation in a plethora of metabolites relevant to many biological issues. Metabolo-
mics is helping to provide targets for plant breeding by linking gene expression and al-
lelic variations to variations in metabolites (functional genomics) (Davies et al. 2010).

Plant metabolomics has benefited from a wide array of preexisting methodologi-
cal approaches and bioanalytical knowledge for the characterization of many chem-
ically diverse classes of metabolites. While the field has pushed the implementation 
of unbiased and generally applicable strategies for metabolite extraction, fraction-
ation, and detection, significant challenges in fundamental activities, such as com-
pound identification and quantification, still exist (Hegeman 2010). In this chapter, 
the focus will be related to the applications and methodologies used for the metabo-
lomic study of plant tissue from crop seeds. Indeed, direct metabolomics methods 
have also been used on seeds themselves but these applications are more infrequent 
(Thompson et al. 2009) (see, Table 16.1). Because our background is more based 
on phytochemical analysis, a special focus will be given to methods that enable the 
identification of low molecular weight stress biomarkers. The metabolomic strate-
gies discussed below will be illustrated by several examples, extracted from a com-
prehensive study of the maize response to biotic stress. The methods discussed are 
generic and can be used for the study of other plant tissues and seeds.
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16.1.1  Profiling and Fingerprinting of Plant Tissues

Despite the impressive development of analytical methods in plant science, the 
comprehensive characterization of a plant metabolome remains challenging be-
cause its size is still unknown (estimated to have a few thousand constituents), and 
large differences in physicochemical properties exist between plant metabolites. 
Metabolites are generally of low molecular weight and are issued either from prima-
ry and secondary plant metabolism; they occupy a broad chemical space and cover 
a much extended dynamic range. Some compounds, such as sugars and lipids, have 
important nutritive value and can occur in very large amounts, while secondary me-
tabolites are more involved in defence and resistance mechanisms. Some of these 
metabolites can be present at very low levels while displaying key hormonal effects 
related to growth or defence. In addition, secondary metabolites can be important to 
the beneficial health properties of some plants.

From a metabolomic perspective, one would ideally expect to be able to monitor, 
identify, and quantitate all of the compounds in very complex biological matrices 
in a single analysis with minimal sample and in an unbiased manner. Furthermore, 
mining of the data should provide a powerful way to interrogate datasets from vari-
ous viewpoints according the biological question at hand. Metabolomics has not 
reached this level of advancement, mainly because of the limits of the analytical 
methods used. In all approaches developed, compromises have to be made, but 
nevertheless, a broad survey of metabolome variations can be recorded that will 
ultimately provide new biological knowledge.

Currently, two complementary approaches are used for metabolomic investiga-
tions: metabolic profiling and metabolic fingerprinting. The intention of the latter is 
not to identify each metabolite, but to compare patterns or ‘fingerprints’ of metabo-
lites that change in response to various stimuli or genetic alterations. In contrast, 
metabolic profiling focuses on the analysis of a group of metabolites, either related 
to a specific metabolic pathway or class of compounds. In most cases, metabolic 
profiling is a hypothesis-driven approach rather than a hypothesis-generating one. 
Based on the questions asked, metabolites are selected for analysis, and specific an-
alytical methods are developed for their determination. Both methods can be used in 
the search for new biomarkers (Dettmer et al. 2007) and are complementary. Once 
a biomarker has been determined without direct matching in a database, a dedicated 
procedure (target analysis) can be performed for identification. Furthermore, target 
analysis can be used when accurate quantification is required.

16.2  Metabolomics Approaches and Strategies

In metabolomics, unlike genomics and proteomics, a single analytical technique 
capable of profiling all of the low molecular weight metabolites of the cell does 
not exist (Dunn 2008). Among the different techniques enlisted for metabolome 
analysis, both MS and Nuclear Magnetic Resonance (NMR) represent key methods, 
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each with advantages and disadvantages. Both detection methods can also be hy-
phenated with chromatography; however, only MS, mainly in gas chromatogra-
phy (GC)-MS or LC-MS hyphenation, is used to profile plant tissues. LC-NMR 
is powerful for providing structural information on single constituents of complex 
mixtures (Wolfender 2010). However, profiling data obtained by LC-NMR has not 
been directly used for differential metabolomics, mainly because of the lack of sen-
sitivity, cost, and low throughput of the method. The use of microNMR methods in 
direct relation with HPLC, mainly by at-line hyphenation, is however, a powerful 
way to identify de novo biomarkers highlighted by metabolomics.

16.2.1  NMR-Based Metabolomics

NMR fingerprinting is used to directly analyze crude plant extracts without the 
need for prior chromatographic separation (Choi et al. 2006). The method is simple 
and has a high-through put that does not require specific sample preparation and 
provides detection of all protons (Colquhoun 2007; Dunn 2008). Another advantage 
of NMR analysis is the possibility to obtain quantitative information, as the pro-
ton signal intensity is only determined by the molar concentration (Wishart 2008). 
Standard protocols exist for the extraction and analysis of various plant tissues that 
can be shared between laboratories (Kim et al. 2010). These methods are extremely 
useful when comparisons have to be made based on the main constituents of a plant 
extract and when samples have to be compared in long-term studies. Indeed, NMR 
fingerprints are very reproducible independent of the period of analysis. In this re-
spect, the method is very useful for grouping samples in crop products, such as olive 
oil or wine, based on origin (Son et al. 2009; Vlahov et al. 2003). The main draw-
back is that NMR lacks sensitivity, although constant improvement is being made 
with new generations of magnets and probes. Further, the identification of single 
compounds in extracts maybe hindered by overlapping signals (Kim et al. 2010). 
The identification of biomarkers relies mainly on a comparison of NMR shifts of 
plant metabolites acquired under the same solvent conditions, while de novo identi-
fication can be partly based on the acquisition of complementary 2D-NMR data of 
a mixture (Verpoorte et al. 2007) (see below, Fig. 16.5c).

16.2.2  MS-Based Metabolomics

MS provides sensitive detection of most plant metabolites (Hall 2006), although 
MS ionization is compound-dependent and LC-MS approaches in both positive and 
negative ion modes have to be used for comprehensive metabolite surveys (De Vos 
et al. 2007). The ability to identify metabolites is based on MS/MS spectra, when 
libraries are available or on the determination of molecular formulae when spectra 
are recorded on high-resolution MS analyzers.
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For LC-MS applications, many types of mass spectrometers can be used. Those 
that are low-resolution, such as single Q mass spectrometers, are the most commonly 
used and least expensive. Those with high-resolution and exact-mass capabilities, 
such as TOF instruments, are becoming increasingly popular. TOF-MS provides 
resolution of up to 20,000 and very good mass accuracy (< 5 ppm). They can be op-
erated with a high acquisition frequency over a broad mass range and are compatible 
with rapid chromatographic methods without compromising sensitivity. Other instru-
ments, such as Fourier transform-ion cyclotoron resonance (FT-ICR) MS, provide 
even higher resolution (> 100,000). Thanks to their extreme resolution, the see ex-
pensive instruments can be used for direct infusion MS (DIMS) analysis of complex 
mixtures without the need for chromatographic hyphenation (Feng and Siegel 2007).

To obtain additional structure information, molecular ions generated by soft ion-
ization methods can be fragmented in tandem mass spectrometers using MS/MS or 
MSn experiments. In this respect, triple-quadrupole (QQQ) MS/MS systems are the 
most commonly used. The IT mass spectrometers have the unique capability of pro-
ducing multiple-stage MS-MS (MSn) data that may be essential for structural eluci-
dation. For high-resolution measurements in MS/MS, the Orbitrap FTMS instrument 
provides high quality spectra for metabolite identification (van der Hooft et al. 2011), 
but these IT methods do not have a high acquisition frequency compatible with rapid 
chromatography methods. In addition to these types of mass spectrometers, there is a 
growing number of additional varieties, including hybrid systems that combine low-
resolution and high-resolution analyzers for specific applications (Korfmacher 2005).

In the absence of standard or instrument-dedicated databases, peak annotation 
remains sometimes putative (Brown et al. 2011). Because of its ability to analyze 
multiple compounds with a high sensitivity, MS is however playing an increasingly 
important role in the progression of proteomics and metabolomics. Nonhyphenated 
MS methods (DIMS) enable the rapid and high-throughput screening of hundreds 
of samples, mainly for metabolite fingerprinting, but have limited quantification 
and metabolite identification capabilities. The coupling of MS with separation tech-
niques (GC, LC, or CE) (‘hyphenated methods’) is extremely powerful in terms of 
detection, quantification, and identification of a wide range of metabolites. Another 
advantage of hyphenated methods concerns the decrease in matrix effects, which 
are detrimental to the determination of analytes present in low concentrations. Hy-
phenation enables bidimensional detection, where each metabolite is resolved in 
both chromatographic [retention time (RT)] and mass spectrometric ( m/z) dimen-
sions. These approaches require a rather long analysis time for the chromatographic 
separation (typically 10–60 min). The throughput can, however, be increased using 
faster techniques, such as fast GC or ultra-high-pressure liquid chromatography 
(UHPLC) (Grata et al. 2008). These methods can be used for both fingerprinting 
and profiling of metabolites.

Because the response in MS is compound-dependent, absolute quantification in 
metabolic profiling studies is currently not feasible. However, for the analysis of 
many related samples in series, MS represents a good alternative, especially if the 
biomarkers of interest require a high sensitivity of detection.

GC-MS has fewer problems than LC-MS in terms of ion suppression and com-
pound-dependent MS response. Furthermore, the electron ionization MS (EI-MS) 
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spectra that can be recorded with this technique are very reproducible. This has the 
important advantage in that large EI-MS databases can be directly searched for peak 
annotation, which is not the case for LC-MS. Despite the high resolution of GC sep-
aration, the coelution of metabolites may occur and deconvolution of these spectra 
represents an important step. The latest advance in this area involves GC coupled to 
a TOF-MS instrument to take advantage of the high data-acquisition rate and spec-
tral continuity of TOF mass spectrometers to build libraries that take into account 
spectra/retention-index datasets (Schauer et al. 2005). Despite these advances, very 
little progress has been reported for the identification of unknown peaks (Boroczky 
et al. 2006) in GC-MS because the method does not easily allow isolation of the 
biomarker of interest for de novo characterization, as is the case when LC-MS is 
used. GC-MS is, however, one of the most frequently used tools for profiling pri-
mary metabolites after adequate sample preparation and derivatization. Instruments 
are mature enough to run large sequences of samples; novel advancements increase 
the breadth of compounds that can be analyzed, and improved algorithms and data-
bases are employed to capture and utilize biologically relevant information (Fiehn 
2008). GC-MS is limited for the analysis of large secondary metabolites, and thus, 
comprehensive metabolomic studies require multiple orthogonal and complemen-
tary analytical methods. Today, the most powerful studies combine the advantages 
of MS and NMR spectroscopy (Crockford et al. 2008; Moing et al. 2011).

16.3  Metabolomic Study of the Maize Response  
to Herbivory as an Example

The analytical strategies in metabolomics currently used in our group will be illus-
trated by a comprehensive study of the maize response to herbivore attack. Maize is 
one of the most important crops of agronomic interest and is a model plant to evalu-
ate environmental, physical, and chemical effects. Maize is also the second most 
wide spread genetically modified (GM) crop (James 2009), and many studies have 
focussed on the assessment of the unintended effects of genetic modifications at 
the transcriptome, proteome, and metabolome levels. The most recent applications 
in metabolomics include a GM assessment of Bacillus thuringiensis (Bt) maize by 
GC-MS profiling (Barros et al. 2010) and high-resolution-MS fingerprinting (Leon 
et al. 2009). The adaptation of maize seedlings to a high salinity environment has 
been monitored by NMR fingerprinting (Gavaghan et al. 2011). A GC-MS-based 
approach was used to assess the seed content in relation to the environment, season, 
and genetic background (Rohlig et al. 2009).

In this chapter, our investigation on the main metabolome variation that occurs 
in maize seedlings upon herbivore Spodoptera littoralis attack will be discussed, 
mainly to illustrate how the different metabolomic strategies provide information 
and how biomarkers can be characterized.

This study was motivated by the fact that maize reacts strongly to herbivore 
attack. Upon the perception of specific elicitors in the saliva of Spodoptera larvae 
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(Alborn et al. 1997), it begins producing high amounts of a complex, volatile blend 
including oxylipin breakdown products, aromatic compounds, and sesquiterpenes 
(Turlings and Tumlinson 1992). Recently, we found that plants attacked by Spodop-
tera also become more resistant to subsequent infestation by the same species (Erb 
et al. 2009). This induced immunity is positively correlated with volatile emissions 
(Erb et al. 2011), but the volatiles themselves do not have any direct toxic effect on 
the herbivores (Turlings and Veyrat unpublished data), suggesting that nonvolatile 
changes in the metabolome may account for the increased defensive capacity of 
the plant. Although several toxic secondary metabolites are known to be produced 
by maize plants (Byrne et al. 1996; Frey et al. 1997; Nuessly et al. 2007), little is 
known about induced metabolites, and we hypothesized that untargeted metabolo-
mics may lead to the discovery of novel induced defence compounds.

To test the above idea, 12-day-old maize seedlings were infected with S. littoralis 
larvae or left herbivore-free. After 48 h, the leaf tissue was harvested and immedi-
ately frozen in liquid nitrogen. Each leaf sample was ground into a powder prior to 
extraction with isopropanol (IPA). The crude extracts were dried and resuspended 
in a mixture of methanol/water (85/15) for rapid solid-phase extraction using C18 
cartridges in order to remove highly a polar compounds (chlorophylls, waxes, etc.). 
This sample preparation restricts the number of analytes but is important for analy-
sis by LC-MS on a RP column to preserve instrumental repeatability. The analyti-
cal variability and biological variation of the samples was assessed. The analytical 
variability should always be much lower than the biological variability. Moreover, 
the number of replicates has to be chosen, such that enough analyses can be carried 
out to determine metabolome variations that are significant. The raw data provided 
by NMR, DIMS, and LC-MS fingerprinting for a given maize leave extract are 
displayed in Fig. 16.1. This shows the complementary views of metabolite compo-
sition that can be obtained with these orthogonal analytical approaches.

In the NMR fingerprint of the maize extract (Fig. 16.1a), a few tens of con-
stituents were observed. Typically, 30–150 metabolites can be identified in an 
NMR fingerprint (Kim et al. 2011). DIMS analysis of the same extract obtained 
on a TOF-MS was much more sensitive and revealed more than 200 metabolites 
(Fig. 16.1c). The intensity of the different ions recorded in MS does not reflect 
their relative abundance, contrary to those registered in the NMR spectra. DIMS 
analysis does not allow the separation of isomers and many minor compounds were 
detected that were barely discernable from the instrumental noise. LC-MS analysis 
of the same extract performed on a UHPLC-TOF-MS revealed more than 1,000 
features (Fig. 16.1b) because additional resolution was provided by hyphenation 
with a chromatographic separation.

LC-MS analysis provides3-Ddata (RT × m/z × intensity) (Fig. 16.1e). LC-MS has 
the advantage over DIMS of decreasing signal overlap and providing useful infor-
mation on metabolite structure because MS spectra of a given LC peak or a given 
biomarker can directly be extracted from the raw data (Fig. 16.1f ). However, the 
mining of data from hyphenated methods is more complex than that obtained with 
direct spectroscopic methods (see below). A 3-D plot of the LC-MS profiling of 
maize extract also indicated the very important dynamic range in which observation 
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can be made and the complementarity of both chromatographic and MS scales to 
resolve metabolites in both dimensions (Fig. 16.1e). Figure 16.1d shows that NMR 
data can be obtained on a given biomarker when the metabolomic study is per-
formed based on LC-MS. Indeed the technique enables localization of the LC peak 
of interest, which can be isolated and characterized at-line by NMR after scaling up 
of the LC separation (see below).

Further focus will mainly be given to HPLC-related methods because of their 
multiple uses for fingerprinting, profiling, and the targeted isolation of biomarkers.

16.4  Multiple Facets of LC-MS in Plant Metabolomics

LC-MS represents the most robust and versatile technique for the separation of plant 
metabolites because it allows for the analysis of metabolites without the need for 
derivatization of the crude extracts. Derivatization procedures represent a limitation 
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Fig. 16.1  a 1H-NMR (500 MHz) of Zea mays leaves crude isopropanol extract. b UHPLC-TOF-
MS (PI mode) profiling of the same extract on a C18 column (150 × 2.1 mm; i.d., 1.7 µm) with 
gradient of Water/ACN + 0.1 % formic acid in 35 min. c DIMS of the same extract by infusion in 
5 min on a QMS. d 1H-NMR of DIMBOA-Glc. e 3D visualization of UHPLC-TOF-MS profiling 
showed in b. f QTOF-MS/MS of DIMBOA-Glc. ACN, acetonitrile
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for GC-MS metabolomic approaches (t’Kindt et al. 2009), and relatively large and 
polar secondary metabolites cannot be profiled in this case (see above).

For LC-MS fingerprinting and profiling, crude extracts are usually obtained by 
maceration, ultra-sonication, ball milling, or ASE (accelerated solvent extraction) 
extraction of dried material or fresh plant tissues. In the last case, enzymatic activity 
has to be stopped by flash freezing of the tissue samples just after harvest. Frozen 
samples can be homogenized and directly extracted with solvents. Most of the ex-
tracts prepared for metabolomics are obtained with MeOH or MeOH-H2Omixtures. 
However, if fewer polar constituents are targeted, fewer polar solvents (such IPA 
or dichloromethane) can be used. For other organisms, different extraction meth-
ods have been used, but in most cases, the final extracts are either polar, nonpolar, 
or cover an intermediate polarity range. Crude extracts can be injected directly in 
HPLC without sample pretreatment. In order to ensure good instrument repeat-
ability and avoid column clogging or contamination with compounds that would 
stick on the HPLC stationary phase, simple sample preparation procedures, such 
as liquid-liquid extraction or solid-phase extraction, are used. The same procedures 
may help to enrich the samples in classes of given constituents for more targeted 
analyses. This type of clean-up represents the compromise needed to ensure good 
instrument reproducibility, which is mandatory for any metabolomic study, but it 
also implies that the number of metabolites observed will be reduced.

HPLC has significantly developed in terms of convenience, speed, choice of 
stationary column phases, sensitivity applicability to a broad variety of sample ma-
trices, and the ability to hyphenate with spectroscopic methods (such as MS). From 
a chromatography viewpoint, the development of columns with different phase 
chemistries (especially RP) enables the separation of almost any type of plant me-
tabolite. The latest developments in HPLC, including the recent introduction of 
highly pH-stable phases, sub-2-µm particles (Nguyen et al. 2006) and monolith 
columns, have considerably improved the performance of HPLC systems in terms 
of resolution, speed, and reproducibility. Efficiencies exceeding 100,000 plates and 
peak capacities over 900 can be attained by coupling columns together (David et al. 
2007).

The separations are mostly performed on C18 material with MeCN-H2O or 
MeOH-H2O solvent systems in gradient elution mode. To improve the separation 
efficiency, various modifiers are added to the mobile phase that can strongly influ-
ence the sensitivity of MS detection. Because the polarity of the constituents ana-
lyzed extends over a large domain, the separations are carried out in the gradient 
mode in all fingerprint and profiling studies. In the RP mode on C18 columns, such 
profiling is performed by gradually increasing the proportion of organic solvent 
during the analysis. In stationary phases that behave differently, such as hydrophilic 
interaction liquid chromatography (HILIC), the proportion of water is increased 
during the analytical run. The gradient mode produces LC peak focusing during 
separation that is beneficial for sensitivity because the peaks are sharper than in 
isocratic mode.

In plant metabolomics, LC-MS is the most favourable analytical method 
when minor key biomarkers have to be identified. Indeed, hyphenation of MS 
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with HPLC provides a good means to reducing ionization suppression effects 
and resolving multiple components in a mixture. Furthermore, use of the chro-
matographic dimension gives additional resolution to overlapping features in data 
mining that is orthogonal to MS. With such an approach, the coordinates of each 
feature that will subsequently be used for data mining are characterized by chro-
matographic retention (dependent on the polarity or lipophilicity of the metabo-
lites) and the m/z value of the ions. A strategic advantage of such an approach is 
that biomarkers that will be highlighted by differential metabolomics with this 
kind of data will easily be localized in the chromatographic dimension. Such in-
formation will be useful for further isolation of biomarkers of interest for either 
complete de novo identification by complementary spectroscopic methods, such 
as NMR or the determination of bioactivity in a specific model (Wolfender et al. 
2011) (see, Fig. 16.1d–f ).

16.4.1  MS Detection for HPLC

For LC-MS detection, different interfaces are available that allow transfer of the 
metabolites and their ionization for further separation in various type mass analyz-
ers. They allow the ionizations of almost any nonvolatile and thermally labile com-
pound to be converted into a gas-phase ion. In LC-MS-based metabolomics, a large 
majority of applications are mainly performed using ESI sources.

An ESI source operates by passing the LC eluent through a capillary held at 
high voltages (2–5 kV). Ion formation occurs in the capillary followed by nebuliza-
tion and desolvation to provide a transfer of ions from the liquid to gas phase and 
into the mass spectrometer vacuum. The source acts as an electrochemical cell. 
Minimal fragmentation of the molecular ion is observed, although fragmentation 
can be produced in-source or by tandem MS. The technique is described as soft-
ionization. This technique works well for relatively large and polar metabolites. For 
compounds of medium to low polarity and of smaller molecular weight, other soft-
ionization techniques area good alternative, namely atmospheric pressure chemical 
ionization (APCI) and atmospheric pressure photoionization (APPI).

APCI operates by passing the LC eluent through a heated glass tube (up to 
500 °C), which produces explosive vaporization to generate a gaseous collection 
of solvent and metabolite molecules. A corona discharge needle provides ionization 
of the solvent molecules (which are in a large excess), followed by ion or charge 
transfer to the metabolite molecules. Degradation of molecules can occur at high 
temperature, though minimal fragmentation of molecular ions is observed. APPI is 
complementary to ESI and APCI. In this case, electron ejection from molecules is 
produced by photons emitted from discharge UV lamps. APPI, however, is not com-
monly available from many instrument manufacturers (Dunn 2008).

All of these different ionization methods can be operated in both positive (PI) and 
negative ion (NI) modes. For complete coverage of most of the metabolites present 
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in a sample (which is the goal of a metabolomics study), the two ionization modes 
are complementary. With these soft-ionization methods, the ionization is mainly 
governed by proton affinity, and acidic molecules will tend to lose a proton to form 
a deprotonated molecular ion [M-H]−, while compounds containing nitrogen (with 
alkaline properties) will mostly produce protonated molecular species [M + H]+ .

Another aspect of these soft-ionization methods is that most compounds produce 
not only protonated and deprotonated molecular ion species but also different ad-
ducts. The nature of these adducts is strongly dependent on the LC-MS conditions 
used. For example, if formic acid is used as an HPLC modifier, some constituents 
will tend to produce formate adducts in the NI mode. As an example, Fig. 16.2 dis-
plays a typical ESI PI/NI profile obtained for the crude extract of maize leaves. As 
shown, most compounds were ionized in both the PI and NI modes, but some were 
only detected with one polarity. The arrows highlight features detected only in one 
ionization mode (Fig. 16.2). The mass spectra extracted from the peak at retention 
time (8 min) in ESI PI and NI displayed a typical pattern for each mode. In NI, the 
ion at m/z 402.102was present in its [M-H]− form and was also detected as its for-
mate and sodium formate adducts. In contrast, the same ion was detected as a sodi-
um adduct ( m/z 426.102) in PI, while the protonated form was almost undetectable. 
The compound at m/z 283.093, coeluted under these conditions, was detected only 
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Fig. 16.2  Enlargement of the UHPLC-TOF-MS total ion chromatogram (TIC) of crude IPA maize 
leaves extract in PI ( upper side) and NI ( lower side) mode using a C18 column (150 × 2.1 mm; 
i.d., 1.7 µm) with gradient of Water/ACN + 0.1 % formic acid in 45 min. Arrows highlight features 
detected in a single mode. The NI and PI mass spectra extracted from the peak in dashed line at 
RT  =  8 min highlight several adducts encountered for DIM2BOA-Glc
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in PI. The complementary PI/NI analysis is, thus, very useful to determine the mo-
lecular weight when an unknown is detected. Furthermore, it can be used to deduce 
a putative molecular formula when high-resolution MS data is recorded using dedi-
cated software (Draper et al. 2009). In this example, C17H22NO13 was calculated 
from the ion at m/z 448.109 in NI and C16H21NO11Na was deduced form/z 426.114 
in PI. The exact molecular formula that fit both ionization modes was C16H21NO11, 
which corresponded to( 2R)-2-β-D-glucopyranosyloxy-4-hydroxy-7,8-dimethoxy-
2H-1,4-benzoxazin-3(4H)-one), DIM2BOA-Glc a benzoxazinone derivative well 
known in maize leaves (Sicker and Schulz 2002).

This is an important factor to take into account for the identification of biomark-
ers as well as for data mining. A given metabolite might generate several features 
( m/z) at a given retention time if many adducts are detected. Furthermore, if a fea-
ture is highlighted by data mining, its corresponding m/z ion has to be correctly 
deconvoluted and analyzed to determine which type of adduct it corresponds to and, 
thus, correctly extract its molecular formula.

For LC-MS-based metabolomics, many MS analyzers can be used. Contrary to 
DIMS, analytes are separated by chromatography, so the technique does not re-
quires MS instruments with extreme resolution, such as FT-ICR-MS, and simpler 
MS analyzers, such as QITs and TOF-MS, can be used (see above).

16.4.2  UHPLC-MS Profiling and Fingerprinting

One of the most important breakthroughs over the last few years has been the intro-
duction of UHPLC for both the high-resolution profiling and rapid fingerprinting 
of crude extracts (Grata et al. 2009). For metabolic applications, UHPLC is ideally 
coupled to TOF-MS to provide high resolution in both the chromatographic and 
mass spectrometric dimensions (Guillarme et al. 2010).

From a theoretical point of view, the introduction of sub-2-µm particle supports 
induces a concomitant increase in efficiency and optimal velocity due to improved 
mass transfer (Nguyen et al. 2006). Therefore, in metabolomics, high-throughput 
separations can be obtained with short column lengths for metabolite fingerprint-
ing, whereas highly efficient separations are achieved with relatively long columns 
for detailed metabolite profiling (Grata et al. 2008). However, the use of such small 
particles requires dedicated systems that are able to work at pressures higher than 
600 bars. Because this approach provides very narrow LC peaks, MS detectors with 
very fast response times are generally mandatory, and in recent years, UHPLC-
TOF-MS has been recognized to be very efficient for profiling studies in metabolo-
mics (Grata et al. 2009; Wilson et al. 2005).

By selecting an adequate UHPLC column of short length, it is possible, from a 
theoretical point of view, to increase the throughput by a factor of nine compared to 
conventional HPLC. Such ultra-fast separations have been experimentally demon-
strated and analysis times in the range of 1–5 min can be expected (Nováková et al. 
2006; Wren and Tchelitcheff 2006). On the other hand, by keeping strictly identical 
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column lengths in both HPLC and UHPLC, it is hypothetically possible to increase 
the plate count by a factor of three. Some separations involving 150-mm, or even 
longer, UHPLC columns have been reported in the literature and show very high 
efficiency (Eugster et al. 2011).

For differential metabolomic studies in our group, we use both the high-
throughput capabilities of UHPLC on short columns for the acquisition of rapid 
UHPLC-TOF-MS fingerprints of numerous replicates and long high-resolution 
profiling on long columns of pool representative samples for the localization and 
determination of biomarkers. The high-throughput analysis of many biological rep-
licates improves the reproducibility of the LC-MS detection, allowing a large series 
of samples to be analyzed over a short time period, thereby avoiding drift of the MS 
detection. The increase in number of biological replicates gives more significant 
weight to metabolome variations in relation to a given physiological change versus 
natural biological variation of the samples. The data mining of such fingerprinting 
data is thus notably improved.

In the case of our maize study, a rapid metabolite fingerprint was achieved by 
UHPLC-TOF-MS with a short column (1.7 µm, 50 × 1 mm i.d.) using IPA extracts 
in less than 5 min (Fig. 16.3a). The PI and NITOF-MS data were recorded for com-
prehensive metabolome coverage. Only the PI data are shown in Fig. 16.3. With this 
fingerprinting method, more than 850 features were detected (Fig. 16.3a). The UH-
PLC conditions of the fingerprinting method were transferred to a detailed profiling 
gradient (40 min) for profiling on a long column (1.7 µm, 150 × 2.1 mm i.d.) by 
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Fig. 16.3  a Fingerprinting: TIC (PI mode) of maize leaves IPA extract on a short C18 column 
(50 × 1 mm; i.d., 1.7 µm) and the corresponding 2D map with % of ACN in dashed line. b Profil-
ing: UHPLC-TOF-MS (PI mode) profiling of the same extract on long C18 column (150 × 2.1 mm; 
i.d., 1.7 µm) and the corresponding 2D map resulting from the gradient transfer using HPLC calcu-
lator (see text). Square and arrows highlight the gain in resolution from fingerprinting to profiling
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applying conventional chromatographic equations(HPLC calculator; Goga-Remont 
et al. 2000). The transfer retained the same selectivity for both fingerprinting and 
profiling, while a baseline resolution of many metabolites was obtained in the long 
profiling run. The latter allowed the detection of approximately one thousand fea-
tures in PI mode (Fig. 16.2b) and the chromatographic resolution of many isomers.

16.5  Data Mining and Localization of Biomarkers

The power of differential metabolomics in comparison with more classical metabo-
lite profiling approaches resides in the possibility of analyzing a high number of 
replicates derived from various biological states and highlight biomarkers that are 
significantly related to the situation. This process is performed by applying ad-
equate data mining to spectroscopic raw data that have been recorded in a reproduc-
ible manner.

Raw data from any of the omics fields are an eventual source of information 
and, in turn, a source of knowledge (Goodacre 2005). However, to make the leap 
from one to the next requires considerable data processing and statistical analysis, 
as well as suitable data storage formats (Allwood et al. 2008; Issaq et al. 2009). In 
the case of NMR or direct infusion MS fingerprinting, raw data are recorded as a 
single file corresponding to a specific sample, and hyphenated data files (LC-MS 
or GC-MS) are constituted by a set of mass spectra recorded in sequence. For the 
latter, each spectrum displays all of the ions detected by the mass spectrometer dur-
ing a given time lapse by associating an m/z with their intensities. Because the data 
structure is more complex, the processing of such raw data constitutes the initial 
step of data handling. Its main goal is to extract the relevant information and reca-
pitulate the multiple files in a single table. In this table, each sample should ideally 
be defined by the same number of variables, and every variable must correspond to 
the same metabolite measured in all samples of the dataset. With the development 
of metabolomic methods for the analysis of complex biological systems, values for 
concentrations of thousands of compounds are available in a single experiment, 
and comparing samples become a problem of high dimensionality. Because a high 
number of variables is measured, datasets not only become larger in size but are also 
more complex and, therefore, preprocessing of the data is required (Katajamaa and 
Oresic 2007; Trygg et al. 2007). This methodology could include numerous pro-
cessing steps, such as noise filtering, data binning, peak detection, and/or chromato-
graphic alignment. This data-processing procedure aims to generate homogeneous 
information to allow an appropriate comparison of multiple samples by statistical 
methods. Common successive data processing procedures are usually available in 
commercial solutions, including data filtering, peak detection, normalization, and 
alignment. Several solutions exist in the form of freely available software, where 
the simplest tools are tailor-made for a specific task, such as chromatographic align-
ment, while other software suites combine everything from instrument control to 
data analysis into a single package.
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Extracting knowledge from these tables, revealing patterns among samples, 
and identifying critical or discriminatory variables are not a straight-forward task 
(Boccard et al. 2010). Because changes in metabolite levels may be drastic or 
subtle, a careful statistical processing is mandatory to determine the relevance of 
an observed change. Data scaling and centring are classical pretreatment proce-
dures intended to provide relevant data for further statistical analysis. Univariate 
statistical tests, such as the Student’s t-test, are used to identify relevant variables 
but are rather limited. Common chemometric tools, such as principal component 
analysis (PCA), used for projecting multivariate data to a low-dimensional plot, 
are generally proposed for display and exploratory analysis purposes. This method 
provides an overview of the preprocessed data. For further investigation, supervised 
approaches remain very attractive because of the strong impact of their use in hu-
man metabolomics. In this context, techniques based partial least squares (PLS) 
analysis, including OSC preprocessing (Li et al. 2002), are of the utmost interest 
in plant metabolomics (Ducruix et al. 2008). Finally, because the feature number is 
a key aspect that determines the data space, dimensionality reduction is often very 
useful when mining large datasets. Selection of a subset of representative features 
retaining the salient characteristics of the data is, therefore, a fundamental issue 
in building potent models, including variables with highly predictive abilities, and 
avoiding the addition of uninformative or superfluous data.

As an example, the data mining performed on the UHPLC-TOF-MS fingerprints 
of the IPA maize extracts is displayed in Fig. 16.4. As mentioned above, the goal 
of the study was to assess the metabolic changes of maize leaves upon herbivory 
attack; six seedlings were infested with twenty S. littoralis larvae, and six were 
left herbivore-free. The UHPLC-TOF-MS fingerprints were recorded, as shown in 
Fig. 16.3, and 2-D ion maps ( m/z versus RT) were generated for the six biological 
replicates in both the control and stress situations (Fig. 16.4a).

Prior to data mining, the raw UHPLC-TOF-MS data were preprocessed by filter-
ing, feature detection, chromatogram alignment, and data normalization by dedi-
cated software (Katajamaa and Oresic 2007) to generate a peak list. In this case, a 
simple PCA applied to the preprocessed LC-MS fingerprinting data provided a clear 
separation between control and attacked leaves (Fig. 16.4b). The score plot of this 
PCA demonstrated that 46 % of the total variance was explained using the first PC 
(PC1). The corresponding loading plots, which display the variables ( m/z versus 
RT) responsible for the sample clustering by PCA, were ranked according to their 
PC1 score (Fig. 16.4; Table 16.1). The most significant features (1–6) are highlight-
ed on the 2-D ion maps of the attacked leaves (Fig. 16.4a). The corresponding ions 
belong to the biomarkers mainly induced upon herbivory attack of the maize leaf. 
The m/z and RT coordinates of these biomarkers for their localization in the long 
metabolite profiling method are shown in Fig. 16.3b. The long profiling data pro-
vided a deconvolution of the biomarkers form the coeluting compounds. Following 
a similar process to that described in Fig. 16.2, the molecular formula of each of 
these biomarkers was obtained. The molecular formula of compounds (1, 2, 3, and 
6) matched with the reported phytoalexin of maize (benzoxazinones derivatives), 
according to a literature search. Benzoxazinones are well-known allelochemicals 
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from herbaceous plants. These derivatives present significant toxicity against the 
larvae in their deglycosylated form (Sicker and Schulz 2002). The apolar prod-
ucts (4 and 5) were unknown, but their molecular formulae matched those of FAs. 
However, all compounds needed to be isolated for complete identification. Char-
acteristic patterns of these biomarkers were also highlighted using an orthogonal 
NMR metabolomic approach (see below).

16.6  Strategies for the de novo Identifications 
of Unknown Biomarkers

A central role of metabolomics is to collect analytical data and convert them to 
biological knowledge. Identification of the metabolites of interest (biomarkers) rep-
resents a key step in this process. However, this identification also constitutes one 
of the main bottlenecks of all metabolomic studies because databases are not always 
available for a given instrument. As peak annotation is often putative, unknown 
identification requires complete de novo structure determination based on MS and 
NMR data interpretation.

G. Marti et al.

Fig. 16.4  a Fingerprinting: 2D map ( m/z vs RT) of UHPLC-TOF-MS fingerprints of six con-
trol and six attacked leaves samples IPA extracts using a short C18 column (50 × 1 mm; i.d., 
1.7 µm); b Data mining: Principal components analysis (PCA) of the UHPLC-TOF-MS data 
( m/z × RT × intensity), score plot on the left and the six first loadings plots on the right with their 
respective localization on the 2D map of attacked leaves in dashed circles
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16.6.1  Biomarker Identification in NMR-Based Approaches

In NMR-based approaches, structural information on the biomarker of interest can 
directly be extracted from the 1H-NMR fingerprints recorded if no overlapping sig-
nals from the mixture are present. In this case, the first step is the assignment of res-
onances and comparison of the NMR chemical shifts and coupling constants with 
those of authentic samples measured under the same conditions (Kim et al. 2010). 
This represents a powerful approach because NMR chemical shifts can be com-
pared in large databases built with data obtained under well-established conditions.

For de novo identification, it is necessary to apply 2-D measurements. Among the 
various 2D-NMR techniques, the 1H-1H J-resolved spectrum (a plot of the chemical 
shifts versus the coupling constants) has proven to be very useful for the resolution 
of signals in crowded areas of NMR fingerprints (Tiziani et al. 2008).

As this is the case for pure natural products, 2D-NMR techniques can be directly 
applied to crude extracts for biomarker identification. This includes experiments, 
such as correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY), 
heteronuclear multiple bond correlation (HMBC), and hetero nuclear single quan-
tum coherence spectroscopy (HSQC). Although COSY shows the correlation of 
protons, which have mutual spin-spin couplings, TOCSY shows spin systems of 
coupled protons in the same molecule. TOCSY is very useful for carbohydrate or 
amino acid identification because once typical signals are assigned (e.g., the ano-
meric proton in a sugar), the remaining signals, even those in crowded areas, can be 
assigned using this correlation. In HMBC spectra, long-range correlations between 
carbon and protons can be assigned, which helps to identify resonances from the 
same molecules (Kim et al. 2010).

However, this approach is efficient only if the most abundant biomarker in a 
mixture must be identified. For minor compounds, the signals are often weak, they 
appear in crowded areas, and their detection and identification may be hampered, 
even when 2D-NMR detection is used.

Following our example, the IPA extract of the maize leaves previously studied by 
MS metabolomics was investigated by direct NMR fingerprinting. The samples were 
obtained after enrichment of the IPA extracts on solid-phase extraction and analyzed 
in deuterated DMSO. Figure 16.5a shows the proton NMR spectra of control leaves 
and attacked leaves after 48 h. As this was observed by LC-MS metabolomics, 
signals characteristic of glycosylated benzoxazinone derivatives (highlighted in the 
dashed square of Fig. 16.5a and (*) for the anomeric proton of the glucose moiety) 
in the herbivory leaves appeared in the aromatic area of the spectra (see magnified 
region in Fig. 16.5b). As for the MS metabolomics approach, the data mining of all 
NMR fingerprints revealed the features that were most significantly induced as a 
result of the attack. In this case, preprocessing of the NMR raw data was performed 
by bucketing the spectra in small integrated portions (0.04 ppm). The corresponding 
loading plot was a list of NMR chemical shifts and intensities. Most of the features 
detected fit well with the benzoxazinone structures revealed by MS.

Finally, 2D-NMR experiments, such as HSQC (Fig. 16.5c), enabled the attribu-
tion of some proton and carbon signals directly in the crude extract. A doublet at 
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Fig. 16.5  a Total 1H-NMR spectra from IPA extract after SPE enrichment of maize control leaves 
and 48 h after S. littoralis attack in DMSO-d6, asterisk underline the anomeric proton of glucoside 
derivatives. b Magnified region from 6.50 to 7.25 ppm of 1H-NMR spectra of control leaves and 
24 h and 48 h after S. littoralis attack. c Magnified region of HSQC experiment on IPA extract of 
leaves 48 h after attack. Aromatic protons of hydroxamic acid derivatives have been assigned on 
1H and 2D spectra
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6.85 ppm was assigned to the proton in the ortho position of the aromatic region 
of the benzoxazinone derivatives, while two other doublets of doublets at 7.15 and 
6.72 ppm, highlighted by HMBC experiments, confirmed the identification of gly-
cosylated hydroxamic acids derivatives. The increase signal of anomeric proton at 
4.57 ppm confirmed this hypothesis. This example illustrates the complementary 
responses that can be obtained by MS- and NMR-based metabolomic approaches.

In NMR, the most abundant biomarkers were shown and the change in ratio of 
their corresponding signals could be directly linked to their change in concentration 
because NMR is an absolute quantitative method. On the other hand, the MS-based 
metabolomic approach (Fig. 16.3) highlighted additional minor but significant bio-
markers with higher resolution/selectivity and on a wider dynamic range. In this 
case, however, direct correlation between variations in the MS signal intensities 
and quantities could not be directly performed. Further, LC-MS quantification of 
a given biomarker requires targeted methods with the use of appropriate pure stan-
dards.

The complete identification of minor biomarkers by NMR alone in a mixture 
is not possible. In this respect, NMR hyphenation with HPLC may help in further 
identification, as it provides NMR data for individual metabolites after separation 
(Wolfender et al. 2005). This type of approach can be efficient when a given bio-
marker is detected by LC-MS-based metabolomics, localized in the extract, isolated 
and identified at the microgram scale by micro-flow NMR. This approach will be 
discussed below.

16.6.2  Biomarker Identification in MS-Based Approaches

MS-based approaches are very sensitive compared with those based on NMR, but 
the structure information that can be extracted from MS data is often not sufficient 
for de novo structure identification. Therefore, access to databases is mandatory, 
and in this respect, the different MS approaches are not comparable.

In GC-MS metabolomics studies, most applications are performed using elec-
tron ionization. This ionization method is always performed with the same energy 
(70 eV) and, thus, provides very reproducible MS spectra. Furthermore, electronic 
ionization MS produces an important number of fragments having characteristic 
patterns for each analyte. Metabolites can thus be efficiently identified based on 
their fragmentation patterns after an adapted deconvolution procedure (Schau-
er et al. 2005). However, the method is not well adapted for de novo structure 
determination, and molecular ion species are difficult to detect and need comple-
mentary information, such as that provided by chemical ionization in GC-MS.

In LC-MS, soft-ionization techniques are employed (mainly ESI or APCI), and 
very little structural information is obtained, with the exception of the molecular 
ion. Using high-resolution instruments, molecular formulas can be deduced, but 
this is often not sufficient for an unambiguous structure determination. On the 
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other hand, most of these analyzers generally have a mass accuracy below 5 ppm. 
Even with this precision, several molecular formulae may match a given exact 
mass. In order to automatically constrain the thousands of possible candidate struc-
tures, rules need to be developed to select the most likely and chemically correct 
molecular formulae. For this purpose, algorithms for filtering molecular formulae 
have been derived from heuristic rules that enable determination of the most prob-
able elemental compositions (Kind and Fiehn 2007). This approach provides the 
correct molecular formula with a probability of 98 % if the compound exists in a 
database.

For the dereplication of secondary metabolite biomarkers in plants, if the molec-
ular formula is correctly assigned, a cross-search based on chemotaxonomic infor-
mation can drastically limit the hit possibilities. Retention time information can also 
be exploited, but this is much more difficult than in GC because retention factors are 
dependent on the type of column used and the mobile phase composition (organic 
modifier nature, content, and pH). LC-MS/MS provides important complementary 
information that can be compared with libraries. Unlike electron ionization, this 
type of MS/MS spectra will, however, strongly depend on the instrument used and 
is hardly universally applicable. An example of the differences in MS/MS spectra 
that can be recorded for a common flavonoid C-glycoside (isovitexin) between an 
IT analyzer and a QQQ instrument is highlighted in Fig. 16.6 (Waridel et al. 2001). 
As shown, a direct matching of the two spectra recorded does not allow a correct 
matching in the database.

MS/MS spectra recorded on an Orbitrap FT-MS have been shown to be very 
stable, and MSn fragmentation was tested for the differentiation and identification 
of metabolites using a series of 121 polyphenolic molecules. The results obtained 
were stable over a five-month time period at concentration range of 100-fold, with 
small changes in normalized collision energy, which is key to metabolite annotation 
and helpful in structure and substructure elucidation (van der Hooft et al. 2011).

In DIMS, because there is no physical separation of the metabolites, as with 
LC-MS, structure elucidation is limited. In this case, the structure assignment 
strongly relies on molecular formula assignment obtained with high-resolution 
mass measurements and on complementary MS/MS experiments. For example, im-
provements in the identification of metabolites by searching a species-metabolite 
relationship database, such as KNApSAcK, and structural analyses by an MS/MS 
method have been shown to be very efficient (Sawada et al. 2009).

Another possibility is to interpret some MS/MS characteristic fragmentation of 
given class of compounds, such as glycosides to help the de novo identification pro-
cess. As an example in the case of maize, the fragmentation of DIMBOA-Glc( 2R)-
2-β-D-glucopyranosyloxy-4-hydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one), 
one of the biomarkers detected in the crude extract profiling, confirmed the structure 
of the benzoxazinone skeleton based on its characteristic fragmentation (Fig. 16.1f) 
(Bonnington et al. 2003). However, for the de novo identification of a given bio-
marker complementary NMR data are necessary as illustrated in Fig. 16.1d (see 
below).
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16.6.3  Stategy for the de novo Biomarker Identification by High 
Resolution UHPLC-TOF-MS and Subsequent Micro  
NMR Analyis

As discussed above, most of the MS-based metabolomics strategies provide mainly 
putative peak annotations for given biomarkers unless a high quality match in a given 
database is obtained. For most new or rare biomarkers, de novo structure determi-
nation represents a critical step that is often the bottleneck in many metabolomics 
studies. Thus, for a definitive identification, biomarkers either need to be synthesized 
based on the putative structures determined after peak annotation and compared to 
the compound detected, or the metabolites have to be isolated and their structure fully 
assigned by NMR. In this latter case, one advantage of LC-MS based metabolomics 
approaches is that because biomarkers of interest can be efficiently localized in the LC 
chromatogram, and provided that enough sample is available, they can be isolated us-
ing a targeted procedure and subsequently identified by sensitive microNMR methods.

16 Search for Low-Molecular-Weight Biomarkers in Plant Tissues …

Fig. 16.6  MS/MS fragmentation pattern of isovitexin with a Q-TOF analyzer and b Ion trap (IT) 
analyzer. The pattern recorded in this two MS/MS regimes are not superimposable and render a 
search in databases difficult. (Adapted from (Waridel et al. 2001) with permission from Elsevier)
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In this respect, we have developed micro-isolation methods based on LC-MS 
profiling that enable a rapid isolation of plant biomarkers at the microgram scale 
for NMR analysis. Due to the complexity of plant extracts, the purification of 
metabolites present in low concentrations is critical. The strategy used relies on 
optimization of the chromatographic analysis using UPLC-TOF-MS with modeling 
software. The optimized method is then transferred to semi-preparative LC condi-
tions with MS detection. Complete characterization of the isolated metabolites, of-
ten obtained in the low-microgram range from a few milligrams of plant extract, is 
then performed using micro-flow-NMR methods (Webb 2005), such as Cap NMR, 
which provide excellent sensitivity. With such NMR probes, the biomarkers need 
only to be dissolved in a minimal amount of deuterated solvent (5 µL). With such 
a small volume, high concentrations can be obtained with an optimum filling fac-
tor, and high-quality 1D- and 2D-NMR spectra can be measured (Wolfender et al. 
2010). Such an approach has permitted the full characterization of new phytohor-
mones induced by wounding in the leaf of Arabidopsis thaliana. In this case, even 
minor key biomarkers were fully characterized by Cap NMR after a two-step tar-
geted LC-MS micro-isolation procedure (Glauser et al. 2008).

In the case of the maize example, the same strategy was applied and enabled 
complete de novo structure elucidation of several biomarkers induced upon herbiv-
ory attack. Fig. 16.7 shows the method that was applied to isolate compound 4, one 
of the putative biomarkers highlighted by the data mining results (see, Fig. 16.4).

To find the optimum chromatographic conditions for the targeted isolation of 4, 
the crude IPA extract was profiled at the analytical scale by UHPLC-TOF-MS on a 
C18 column (1.7 µm, 150 × 2.1 mm i.d.) using two generic gradients differing only 
in gradient slope (Fig. 16.7a). The retention times of the desired compound and 
those surrounding this peak were then introduced into chromatographic optimiza-
tion software (Osiris™) (Goga-Remont et al. 2000). In a first step, the software per-
formed modeling of the chromatographic behavior of all of the compounds selected. 
The second step involved an optimization of the scale-up process, which takes into 
account the parameters chosen for the purification. The optimized theoretical sepa-
ration obtained for the purification of 4 is shown in Fig. 16.7b. The scale-up was 
performed by separating 30 mg of the IPA extract on a semi-preparative column with 
the same phase chemistry (5 µm, 250 × 10 mm i.d.). Detection was ensured by using 
an IT mass spectrometer (Fig. 16.7c). With the help of Cap-NMR, 100 µg of purified 
compound was sufficient to acquire 1D- and 2D-NMR spectra at good resolution. 
These data combined with the molecular formula deduced from the TOF-MS data 
(C18H31O5, Fig. 16.4) enabled de novo identification of biomarker 4 (Fig. 16.7d).

16.7 Applications in Plant Metabolomics

Metabolomics has been applied in several domains related to plant biology and 
chemistry (Sumner et al. 2003). This approach was found to be particularly use-
ful for issues related to: (i) fingerprinting of species, genotypes or ecotypes for 
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taxonomic, or biochemical (gene discovery) purposes (Böttcher et al. 2008); (ii) 
comparing and contrasting the metabolite content of mutant or transgenic plants 
with that of their wild type counterparts (Hall 2006); (iii) monitoring the behavior 
of specific classes of metabolites in relation to applied exogenous chemical and/or 
physical stimuli (Shulaev et al. 2008); (iv) interaction of plants and the environ-
ment (Guy et al. 2008a) or herbivore/pathogens (Jansen et al. 2009); (v) studying 
developmental processes, such as the establishment of symbiotic associations, fruit 
ripening, or germination (Shu et al. 2008); (vi) quality control of medicinal herbs 
and phytopharmaceuticals (Chan et al. 2007); and (vii) and determining the activity 
of medicinal plants (Urich-Merzenich et al. 2007) and health-affecting compounds 
in food (Hall et al. 2008).

The aim here is not to give a comprehensive review of all of these applications. 
Therefore, we will focus on a few recent studies related to crops and seeds that give 
an overview of the various analytical strategies involved (Table 16.1).

16 Search for Low-Molecular-Weight Biomarkers in Plant Tissues …

Fig. 16.7  a UHPLC-TOF-MS chromatogram on a C18 column (150 × 2.1 mm; i.d., 1.7 µm) per-
formed with two gradients (1 %/min and 3 %/min slopes). b optimized theoretical chromatogram 
by Osiris™ software. c the same fraction injected on a semi-preparative C18 column (250 × 10 mm; 
i.d, 5 µm) and on-line detection using Ion-Trap MS in NI mode. d 2D-CapNMR-COSY spectra of 
peak 4 and its structure
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16.7.1  Seed Metabolomics

Legume seeds are an important source of food and feed and have been principally 
studied to optimize the composition of reserve substances like starch, oligosac-
charides, oil, and protein. The availability of the genome and transcribed genome 
sequences for some legume model species has stimulated the application of omics 
approaches to understanding legume seed development in these and closely related 
crop species. To date, however, there have been relatively few published analyses at 
the metabolomic levels for legume seeds (Thompson et al. 2009).

For example, the seed metabolome of pea lines possessing and lacking a major 
reserve protein, pea albumin 2, produced by introgression of a naturally occurring 
PA2 locus deletion into a standard genetic background, has been studied (Vigeolas 
et al. 2008). In that study, the absence of pea albumin 2 was associated with differ-
ences in amino acids and polyamine content in the seed. This was attributed in part 
to the decreased in activity of two enzymes in polyamine synthesis, spermidine syn-
thase and arginine decarboxylase. The metabolite profiling in this case was carried 
out based on a validated GC-MS method (Roessner-Tunali et al. 2003).

Another interesting study performed on seeds was an investigation of the mung 
bean ( Vigna radiate). GC-MS was employed to investigate the metabolic changes 
in the course of sprouting in a time-dependent manner. The GC method enabled 
a comprehensive survey of lipophilic (e.g., FA methyl esters, hydrocarbons, fat-
ty alcohols, and sterols) and hydrophilic (e.g., sugars, acids, amino acids, and 
amines) low molecular weight constituents. Investigation of the obtained frac-
tions resulted in the detection of more than 450 distinct peaks, of which 146 were 
identified by electron ionization MS. Statistical assessment of the metabolite pro-
filing data via PCA demonstrated that the metabolic changes during the sprouting 
of mung beans were reflected by time-dependent shifts of the scores, which were 
comparable for two sprouting processes independently conducted under the same 
conditions. Analysis of the loadings showed that polar metabolites were major 
contributors to the separation along the first principal component. The dynamic 
changes of single metabolites revealed significantly increased levels of monosac-
charides, organic acids, and amino acids, and a decrease in FA methyl esters (Jom 
et al. 2011).

GC-MS has also been employed to follow naturally occurring germination pro-
cesses in rice (Shu et al. 2008). Another GC-MS-based approach on several maize 
grains from different accessions and growing locations has been undertaken in 
order to assess the effects and relationship between the environment, season, and 
genotype on the metabolome pattern of maize kernels (Rohlig et al. 2009). This 
strategy was based on two successive extractions followed by crude fractionation 
with solid-phase extraction and liquid-liquid extraction prior to derivatization and 
led to the characterization of 176 compounds among the 300 features detected. The 
other metabolomics studies in legumes have been largely restricted to the model 
species and to non seed tissues, such as soybeans (Frank et al. 2009).

Metabolomic studies can also be helpful for quality control purposes or to help in 
breeding programs (Fernie and Schauer 2009). Targeted metabolite profiling (LC-
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PDA and LC-MS/MS) of typical compounds or those having health claims, such as 
phenolics in the wheat grain (Dinelli et al. 2009) or capsinoids and carotenoids in 
the genus Capsicum (Wahyuni et al. 2011), allowed the detection of potential culti-
vars for breeding programs with improved consumer quality traits.

16.7.2  Metabolomic Studies Related to Other Plant Tissues

With the exception of the cases described above, very few studies have been per-
formed on seed metabolomes; thus, we have mainly described here metabolomics 
studies on other tissues from important crop plants. Various applications to maize, 
tomato, and rice using different metabolomic strategies have been selected in order 
to obtain a larger view of how various tissues can be profiled in view of potential 
applications in seed research. The metabolomic applications were classified ac-
cording to the following sections: (i) substantial equivalence; (ii) assessment of 
stress effects; and (iii) monitoring of metabolites during life cycles of a crop plant 
(Table 16.1).

Substantial Equivalence In order to assess the substantial equivalence of GM 
maize, an extensive profiling study of transcripts, proteins, and metabolites of trans-
genic and control maize from field experiments was carried out (Barros et al. 2010). 
More than 100 metabolites were detected by GC-MS, and fourteen were identified 
by NMR fingerprinting. Finally, sample differentiation was mainly based on envi-
ronmental factors rather than on the genotypes studied. Another team used high-res-
olution MS fingerprinting to assess the substantial equivalence of GM maize with 
Bt protein (Leon et al. 2009). The use of FT-ICR-MS in PI and NI modes allowed 
the determination of more than 1000 putative molecular formulae per extract. The 
resulting raw data was submitted to dedicated software, which enabled the iden-
tification of compounds and their associated biochemical pathways based on an 
organism-specific database (Okuda et al. 2008). From these results, several path-
ways, such as amino acid metabolism, folate biosynthesis, and purine metabolism, 
were found to be clearly elicited in GM lines compared to their isogenic control 
lines. These results were in agreement with those of Levandi and coworkers, who 
highlighted the quantitative differences between control and GM lines based on CE-
TOF-MS profiling (Levandi et al. 2008). In contrast, a targeted approach based on 
the quantification of major constituents (fat, protein, ash, carbohydrate, and fibre) 
and key nutrients (amino acids, FAs, vitamins, and minerals) found in maize high-
lighted an important natural variation among samples that could not be linked to 
a specific trait (Harrigan et al. 2010). Because of its robustness and repeatability, 
the compositional analysis remained the reference method for evaluating GM crop 
substantial equivalence and food-safety assessment (Doerrer et al. 2010). Although 
metabolomics studies have highlighted important changes in GM crop metabolism, 
the lack of standardization between studies, fragmentary knowledge on crop varia-
tion and influence of the environment, which are not well established, make omics 
unsuitable for regulatory purposes. However, these limitations could be overcome 

16 Search for Low-Molecular-Weight Biomarkers in Plant Tissues …
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with the rapid improvement of dedicated databases (Kind et al. 2009) and standard-
ization of metabolomic data (Fiehn et al. 2007).

Assessment of Stress Effects Another topic that has been investigated in depth in 
crop fitness research is the influence of various biotic or abiotic stresses (Shulaev 
et al. 2008). For example, the salt-stress response of maize shoots and roots has 
been studied by direct NMR fingerprinting of aqueous extracts. A clear separation 
of the growth and saline effects was highlighted by supervised data mining meth-
ods. Based on proton chemical shifts, 28 compounds were characterized. Among 
them, increased levels of alanine, glutamate, asparagines, and glycine-betaine upon 
salt stress were detected (Gavaghan et al. 2011). The drought-stress response of 
pea leaves has been monitored with the help of 1D- and 2D-NMR by Charlton and 
coworkers (Charlton et al. 2008). The fast acquisition of several 1H-NMR spectra 
allowed the determination of the most significant areas of changes upon drought 
stress after application of a supervised data mining method. Finally, a dozen com-
pounds, mainly amino acids, were unambiguously identified in crude extracts by 
2D-NMR experiments are believed to characterize the drought-stress response of 
pea leaves.

Monitoring of Metabolites During Life Cycles of Crop Plants The development 
of fruits or other plant organs can also be accurately monitored by metabolomics. 
In the frame of monitoring the development of organs, a more comprehensive MS-
based metabolomic analysis was applied to study the potato tuber life cycle in pota-
toes (Shepherd et al. 2010). In this case, changes in the metabolome were assessed 
by LC-MS, GC-MS, and DIMS. The data was subjected to PCA and HCA (hierar-
chical cluster analysis) to assess the potential for separating the life cycle stages, 
to define the major profiles of metabolite changes during the life cycle stages, and 
to determine which metabolites underpinned these profiles. The study provided 
new insight into the temporal changes in metabolites related to acrylamide-form-
ing potential. More than 1,000 metabolites were detected by coupling GC-MS and 
LC-MS data acquisition for the study of strawberry fruit development (Moing 
et al. 2011). Among them, 160 of the most characteristic metabolites of primary 
and secondary metabolism were identified. Based on these results, global networks 
of the putative biochemical events that trigger strawberry fruit development were 
developed. The same type of study was carried out to monitor melon fruit develop-
ment at the metabolome level, including volatile and nonvolatile primary and sec-
ondary metabolites and mineral element profiling by using six different analytical 
platforms (Moing et al. 2011). Thirty-seven polar metabolites were detected by 1H-
NMR and more than 100 were determined through GC-MS after derivatization. The 
use of LC-QTOF-MS for semi-polar compounds allowed the detection of 1,200 
compounds, and GC-MS analysis of the volatile fractions detected 500 components. 
The analytical methods were highly complementary, with fewer than 20 compounds 
being detected by more than one technology.

These different applications, and the others summarised in Table 16.1, demon-
strate that metabolomics plays an increasingly important role in various aspects 
of crop plant research, including seed investigation, but also has consequences on 

16 Search for Low-Molecular-Weight Biomarkers in Plant Tissues …



334

seed modifications in whole plant tissue-specific organ germination and organ life 
cycle monitoring. The effect of stress at the metabolite level can also be monitored 
or compared as a consequence of seed selection to improve plant fitness. While the 
combination of several instruments enabled the detection of more than one thou-
sand compounds in the most comprehensive studies, the identification of putative 
compounds remains a major drawback in metabolomics, with only one-third to one-
half of the features identified.

16.8  Concluding Remarks

The characterization of natural diversity in plant metabolites using unbiased me-
tabolite profiling approaches is already providing deeper knowledge of plant and 
crop composition and its variable nature, both within and between species. While 
genomics techniques are in the process of revolutionizing plant biology, there is a 
need for complementarity in other studies that can confirm the functional aspects 
of these changes (Thompson et al. 2009); in this respect, metabolomics plays an 
increasingly important role. Metabolomics was still in its infancy at the beginning 
of the millennium; however, approximately10 years later, this approach is mature 
and represents an important complement to the other omics used in systems biology.

For crop and particularly seed research, investigations have been mainly per-
formed using a single analytical profiling approach in combination with advanced 
data mining methods. These work provided very interesting results. However, only 
a partial view of the metabolome has been obtained in this way. The most com-
prehensive coverage of metabolome composition at both the level of primary or 
secondary metabolites can only be obtained by combining analytical methods. For 
this, MS-based and NMR-based metabolomic approaches represent an essential 
complement. The use of MS in plant metabolomics will continue to grow massively 
and should be accompanied by further improvements in raw data filtering, deconvo-
lution, and metabolite identification. NMR approaches will remain very important 
for reasons of reproducibility, throughput and identification, and both methods are 
very complementary (van der Kooy et al. 2009). When applied to well-defined bio-
logical issues, metabolomic data can be efficiently transformed into new biological 
knowledge, provided that correct experimental design, analytics, data mining, and 
biomarker identification are performed.

While metabolomics is garnering significant interest among plant scientists, the 
approach suffers from limitations that are not to be under estimated. In the case 
of MS-based strategies, there is still a need to increase metabolome coverage and 
reproducibility. For NMR-based metabolomics, the sensitivity and the number of 
metabolites observed remains a problem. In all approaches used, complete me-
tabolite identification remains a challenging task, because often, only partial peak 
annotation is obtained. As has been shown in this chapter, innovative approaches 
based on efficient LC separation and subsequent de novo structural determinations 
are needed. In this respect, efforts aimed at rapid and efficient strategies for the 
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dereplication of natural products based on on-line or at-line hyphenated methods 
should be strengthened. Although substantial improvements have been made in the 
field of metabolomics, the uniform annotation of metabolite signals in databases 
and informatics through international standardization efforts also remains a chal-
lenge.

Important technological advances in the biological sciences have notably 
strengthened the emerging field of systems biology. Although a complete under-
standing of living organisms at the molecular system level is far from reality, com-
prehensive investigations of living organisms, such as the study of plants with dif-
ferent omics technologies, represents an important step forward. Many important 
findings will continue to emerge from metabolomics in various fields of plant sci-
ence, and the investigation of seeds by such an unbiased approach still has impor-
tant potential and may open new avenues in crop science research.
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Abstract Mathematical modeling of plant metabolism offers new approaches to 
improve the understanding of complex biological processes. In this chapter an 
overview of resources and tools available for the reconstruction of stoichiometric 
models and their constraint-based analysis is given, focusing on plant metabolic 
pathways. To facilitate and support the modeling of metabolism, a pipeline for the 
constraint-based analysis of crop plant metabolic models is described and the pro-
posed framework is applied in a case study of storage metabolism in developing 
barley seeds.

Keywords Constraint-based analysis (CBA) · CBA software · Crop plant 
metabolism · Flux balance analysis · Modeling pipeline · Plant metabolic pathway 
databases

17.1  Introduction

Bioinformatics has become an integral part of biological research, including basic 
and applied plant science. To understand the complexity inherent in the vast amount 
of data gathered by large-scale profiling of biological features (e.g., transcriptomics, 
proteomics, and metabolomics data), new approaches need to be developed with fo-
cus on the management, visualization, integration, analysis, modelization, and pre-
diction of these data. Mathematical modeling of metabolism provides new concepts 
and methods to elucidate the structure, dynamics, and behavior of complex biological 
processes. In silico models of biological systems can be applied to verify and extend 
the understanding of complex metabolic processes, to generate and test hypothesis, 
and to explore in silico scenarios, thus supplementing or even replacing experiments.

In plant research, the issue of modeling metabolism is constantly gaining atten-
tion. Several mathematical modeling approaches applied to plant metabolism exist 
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ranging from highly detailed quantitative to less complex qualitative approaches 
(for reviews, see Giersch 2000; Morgan and Rhodes 2002; Poolman et al. 2004; 
Rios-Estepa and Lange 2007). Although these approaches offer the most detailed 
model predictions, the application of quantitative kinetic modeling is usually re-
stricted to small-scale biological systems due to the lack of kinetic information. In 
contrast, qualitative modeling approaches, such as the constraint-based approach, 
require less data and thereby, having the advantage of permitting an in-depth analy-
sis of large-scale systems.

Flux balance analysis (FBA) is a constraint-based modeling approach that al-
lows the prediction of metabolic steady-state fluxes by applying mass-balance con-
straints to a stoichiometric model (Edwards et al. 1999). One advantage of FBA is 
that it requires a relatively low prior knowledge about the metabolic system, such 
as the knowledge of reaction stoichiometry and directionality, biomass composi-
tion, and maximum uptake/excretion rates of nutrients and products. FBA has been 
applied to a variety of different biological systems, such as bacteria (Schilling et al. 
2002; Reed and Palsson 2003), fungi (David et al. 2003; Famili et al. 2003), algae 
(Shastri and Morgan 2005), plants (de Oliveira Dal’Molin et al. 2010; Grafahrend-
Belau et al. 2009b; Poolman et al. 2009), and animals (Cakir et al. 2007; Duarte 
et al. 2007), to study different aspects of metabolism, including the prediction of 
optimal metabolic yields and flux distributions (Varma et al. 1993a, b), gene dele-
tion lethality (Edwards and Palsson 2000; Förster et al. 2003), and pathway redun-
dancies (Van Dien and Lidstrom 2002). In plant science, metabolic flux determina-
tion is acknowledged to be an important part of plant metabolic engineering, which 
makes FBA a valuable tool for extracting new insights from complex plant meta-
bolic networks. The workflow used to perform FBA comprises a three-step proce-
dure encompassing the steps of (i) model reconstruction, (ii) model analysis, and 
(iii) model validation, with the evaluated model eventually representing a valuable 
platform to generate or test hypothesis and to explore plant metabolism in silico.

The reconstruction of plant metabolic networks requires detailed metabolic infor-
mation. The process of manually extracting this information from literature requires 
huge effort and can be accelerated by accessing information stored in databases. A 
variety of metabolic pathway databases has been developed in conjunction with 
methods to access and analyze the data. Metabolic pathway databases are reposito-
ries of biochemical pathways and reactions with data related to organism-specific 
information about genes, gene products, enzymes, and compounds  organized into 
pathways and maps (Karp 1998a, b; Karp et al. 1999; Wittig and De Beuckelaer 
2001). The databases vary largely in coverage and representation of metabolic pro-
cesses with the database content either being curated from literature and online 
resources or from computationally predicted pathways that are manually refined. 
Despite the high number of currently available 325 online pathway databases, only 
14 multispecies and species-specific metabolic pathway databases contain plant-
specific information.

Once an in silico model is constructed, it can be converted into a mathematical 
format for computational analysis by including parameters required for computa-
tional simulation, such as maximum uptake/excretion rates of nutrients and prod-
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ucts. Several software tools have been developed to perform FBA, including pack-
ages freely available for academic research, such as CellNetAnalyzer (Klamt et al. 
2007), Constraint-Based Reconstruction and Analysis (COBRA) toolbox (Becker 
et al. 2007), and FBA-SimVis (Grafahrend-Belau et al. 2009a). Most of these tools 
offer a variety of constraint-based analysis techniques that can be used to study dif-
ferent biological questions and in silico scenarios.

This chapter will describe available resources, a pipeline for metabolic model 
analysis, and an application to developing seed in barley. The first part of this chapter 
deals with the resources available for the constraint-based analysis of plant metabolic 
models, where the first section provides an overview of metabolic pathway databases 
containing plant-specific information and the second section provides an overview 
of software tools available for FBA. The second part of the chapter explains a pipe-
line for the integrated constraint-based analysis of plant metabolic models, focusing 
on the database and tools developed for constraint-based model reconstruction, ana-
lysis, and visualization. Finally, the application of the proposed pipeline is presented 
as a case study of storage metabolism in developing barley seeds.

17.2  Plant Metabolic Pathway Databases: Organization 
and Integration of Plant Metabolic Information

Metabolic pathway databases aim to provide the current knowledge of biochemical 
processes involved in metabolism, thereby facilitating the understanding of complex 
metabolic processes by integrating large and/or complex data sets of several types 
of metabolic pathway information (e.g., data on compounds, reactions, enzymes, 
and genes) in the context of the graphical representation of pathways. In addition to 
provide an encyclopedic reference on pathway information, metabolic pathway da-
tabases facilitate metabolic engineering, support global analysis of omics datasets, 
and facilitate a variety of analysis and simulation techniques used in mathematical 
modeling by supporting network reconstruction.

In the following section, widely-used databases are discussed that could serve 
as a starting point for plant metabolic network reconstruction. For a complete list 
of available databases, readers are advised to visit the Path guide resource (Bader 
et al. 2006).

17.2.1  Metabolic Pathway Databases

17.2.1.1  Multispecies Metabolic Pathway Databases

The Kyoto Encyclopedia of Genes and Genomes (KEGG; Kanehisa and Goto 
2000; Kanehisa et al. 2010) is an integrated database resource that consists of 16 
main databases containing chemical, genomic, and systems information with cross-
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references to a wide range of external biological databases. The KEGG pathway da-
tabase contains metabolic pathways, represented as curated, manually drawn path-
way maps consisting of links to information about compounds, enzymes, reactions, 
and genes. The KEGG database currently contains more than 140,000 species-spe-
cific pathways generated from 398 reference pathways (as of July 12, 2011). The 
plenitude of pathway information (e.g., metabolic, genetic, environmental, and cel-
lular information) makes KEGG one of the most widely-used pathway databases.

With respect to plant research, KEGG offers different resources, such as the 
EGENE database (Masoudi-Nejad et al. 2007a, b). The EGENE comprises plant ge-
nomic information (EST contigs) of 64 species and the GENE database (Masoudi-
Nejad et al. 2007b), which comprises gene catalogs for all complete genomes (12 
plant species). The pathway-based integration of the plant genomic information 
allows generating plant species-specific pathways along with enzymes (genes) ex-
pressed in the specific organism (found by homology search) in the KEGG refer-
ence pathway map, thereby offering an overview of fundamental biological pro-
cesses in plants. In addition, the KEGG plant interface especially focuses on the 
understanding of relationships between genomic and chemical information of natu-
ral products from plants, and offers different plant biosynthetic pathway maps for 
plant secondary metabolism.

MetaCyc MetaCyc (Caspi et al. 2010) belongs to the BioCyc collection (Karp et al. 
2005) of pathway/genome databases (PGDBs). MetaCyc is a curated  metabolic path-
way database containing pathways from a wide range of organisms representing all 
domains of life. The database contains experimentally determined metabolic path-
ways curated from the literature, lists of compounds, enzymes, reactions, genes, and 
proteins associated with the pathways, and links to external biological databases. 
With more than 1,400 pathways from over 1800 different species, MetaCyc (V14.0) 
is one of the largest collections of metabolic pathways currently available with the 
majority of pathways occurring in microorganisms and plants. Relating to its role as 
encyclopedic reference on metabolism, MetaCyc is additionally used as a reference 
metabolic pathway resource for the computational prediction of the metabolic net-
work of any organism having sequenced and annotated genome using the Pathway 
Tools software (Karp et al. 2002).

Reactome Reactome (Matthews et al. 2009) is a curated metabolic pathway data-
base initially developed to represent human biology. But, Reactome has been ex-
tended to include computationally inferred pathways and reactions from 22 non-hu-
man species, including the two plant species Arabidopsis thaliana and Oryza sativa. 
The non-human species-specific pathways are inferred via orthology relationships 
from the respective human pathways. Pathway information includes very detailed 
information on equivalent events in other organisms, descriptions, and subcellular 
compartment information that is cross referenced to a wide range of external biolog-
ical databases. The current release of Reactome (V32.0) is comprised of over 10,000 
pathways from 23 different species, representing a well curated pathway database. 
Database contents can be viewed and downloaded in several formats (Table 17.1) 
and, queried via a search interface with a variety of options. In addition, Reactome 
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provides several tools for pathway analysis, such as Skypainter. Skypainter allows 
users to visualize and analyze their own data sets in relation to the reaction maps.

17.2.1.2  Plant Metabolic Pathway Databases

PlantCyc PlantCyc is a comprehensive multispecies plant metabolic pathway da-
tabase hosted by PMN (Plant Metabolic Network), a collaborative project with an 
aim to develop and curate plant metabolic pathway and enzyme databases. The 
database contains curated information on genes, enzymes, compounds, reactions, 
and pathways involved in primary and secondary plant metabolism. In addition to 
the in-house curated pathways, PlantCyc contains all pathways from AraCyc, all 
plant-specific pathways from MetaCyc, and a number of pathways from other plant 
pathway databases, including RiceCyc and MedicCyc. Furthermore, hypotheti-
cal pathways published in journals as well as computationally predicted pathways 
manually validated by PMN curators are provided. Together, PlantCyc is a compre-
hensive plant metabolic pathway database containing about 714 pathways from 329 
plant species as per its current release (V3.0).

Arabidopsis Reactome Arabidopsis Reactome (Tsesmetzis et al. 2008) is a cu-
rated pathways database initially developed to represent biological processes in the 
 model plant Arabidopsis, but which has been extended to include information on 
about 11 other plant species. The database contains in-house curated pathways as 
well as pathways imported from KEGG and AraCyc with cross-references to other 
biological databases. In addition to experimental evidence and literature citations, 
detailed pathway information is provided, including subcellular location and path-
way descriptions. In its current version (V3.0), Arabidopsis Reactome comprises 
between 990 and 1,100 pathways for each of the 12 plant species. Database contents 
can be viewed and downloaded in several formats (Table 17.1). Software tools are 
also available for Arabidopsis Reactome.

MetaCrop MetaCrop (Grafahrend-Belau et al. 2008) is a manually curated met-
abolic pathway database focusing on crop plant species with high agronomical 
 importance. A detailed description of the database is given below under the subtitle 
‘Model Reconstruction’ and within the main section ‘Pipeline for the integrated 
constraint-based model reconstruction, analysis, and visualization.’

17.2.1.3  Species-Specific Plant Metabolic Pathway Databases

Species-specific databases contain predicted and/or verified pathways for a single 
species. The majority of these databases are PGDBs. These databases are mostly 
computationally generated from the annotated genome of the organism using the 
Pathway Tools software, developed by the SRI Bioinformatics Research Group 
(Karp et al. 2002). Computationally generated PGDBs can be subdivided into three 
groups based on their quality: (i) intensively-curated; (ii) moderately-curated; and 
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(iii) non-curated databases. A comprehensive list of plant-specific PGDBs as well 
as the associated links to the databases is provided by the PMN website (http://
www.plantcyc.org/) and the BioCyc website (http://biocyc.org/). In the following 
section, only the most comprehensive and best curated plant PGDB, AraCyc, is 
described due to  the limitation of space.

AraCyc AraCyc (Mueller et al. 2003) is a species-specific plant metabolic path-
way database that provides information about metabolic pathways in the model 
plant Arabidopsis. The database was the first computationally predicted plant 
PGDB using MetaCyc as a reference database. Since its automatic generation, 
AraCyc has been under continued manual curation with the predicted pathways 
being literature validated. The database now contains a mixture of computation-
ally  predicted, manually validated, and newly curated pathways extracted from the 
literature, with an evidence code clearly indicating the source of information. In 
addition, pathways and enzymes are annotated with pathway descriptions and to 
some extent location information, such as organ-/tissue-specificity. AraCyc (V6.0) 
now contains about 408 pathways, enriched by 4,803 literature references. It pro-
vides several tools for pathway analysis, such the OMICS Viewer. The OMICS  
Viewer is a user data visualization and analysis tool, allowing mapping differ-
ent kind of user-specific high-throughput data onto the overview pathway map of 
AraCyc.

MetNetDB MetNetDB (Metabolic Networking Database) (Yang et al. 2005) is a 
single-species pathway database containing information on metabolic and regu-
latory networks in the model plant Arabidopsis. The database contains in-house 
curated pathways as well as pathways imported from MetaCyc and AraCyc. Path-
way-associated information, such as component information (e.g., metabolites, 
proteins, DNA, and RNA), interaction information (e.g., translocation, transcrip-
tion, and assembly), and metadata (confidence, evidence, and synonymous) are 
partly cross-referenced with external biological databases or, in some cases, addi-
tionally annotated by experts. The current release of MetNetDB (V3.0) contains 
about 334 pathways combined into a metabolic and regulatory map of Arabidopsis. 
The MetNet suite of visualization and analysis tools (http://www.metnetdb.org/ 
MetNet_overview.htm) allows an in-depth analysis of the pathways maps provided 
by MetNetDB.

17.2.2  Metabolic Pathway Database Systems

In addition to metabolic pathway databases providing primary data or at least to 
some part in-house curated metabolic pathway information, there exist a number 
of different metabolic pathway database systems providing pathway data of mul-
tiple external metabolic pathway databases (secondary data). With respect to plant 
science, the following metabolic pathway database systems contain plant-specific 
metabolic pathway information.
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NCBI Biosystems NCBI BioSystems (Geer et al. 2010) is a centralized reposi-
tory for metabolic pathway information. The NCBI BioSystems contains biological 
pathways from four sources: KEGG, Human Reactome, BioCyc (including  EcoCyc 
and MetaCyc), and the National Cancer Institute’s Pathway Interaction database. 
The system integrates these database records into the existing NCBI Entrez data-
bases (e.g., Gene, Protein, PubMed, and PubChem), thereby connecting the records 
with associated literature, molecular, and chemical data. In addition, detailed path-
way maps and annotations are available on the web sites of the source databases. 
With respect to plant metabolism, plant-specific pathway information is provided 
by the source databases KEGG and MetaCyc.

Pathway Commons Pathway Commons provides access to multiple public meta-
bolic pathway databases (e.g., Human Reactome, HumanCyc, IMID, etc.), allowing 
to browse, query, and download pathway information via the web portal. The data-
base entries are cross-linked to the source databases, and links to external databases 
rely on the source databases. Therefore, the quality of the pathways available in 
Pathway Commons depends on the quality of the pathway source databases, which 
provide different levels of pathway-associated information including subcellular 
location, experimental evidence, and literature citations. The current release of 
Pathway Commons contains about 1,450 pathways from about 440 organisms. The 
database supports different exchange formats (Table 17.1) and can be queried using 
search and a filter to restrict the results to organism and source.

17.2.3 Additional Resources and Tools 

In addition to metabolic pathway databases, a wide variety of different databases 
exits, providing valuable data for plant metabolic modeling, such as enzyme-related 
information [e.g., Brenda (Chang et al. 2009)], [ExPASy-ENZYME (Gasteiger 
et al. 2003)], protein-related information [Swiss-Prot/TrEMBL (Boeckmann et al. 
2003)], reaction kinetics-related information [SABIO-RK (Rojas et al. 2007)], 
metabolite-related information [PubChem (Wang et al. 2010a) and KEGG LIGAND 
(Goto et al. 2002)], transporter-related information [ARAMEMNON (Schwacke 
et al. 2003)], and model-related information [BioModels (Li et al. 2010)]. In addi-
tion, WikiPathways (Pico et al. 2008) is a collaborative platform for curating, edit-
ing, and sharing biological pathways in different species. BiNCO-wiki (Telgkamp 
et al. 2007) is a wiki system that stores information related to biological networks 
and allows community-based extension of the information. Furthermore, in addi-
tion to pathway analysis and visualization tools provided by the metabolic pathway 
databases themselves, availability of different tools allow to browse pathways and 
to map omics data onto plant metabolic pathway maps, supporting the functional 
analysis of data for plant pathways [e.g., KaPPA-View4 (Tokimatsu et al. 2005; 
Sakurai et al. 2011), VANTED (visualization and analysis of networks containing 
experimental data; Junker et al. 2006), MapMan (Thimm et al. 2004)].
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17.3  Resources for the Constraint-Based Analysis of Plant 
Metabolic Models: Modelization of Plant Metabolism

In biological research, including plant science, several approaches have been devel-
oped for quantitative in silico modeling and simulation of metabolic systems. One 
increasingly used method in the metabolic modeling is FBA, which is a constraint-
based modeling approach having the ability to predict optimal metabolic yield and 
steady-state flux distributions under different environmental conditions and genetic 
backgrounds (Varma and Palsson 1994). FBA uses the principle of linear program-
ming to determine the steady-state flux distribution in a metabolic model by defin-
ing an objective function and searching the allowable solution space for an optimal 
flux distribution that maximizes or minimizes the objective. Due to its predictive 
power and the advantage of not requiring the knowledge of kinetic parameters, 
FBA has been applied successfully to a variety of biological systems to study dif-
ferent aspects of metabolism (Kauffman et al. 2003; Reed and Palsson 2003). For a 
more detailed description of the basic concepts of FBA, readers are referred to the 
respective literature (Edwards et al. 2001; Rios-Estepa and Lange 2007). There are 
also excellent and comprehensive reviews covering in detail about FBA and its ap-
plications (Feist and Palsson 2008; Lee et al. 2006; Orth et al. 2010). In the follow-
ing section, an overview of currently available resources for the constraint-based 
analysis of plant metabolic models is given (Table 17.2) and the most widely-used 
tools are discussed.

17.3.1  Standalone Applications

OptFlux OptFlux (Rocha et al. 2010) is an open-source and plug-in based soft-
ware for in silico metabolic engineering. Focusing on the analysis of stoichiometric 
metabolic models, the software provides: (i) methods for phenotype simulations 
(e.g., FBA, MOMA, and ROOM); (ii) methods for metabolic flux analysis (MFA); 
(iii) elementary modes analysis; and (iv) strain optimization algorithms (OptKnock, 
EAs, and SA). These features are aimed at facilitating the rational design of micro-
bial strains (i.e., aimed to identify potential targets for metabolic engineering). In 
addition, OptFlux comprises a plug-in for the dynamic visualization of the simula-
tion results, which are superimposed on the model graph. Model handling is sup-
ported by allowing the import/export to several flat file formats including SBML.

Systems Biology Research Tool The Systems Biology Research Tool (SBRT) 
(Wright and Wagner 2008) is an open-source, integrated software platform focusing 
on the management, simulation, and analysis of stoichiometric models. The extend-
able, plug-in based software provides 35 processes for stoichiometric model analy-
sis including FBA, flux variability analysis, and optimizing objective functions, 
which can be controlled from the command line or a simple graphical user interface 
(GUI). In addition, SBRT is capable of interacting with external software (such as 
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Metatool, Mathematica, R, GLPK, and CPLEX) and providing a high degree of 
flexibility.

MataFluxNet MetaFluxNet (Lee et al. 2003) is a standalone software package for 
quantitative metabolic flux calculation, that provides: (i) a model reconstruction 
and management environment allowing to set up a model in a user-defined way or 
in a reference retrieved way by integrating data from different online databases; (ii) 
an interface for quantitative and comparative flux analysis (e.g., MFA, FBA, and in 
silico gene deletion/addition); and (iii) a GUI supporting dynamic visualization of 
metabolic flux maps for interactive and comparative analysis of the resulting flux 
profiles and automated pathway layout creation. The SBML-supporting software 
uses lp_solve and QSopt as default linear programming (LP) solvers, and provides 
model conversion into a variety of LP formats, including CPLEX, LINDO, GAMS, 
AMPL, and MATLAB LP. MetaFluxNet offers a free academic version with only 
limited functionality.

Pathway Analyzer Pathway Analyzer is an open-source software tool for flux 
analysis of metabolic models running on the Linux platform. Accepting SBML files 
as input, the tool performs FBA and MOMA using the GLPK solver for linear pro-
gramming and the OOQP solver for quadratic programming. The command-line 
tool does not provide built-in routines for dynamic flux visualization. Instead, a flux 
distribution output is provided in plain text format for the wild type and in silico 
deletion mutants.

Fluxor Fluxor is a simple phyton command line tool for performing FBA. Tak-
ing a SBML file as input, the tool performs FBA using the GLPK solver for linear 
programming. Fluxor is part of the Bio-Spice (Biological Simulation Program for 
Intra- and Inter-Cellular Evaluation) tool set (http://biospice.sourceforge.net/), an 
open-source framework for systems biology research.

FBA-SimVis FBA-SimVis (Grafahrend-Belau et al. 2009a) is an open-source 
software tool for integrated constraint-based model analysis and visualization. It 
extends the functionality of VANTED (Junker et al. 2006). A comprehensive and 
detailed description of the software is given below under the subtitle ‘Constraint-
Based Model Analysis and Visualization’ and within the main section ‘Pipeline for 
the integrated constraint-based model reconstruction, analysis, and visualization.’

17.3.2  Add-Ons to Commercial Platforms

CellNetAnalyzer CellNetAnalyzer (CNA) (Klamt et al. 2007), formerly FluxAna-
lyzer, is a software tool for the modeling and analysis of metabolic, regulatory, and 
signal transduction networks that runs on the commercial MATLAB platform. In 
terms of constraint-based metabolic modeling, the software provides a variety of 
stoichiometric analysis techniques, such as FBA, MFA, elementary mode analy-
sis, and extreme pathway analysis, as well as a static graphical representation of 
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the simulation results. Model handling is supported by a GUI-based reconstruction 
environment and import/export functionalities for several flat file formats, includ-
ing SBML. CNA provides a GUI as well as a command line-based running of the 
program.

Constraint-Based Reconstruction and Analysis The COBRA toolbox (Becker 
et al. 2007) for MATLAB is a software package that focuses on the modeling and 
analysis of stoichiometric metabolic models using constraint-based approaches. 
The software provides a comprehensive set of techniques, such as FBA, dynamic 
FBA, MOMA, flux variability analysis, robustness analysis, and gene deletion anal-
ysis, together with an interface to several free and commercial linear programming 
solvers (e.g., lp_solve, GLPK, LINDO, CEPLEX, and Mosek) and tools to read and 
manipulate constraint-based models. Although COBRA requires some program-
ming ability to use it, the COBRA toolbox provides a high degree of flexibility as it 
can be extended by user-written MATLAB routines. The toolbox neither provides a 
GUI nor supports built-in visualization routines, although a network and flux distri-
bution output for Cytoscape is provided (Shannon et al. 2003).

Stoichiometric Network Analysis Stoichiometric Network Analysis (SNA) 
(Urbanczik 2006) is a MATHEMATICA toolbox for stoichiometric analysis of 
metabolic networks focusing on the computation of elementary flux modes of a 
network, which form the basis for the analysis of its metabolic capabilities. In addi-
tion, the toolbox offers FBA. Although SNA supports SBML for the ease of model 
handling, the toolbox is restricted to a command line interface, requires program-
ming abilities to use, and only runs under Linux.

17.3.3  Web-Based Tools

Only very recently, web-based tools have been released to enable the online con-
straint-based analysis on stoichiometric metabolic models.

BioMet BioMet Toolboxis a web-based platform for stoichiometric analysis and 
for integration and analysis of transcriptomics data. BioMet is aimed to provide 
insight into the metabolic capabilities of genome-scale metabolic models. In terms 
of constrain-based modeling, the toolbox provides the BioOpt tool, offering sev-
eral analysis software, including FBA, reduced cost and shadow price analysis, 
sensitivity analysis, and gene deletion analysis. The suite of analysis is restricted 
to genome-scale models, which are either provided by the in-house model library 
containing GSMMs of different organisms or which can be submitted using SBML. 
BioOpt is available as a web-based application as well as in a standalone version 
running on the Windows platform.

CycSim CycSim (Fèvre et al. 2009) is a web application for the in silico analysis 
of genome-scale metabolic models. Based on different constraint-based modeling 
techniques offered by the system (e.g., FBA, metabolite producibility analysis, and 
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gene deletion analysis), CycSim supports simulation of growth phenotypes under 
varying genetic and/or environmental background. The comparison of phenotype 
predictions and experimental results is provided by the direct visualization of both 
metabolic pathway maps obtained from BioCyc or KEGG. The analysis is possible 
for genome-scale metabolic models provided by CycSim, SBML models, and/or 
experimental results.

17.3.4  Commercial Tools

Different commercial software packages for FBA and stoichiometric analysis of 
metabolic models offering a variety of methods for (i) model reconstruction, (ii) 
constraint-based model analysis, and (iii) model and flux visualization have been 
developed, including SimPheny (Genomatica Inc., San Diego, CA, USA) and In-
silico Discovery (Insilico Biotechnology Inc., Stuttgart, Germany). The reader is 
referred to the respective websites for further information about the tools, which are 
of minor interest for most academic researchers due to cost requirements.

17.3.5  Mathematical Software Platforms and Solvers

As the mathematical framework for constraint-based analysis relies primarily on 
linear algebra and linear programming, performing FBA does not require the use 
of specialized software tools. Instead, general purpose mathematical software plat-
forms [such as MATLAB (http://www.mathworks.com/) and MATHEMATICA 
[(http://www.wolfram.com/)], optimization modeling packages [such as GAMS 
[(http://www.gams.com/)], or any other software package that allows for fast and 
efficient LP computation, are well suited. For greater efficiency, specialized opti-
mization packages can be added (e.g., the Optimization Toolbox for MATLAB). In 
addition, several free and commercial solvers for linear and quadratic programming 
problems are available, including GLPK (http://www.gnu.org/software/glpk/), 
OOQP (http://pages.cs.wisc.edu/swright/ooqp/), CPLEX (http://www.ilog.com/
products/cplex/), and LINDO (http://www.lindo.com/).

17.4  Pipeline for the Integrated Constraint-Based Model 
Reconstruction, Analysis, and Visualization

Numerous studies in the recent years have shown a rapidly growing interest in met-
abolic modeling as such modeling can be deduced by a number of resources and 
tools available for metabolic reconstruction, analysis, and simulation. Nevertheless, 
modeling and analysis of plant metabolic networks is still hampered by the fact of 
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a reduced number of databases providing plant-specific information. Most of the 
heterogeneous and fine grained information required for model reconstruction are 
either scattered over numerous data sources or not provided by most of these da-
tabases. In addition, differences in data access methods and file formats create dif-
ficulties for users attempting to gather data from multiple sources. Such difficulties 
also hold true for the numerous tools and methods available for constraint-based 
analysis.

To facilitate and support the modeling and analysis of plant metabolic networks, 
a pipeline is described for the constraint-based analysis of crop plant metabolic 
models in the following section. The pipeline is comprised of the following steps 
of the modeling approach: (i) model reconstruction, management, and export; (ii) 
model simulation and analysis (FBA); and (iii) model and flux visualization. Fo-
cusing on the developed tools and methods, each of the modeling steps is described 
in this section. The application of the proposed pipeline is shown below for a case 
study of storage metabolism in developing barley seeds within the main section 
‘Application Example’. The workflow has been used for the constraint-based analy-
sis of crop plant metabolic models and is summarized in Fig. 17.1.

17.4.1  Model Reconstruction

The reconstruction of plant metabolic models requires detailed metabolic infor-
mation, which is often lacking in many data resources or scattered over multiple 
sources. To facilitate the construction of crop plant metabolic models, we devel-
oped MetaCrop (Grafahrend-Belau et al. 2008). MetaCrop is a curated multispecies 
plant metabolic pathway database focusing on crop plant metabolism. The database 
provides about 40 manually curated metabolic pathways of primary crop plant me-
tabolism with emphasis on metabolism of agronomically important organs, such 
as seeds and tubers. In addition, the database contains detailed pathway-associated 
information, including clickable pathway maps and comprehensive information 
about metabolites (e.g., CAS number, molecular weight, and chemical formula), 
enzymes (e.g., EC and CAS number), stoichiometry, transport processes, location 
(species, organ, tissue, and compartment), and plant developmental stage as well 
as kinetic information for central metabolic pathways (sucrose breakdown, gly-
colysis, and TCA cycle). All the information was extracted from the literature and 
database (e.g., KEGG Pathways, EGENES, Brenda, ExPASy-Enzyme, PubChem, 
and ARAMEMNON). For quality assurance, information inferred from databases 
has been checked against literature. The information is cross-referenced to external 
biological databases and literature references, and the corresponding PubMed IDs 
are provided where available. Controlled vocabulary from ontologies (e.g., PO and 
GO) was used to ensure consistency and to allow the comparison of data from dif-
ferent sources.

The current release of MetaCrop comprises species-specific information on four 
monocot crop species ( Hordeum vulgare, Triticum aestivum, Oryza sativa, and 
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Zea mays), five dicot species, including three crop species ( Solanum tuberosum, 
Brassica napus, and Beta vulgaris), and two model plants ( Arabidopsis thaliana 
and Medicago truncatula). In total, currently MetaCrop contains about 400 enzy-
matic reactions, 60 transport processes, five compartments, and 1,100 references 
(Table 17.3). Due to the database focus on metabolic model reconstruction, most 
data in Metacrop correspond to biochemical data (e.g., taxon-specific enzymatic 
information). In the case of missing biochemical information, proteomics and ge-
netics information were provided for a given enzymatic reaction or transport pro-
cess. The web interface of MetaCrop (http://metacrop.ipk-gatersleben.de) supports 
detailed browsing and searching of data via searchable data tables and exploration 
of information from overview pathways to single reactions via clickable pathway 
image maps. The MetaCrop SBML exporter allows model creation and automatic 
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data export via SBML, supporting modeling and analysis of crop plant metabolic 
models.

17.4.2  Constraint-Based Model Analysis and Visualization

As described above, several software tools have been developed to perform con-
straint-based analysis, including packages freely available for academic research, 
such as CellNetAnalyzer, COBRA toolbox, and OptFlux. Although most of these 
tools offer a variety of constraint-based analysis techniques, they have been mainly 
focused on model analysis, while comparative data examination and interpreta-
tion in terms of interactive visualization of FBA results has only been considered 
to a minor extent. To provide a visual analysis of FBA results in an interactive 
way with an aim to facilitate the analysis and interpretation of metabolic fluxes in 
response to genetic and/or environmental conditions, we developed FBA-SimVis 
(Grafahrend-Belau et al. 2009a). FBA-SimVis is a software tool for the constraint-
based analysis of metabolic models with special focus on the visual exploration of 
metabolic flux data. The program provides a user-friendly environment for model 
reconstruction, constraint-based model analysis, and interactive visualization of 
the simulation results.

FBA-SimVis is implemented as a plug-in for the open source program VANTED 
(Junker et al. 2006), an analysis and visualization software for biological networks 
containing experimental data. The plug-in extends the Java-based VANTED sys-
tem by integrating methods for constraint-based model analysis and interactive flux 
visualization. The analysis methods are implemented in MATLAB using the CLP 
solver (COIN-OR Linear Program Solver) for linear and nonlinear optimization. 
The MATLAB routines are based on the free library of the COBRA toolbox and are 
integrated as standalone executable, providing a MATLAB environment-indepen-
dent application of the software.

FBA-SimVis supports model reconstruction by providing a GUI, which allows 
the user to create, edit, and store a metabolic model by using a simple drag-and-
drop mechanism for network creation and a text menu for network refinement. In 
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Table 17.3  Information Contained in MetaCrop
Organism Pathways Reactions Transporters Compartments References
Hordeum vulgare 36 293 8 5 391
Triticum aestivum 34 273 6 5 365
Oryza sativa 35 281 9 4 355
Zea mays 35 276 27 5 392
Solanum tuberosum 34 211 14 3 272
Brassica napus 32 170 7 4 206
Beta vulgaris 35 228 – 4 366
Arabidopsis thaliana 35 289 15 4 525
Medicago truncatula 34 239 – 4 337
Total 38 394 60 5 1,100
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addition, models originating from external model repositories and/or reconstruction 
environments such as MetaCrop can be imported into the software via SBML.

FBA-SimVis supports an in-depth constraint-based analysis of metabolic mo-
dels by integrating various methods for the constraint-based analysis of metabolic 
models, such as FBA, knock-out analysis, robustness analysis, and flux variability 
analysis. A major advantage of FBA-SimVis is that it integrates a nonlinear opti-
mization procedure in addition to the linear optimization provided by most FBA 
toolboxes. Due to its underlying quadratic optimization, the nonlinear optimization 
routine does not produce multiple optima, thus having the advantage of reducing 
redundant scenarios and allowing to handle the problem of alternate optimal solu-
tions.

To facilitate the analysis and interpretation of metabolic fluxes resulting from 
model analysis, FBA-SimVis provides a visual analysis of FBA results in a highly 
interactive way by offering an interactive GUI, where user interactions directly af-
fect the visualization. Automatic mapping of the computed flux onto the network 
map is done by scaling the width of the reaction edges according to the flux and 
displaying the flux values next to the corresponding reaction edges. FBA-SimVis 
allows users to compare metabolic fluxes in response to varying genetic and/or 
environmental conditions in an interactive and comparative way by providing dif-
ferent visualizations (e.g., dynamic parameter analysis) for the various constraint-
based analysis results. Examples of visualizations are shown in Fig. 17.2. Due to 
the integration of constraint-based analysis techniques with interactive visualization 
routines, FBA-SimVis offers a comprehensive analysis of stoichiometric models of 
metabolism.

17.4.3  Additional Methods and Tool for Model Analysis  
and Visualization

In addition to the constraint-based analysis techniques provided by FBA-SimVis, 
the VANTED system provides a wide variety of network-based analysis and visu-
alization routines, allowing an in-depth analysis of metabolic networks. Focusing 
on the contextualization of high-throughput datasets from genomics, proteomics, 
and metabolomics, VANTED offers different visualization routines (e.g., line, bar, 
and pie charts) allowing to map/overlay experimental and computed datasets onto 
a given network. The network-based integration of omics data allows organizing, 
sorting, interrelating, and analyzing large and/or complex experimental data sets in 
the context of a metabolic network, thereby facilitating the global analysis of omics 
datasets as well as the understanding of complex metabolic processes. Further-
more, VANTED provides a variety of graph theoretical analysis techniques (e.g., 
shortest path length, connectivity analysis, and cycle detection) and statistical anal-
ysis techniques (e.g., t-test, correlation analysis, and cluster analysis), supporting a 
detailed topological and statistical analysis of experimental and simulation results.

17 Plant Metabolic Pathways: Databases and Pipeline for Stoichiometric Analysis
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17.5  Application Example

The application of the proposed pipeline is shown by a case study of storage me-
tabolism in developing barley seeds.

17.5.1  Model Reconstruction

To provide a framework for the in silico analysis of cereal seed storage metabolism 
in response to environmental and genetic perturbation, a stoichiometric model of 
primary metabolism in developing endosperm of barley ( H. vulgare) during starch 
accumulation was reconstructed. The information required for network reconstruc-
tion (biochemical, physiological, and proteomic data) was collected through an ex-
tensive survey of scientific literature and online databases. The data were integrated 
into MetaCrop and the model was reconstructed in a stepwise manner. The resulting 
compartmented stoichiometric model comprises 234 metabolites and 257 reactions 
across four different compartments.

17.5.2  Model Analysis and Visualization

FBA was applied to the model using FBA-SimVis to study: (i) the effect of oxygen 
depletion on grain yield and metabolic flux distribution; and (ii) grain growth in 
response to enzyme deletion. In general, the simulation results were found to be in 
good agreement with the main biochemical properties of barley seed storage me-
tabolism. The simulated growth rate was in the range of experimental observations. 
Moreover, the metabolic pathway pattern predicted by the model was in accordance 
with literature-based findings.

17.6  Concluding Remarks

Modeling of metabolism is increasingly important for a detailed understanding of 
complex biological processes. With the growing scope of applications of meta-
bolic modeling, the range of methods for stoichiometric analysis of metabolism is 
constantly rising and modeling software tools for both expert and nonexpert users 
are commonly available. However, despite an increasing number of resources and 
software tools which aim to assist and facilitate the reconstruction and analysis of 
metabolic models, the reconstruction of high-quality metabolic models still requires 
manual evaluation and remains a laborious and time intensive process. There is 
still a long way to go before model reconstruction tools will provide high-quality 
models automatically.

17 Plant Metabolic Pathways: Databases and Pipeline for Stoichiometric Analysis
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Abstract Seeds are an attractive model to decipher the regulation of secondary 
metabolite biosynthesis. Furthermore, given that seeds are a major source of food 
for humans and that numerous secondary metabolites play a role in the nutritional 
value and organoleptic quality of food products, a better understanding of seed sec-
ondary metabolic networks may be a key step for seed crop breeding. Network 
genomics offers outstanding opportunities to unravel the underlying regulation of 
metabolism in seeds. For now, only a few recent studies have coupled transcrip-
tomics and metabolomics to investigate metabolism in developing seeds, either at 
the genome-wide level or at the quantitative level using pathway-guided approaches 
and multigenotype or multienvironment designs. Using three distinct examples, the 
present chapter aims to show how coupled transcript-metabolite profiling can help 
decipher the regulation of secondary metabolite synthesis in seeds. This chapter 
first summarizes the latest advances made in the model plant Arabidopsis at the 
genome-wide level. The second example is the metabolism of carotenoids in maize, 
which is a model system for provitamin A biofortification. Finally, this chapter also 
describes the coffee seed, whose endosperm stores spectacular amounts of alkaloids 
and phenylpropanoid-derived compounds. These three studies concern the biosyn-
thesis of secondary metabolites, but similar approaches may undoubtedly be used 
for other seed metabolic pathways.

Keywords Carotenoid · Chlorogenic acid · Coexpression network · Flavonoid · 
Phenylpropanoid · Quantitative trait transcript
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18.1  Introduction

Collectively, plants synthesize several tens of thousands of secondary metabolites, 
i.e. highly diverse chemicals with no primary physiological function in the tissue 
or organ that produces them (D’Auria and Gershenzon 2005; Lewinsohn and Gi-
jzen 2009; Schwab 2003). Secondary metabolites include a wide range of chemical 
classes, such as phenylpropanoids, flavonoids, terpenoids, glucosinolates, and alka-
loids. Their functions are often linked with plant interactions with herbivores, foliar 
pathogens, pollinators, and seed predators. For example, many secondary metabo-
lites act as chemical protection to ward off a wide variety of pathogens and herbi-
vores. They may also suppress the growth of neighboring plants, while others attract 
pollinating or seed dispersing animals. Plant secondary metabolites are therefore 
essential for the plant’s survival and reproductive fitness, but also represent unique 
sources for pharmaceuticals, food additives, flavors, and other industrial materials.

In addition to secondary metabolites induced in response to environmental stim-
uli, plants also constitutively produce secondary metabolites whose accumulation 
is often associated with specific developmental programs. In this regard, the seed is 
the specific site of biosynthesis and storage of diverse secondary metabolites. Actu-
ally, many secondary metabolites play a defensive role during the development and 
quiescent state of seeds, and also serve as reserves of energy, carbon, and nitrogen, 
which are rapidly mobilized during germination. Although secondary metabolites 
generally exist in a state of dynamic equilibrium between synthesis/translocation 
and degradation, catabolic activity is reduced in storage organs, such as seeds (e.g., 
for caffeine in coffee seeds; Vitoria and Mazzafera 1999). This means seeds are an 
attractive model to decipher the regulation of secondary metabolite biosynthesis. 
Furthermore, given that seeds are a major source of food for humans and that nu-
merous secondary metabolites play a role in the nutritional value and organoleptic 
quality of food products, a better understanding of seed secondary metabolic net-
works may be a key step for seed crop breeding.

Using three distinct examples, the present chapter aims to show how coupled 
transcript-metabolite profiling can help decipher the regulation of secondary me-
tabolite synthesis in seeds. The chapter first summarizes the latest advances made 
in the model plant Arabidopsis at the genome-wide level. The second example is 
the metabolism of carotenoids in maize endosperm, which is a model system for 
provitamin A biofortification. Finally, this chapter also describes the coffee seed, 
whose endosperm stores spectacular amounts of alkaloids and phenylpropanoid-
derived compounds.

18.2  Different Ways of Integrating Transcript and Metabolite 
Data to Unravel Seed Secondary Metabolism

The biosynthetic pathways of many secondary metabolites have been successfully 
characterized in recent decades and are the subject of an abundant literature. Re-
gardless of whether they are triggered by environmental or developmental stimuli, 
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most of the secondary metabolic pathways studied to date were shown to be mainly 
regulated at the transcriptional level (Broun 2005; Davies and Schwinn 2003; Ga-
chon et al. 2005). As a result, transcriptomics approaches appeared to be necessary 
to investigate the steps which modulate the synthesis and accumulation of second-
ary metabolites. Accordingly, many studies dealing with seed secondary metabo-
lism collected data on molecules belonging to a single chemical family and the cor-
responding repertoire of biosynthetic genes (i.e., the pathway-guided approach). In 
this case, the limited number of molecules and metabolic steps under study enables 
the combination of highly quantitative methods (i.e., RT-PCR and conventional an-
alytical chemistry techniques). Data are usually collected during the time-course of 
seed development and then mapped onto known metabolic pathways, using manual 
expert curation or visualization software, such as AraCyc (Mueller et al. 2003), 
MapMan (Thimm et al. 2004), and KaPPA-view (Tokimatsu et al. 2005). On the ba-
sis of the different biosynthetic routes described in other organs or species, this ap-
proach may help reconstructing seed-specific metabolic pathways in a given species 
(e.g., van Baarlen et al. 2008). Indeed, this approach enables better characterization 
of timing of gene expression associated with biosynthetic steps and identification 
of the critical associated gene paralogs. The transcript and metabolite patterns have 
been successfully overlaid, for instance, to characterize the metabolism of the main 
storage compounds in the dicot albuminous coffee seed, including the phenylpro-
panoid pathway, which leads to chlorogenic acid accumulation (Joët et al. 2009).

However, pathway-guided studies which couple transcript-metabolite profiling 
in seed systems usually have several limitations. First, as they focus on metabolites 
and genes that have been previously characterized elsewhere, they are not appro-
priate for the discovery of novel secondary metabolism. Moreover, because such 
studies generally use limited time-course experiments in one or very few genotype/ 
environment combinations, causal relationships between transcriptional activity 
and metabolite synthesis generally remain unidentified. Many factors can impede 
the identification of transcriptional control points. Their identification is not facili-
tated by the difference in patterns generally observed between the transient expres-
sion of genes (bell-shape pattern) and the long-lived accumulation of metabolites 
(S-shaped). Weak correlations between transcript and metabolite levels may also 
be due to the time lag between gene expression and the resulting metabolite accu-
mulation. Finally, pathway-guided studies using simple experimental designs can-
not reveal whether levels of gene transcription quantitatively modulate metabolite 
accumulation.

Up-scaling coupled transcript-metabolite profiling by completing genome-wide 
transcriptomics studies in association with large metabolome surveys is the best 
way to bypass the first limitation described above; this is indeed a relatively un-
biased method to discover novel genes regulating secondary metabolism. On the 
basis of such large data sets, groups of coexpressed genes and coaccumulated me-
tabolites are usually identified by HCA, self-organizing maps (SOM), K-mean, and 
other clustering methods. Analysis of genomic data generated by high-throughput 
transcript profiling has demonstrated that genes with an overall similar expression 
pattern are often enriched for similar functions (Saito et al. 2008). This guilt-by-
association principle can be applied to determine modular gene programs, identify 
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cis-regulatory elements, or predict functions for unknown genes based on their co-
expression neighborhood or their tight association with metabolites (Fukushima 
et al. 2009; Saito et al. 2008). Surprisingly, while many studies have used coupled 
transcript-metabolite approaches to investigate specific metabolic pathways in 
higher plants, very few have focused specifically on seed secondary metabolism. 
Since Arabidopsis has become a model plant for molecular and genetic analyses, its 
seed development has been largely characterized using transcriptomics approaches 
(Day et al. 2008; Le et al. 2010; Ruuska et al. 2002; Spencer et al. 2007). Sepa-
rate metabolomic studies were performed to characterize the diversity and timing 
of flavonoid accumulation in Arabidopsis seeds (Kitamura et al. 2010; Routaboul 
et al. 2006). Few studies integrated transcriptome and metabolome of developing 
Arabidopsis seeds but were not specifically focused on secondary metabolites. A 
first step in characterizing gene expression associated with Arabidopsis seed-spe-
cific secondary metabolism was recently achieved with the AtMetExpress initiative 
(Matsuda et al. 2010), which aims to assemble an Atlas of phytochemicals accumu-
lated in various organs at different developmental stages in a manner compatible 
with previous transcriptome data sets (Schmid et al. 2005). The most significant 
seed-specific relationships between transcripts and metabolites obtained from the 
AtMetExpress initiative are described in this chapter.

Understanding the genetic basis of variation for quantitative traits is a major 
challenge in biology. Systems approaches can help elucidating the biology that 
lies between genotype and phenotype in terms of causal networks of interacting 
genes. Molecular networks are starting to be widely used to characterize and pre-
dict biosystem behavior, giving rise to a new branch of biological knowledge (i.e., 
network genomics). Network genomics approaches introduce small perturbations 
in a system to generate subtle variation in gene expression and metabolite content. 
Regarding identification of regulatory mechanisms in a given tissue, one way to 
circumvent the limitations of simple designs consists of introducing a source of 
variation at the transcript and metabolite levels, by either increasing the number of 
genotypes studied or the number of environments tested. Gene coexpression net-
works and gene-metabolite networks are indeed better approached at a quantitative 
level by regression analysis of large data sets (Stitt et al. 2010). The detection of 
significant correlations between transcript abundance of genes of a given module 
is a further step in the demonstration that these genes are coregulated (Usadel et al. 
2009). The analysis of Pearson correlations between transcript and metabolites 
is an original way of identifying quantitative transcript–phenotypic trait associa-
tions. Such quantitative associations are referred to as quantitative trait transcripts 
(QTTs; Passador-Gurgel et al. 2007) and correspond to key transcriptional control 
points for metabolite synthesis. This strategy is explained in the present chapter 
using two examples. Natural genetic variation has been recently used in maize 
as a tool to identify QTT for carotenoid accumulation (Vallabhaneni et al. 2009; 
Vallabhaneni and Wurtzel 2009), while different growing environments have been 
shown to provide enough variation in transcript and metabolite data sets to recon-
struct metabolic networks for chlorogenic acid accumulation in the coffee seed 
(Joët et al. 2009).
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18.3  Atlas of Gene Expression and Secondary 
Metabolism in Arabidopsis Seeds

Flavonoids (derived from the phenylpropanoid pathway) constitute the major sec-
ondary metabolite component of Arabidopsis seeds. These compounds are involved 
both in seed longevity and coat-imposed dormancy (Lepiniec et al. 2006). The two 
major classes of flavonoids in the Arabidopsis seed, flavonols and PAs, accumulate 
in the whole seed and in the seed coat, respectively. In the past decade, consider-
able progress has been made in the characterization of the Arabidopsis flavonoid 
biosynthetic pathway (Lepiniec et al. 2006) and several R2R3-MYBs TFs regulat-
ing their biosynthesis have been identified (Hirai et al. 2007; Stracke et al. 2007; 
Yonekura-Sakakibara et al. 2008). However, outside of flavonoids, the number of 
genomic studies devoted to other classes of secondary metabolites in Arabidopsis 
is relatively small (North et al. 2010). This is surprising since Arabidopsis has as a 
large and diverse range of secondary metabolites as other plant taxa, and the number 
of genes dedicated to secondary metabolism represents a vast part of its genome 
(D’Auria and Gershenzon 2005).

To fill this gap, the AtMetExpress Metabolome Atlas (Matsuda et al. 2010) was 
recently developed with an experimental design compatible with that of the AtGen-
Express transcriptome data set (Schmid et al. 2005). This metabolome atlas was 
developed to enable large-scale integrated transcript-metabolite analyses. Phyto-
chemical accumulation during development, determined using LC-MS (Matsuda 
et al. 2009), represents many growth stages and organs, including four stages of 
developing seeds.

The PCA of the entire metabolome data set revealed that seeds had distinct and 
characteristic metabolic profiles (Matsuda et al. 2010). For example, the seed is 
the main accumulation site of glucosinolates, procyanidins, lignans, and sinapoyl-
choline derivatives. When compared to other organs, approximately 13 % of the 
metabolites detected were shown to be specifically accumulated in seeds. Sinapoyl-
choline derivatives represented a large fraction of the metabolites and formed a 
class of seed-specific phenylpropanoids.

Transcript-metabolite analysis by Matsuda et al. (2010) was conducted on a sin-
gle matrix containing 1,589 metabolite profiles together with 10,147 metabolism-
related gene expression profiles, using the batch-learning self-organizing method 
(BL-SOM). Genes and metabolites were classified into lattices according to their 
relative expression levels across the different tissues analyzed (Fig. 18.1). By map-
ping organ-specific markers (Fig. 18.1a), the metabolites and genes specifically ex-
pressed and accumulated in seeds were easy to identify because they were located 
near the seed marker. The resulting classification could also be used to map targeted 
pathways, such as those involved in phenylpropanoid (Fig. 18.1b) and flavonoid 
(Fig. 18.1c) biosynthesis; Table 18.1 shows the positions of compounds and related 
genes on the BL-SOM map. For example, this approach revealed that 11 genes 
of the core phenylpropanoid pathway were coordinately expressed (high similar-
ity of transcript patterns). The approach also highlighted upregulation of SNG2 in 
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Fig. 18.1  Integrated 
analysis of transcriptome 
and metabolome data in 
Arabidopsis. a Batch learning 
self-organizing map (BL-
SOM) clustering of 10,147 
metabolism-related genes 
and 1,589 metabolite signals 
according to their expression 
or accumulation patterns 
across 36 tissues. Positions 
of tissue markers: filled 
circles roughly represent 
dominant tissues in each cell. 
b BL-SOM clustering of 
phenylpropanoid metabolites 
and their related genes. c BL-
SOM clustering of flavonoid 
metabolites and their related 
genes. In the BL-SOM analy-
sis, the genes and metabolites 
with similar expression or 
accumulation profiles are 
clustered in neighboring 
cells. Positions of genes are 
indicated by red, and other 
colors represent positions of 
metabolites. Adapted from 
Matsuda et al. (2010)
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siliques, a gene encoding sinapoylglucose:choline sinapoyltransferase, indicating 
that seed-specific sinapoylcholine derivatives are actively biosynthesized during 
seed development. Similar results were observed for the biosynthesis of procyani-
din and flavonol glycoside, which accumulate specifically in the seed (Fig. 18.1c). 
These results indicated that the functional differentiation of the phenylpropanoid 
pathway among tissues was achieved by controlling expression of a small number 
of key biosynthetic genes. Regarding the occurrence of lignin- and neolignan-like 
metabolites in Arabidopsis seeds, previous studies suggested the participation of di-
rigent proteins (DPs) in lignin biosynthesis (Burlat et al. 2001). AtMetExpress was 
used to examine coexpression/accumulation analysis of lignin- and neolignan-like 
metabolites and 10 putative DP genes. The results showed that At4g11180 ( DP1) 
was expressed only in siliques, suggesting a role for neolignan accumulation in 
seeds. It is worth noting that the knock-out T-DNA insertion mutant for this gene 

Identifier Map Description (from TAIR8 and AtMetExpress database)
X Y

Phenylpropanoid pathway
At4g36220 3 12 FAH1; ferulate 5-hydroxylase
At5g04230 10 21 PAL3; phenylalanine ammonia-lyase
adp015590 3 0 Sinapoylcholine 4-O-hexoside
adp007692 1 0 Sinapoylcholine dehydrodimer-isomer#2
adp007728 3 0 Sinapoylcholine dimer-isomer#1
adp007736 1 0 Sinapoylcholine dimer-isomer#2
adp007735 1 0 Sinapoylcholine dimer-isomer#3
adp017396 0 0 Sinapoylcholine (4-O-b)G
adp024326 0 2 Sinapoylcholine (4-O-b)G 4′-O-hexoside
adp026007 1 1 Sinapoylcholine (4-O-b)G 4′-O-hexoside #2
At5g09640 0 23 SNG2 (Sinapoylglucose accumulator 2); serine carboxypeptidase
adp029084 1 0 Spermidine N-Sinapoyl-N’-(3,5-dimethoxy-4-hexosyloxycinnamoyl)
adp020090 1 0 Spermidine N-Sinapoyl-N’-(3,5-dimethoxy-4-hexosyloxycinnamoyl)
adp020095 3 0 Spermidine-disinapyl
Flavonol biosynthesis
At5g17220 1 14 ATGSTF12 (Glutathione S-transferase 26)
At3g62610 3 24 AtMYB11 (myb domain protein 11); Transcription factor
At1g61720 2 25 BAN (Banyuls)
At5g42800 2 13 DFR (Dihydroflavonol 4-reductase)
adp007051 2 25 Epicatechin
adp037126 3 25 Epicatechin trimer
At2g36790 0 18 F3G-7GT UDP-glycosyltransferase/transferase
At5g07990 4 24 F3’H TT7 (Transparent testa 7); flavonoid 3′-monooxygenase
At5g17050 2 10 Fd3GT UDP-glucoronosyl/UDP-glucosyl transferase
At4g22880 3 24 LDOX (Tannin Deficient Seed 4)
adp021117 2 25 Procyanidin B2

Table 18.1  Seed-specific secondary metabolites and their corresponding biosynthesis-related 
genes. Their position on batch-learning self-organizing map is indicated. Adapted from Matsuda 
et al. (2010)
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lacks seed-specific neolignans (Böttcher et al. 2008). Although the function of the 
DP1 gene still needs to be unequivocally characterized, this example clearly shows 
that the AtMetExpress approach enables hypothesis generation regarding the func-
tion of orphan genes.

18.4  Using Natural Genetic Diversity as a Source of Variation 
to Identify Quantitative Trait Transcripts: The Example 
of Carotenoid Metabolism in the Starchy Maize 
Endosperm

Carotenoids, a complex class of C40 isoprenoid pigments located in plastids, accumu-
late abundantly in some fleshy fruits (e.g., oil palm), where they play an important role 
as visible signals to attract animals for seed dispersal (Tanaka et al. 2008). Carotenoids 
are also direct precursors of apocarotenoids, including the phytohormone ABA and 
many volatile compounds. Among them β-ionone and geranylacetone have animal 
attracting characteristics with very low odor thresholds and play crucial roles in fruit 
dispersion. Carotenoids also accumulate in some seeds, in particular in the endosperm 
of maize, wheat, and sorghum, but in rather low quantities compared with fruits and 
leafy vegetables. These major cereal crops are generally deficient in adequate levels 
of nutritionally essential carotenoids. Carotenoids act as antioxidants in humans, and 
are also precursors of provitamin A (mainly β-carotene and α-carotene). A sustainable 
approach to alleviate worldwide vitamin A deficiency associated with consumption of 
foods poor in provitamin A carotenoids is to improve the level and composition of ca-
rotenoids in the endosperm of these taxonomically related crops. However, engineer-
ing high levels of specific carotenoids requires both increasing total carotenoid levels 
(enhancing pathway flux, minimizing degradation, and optimizing sequestration) and 
controlling routing to obtain the desired provitamin A carotenes.

The carotenoid biosynthetic pathway requires the activity of phytoene synthase 
(PSY), phytoene desaturase (PDS), ζ-carotene isomerase (Z-ISO), ζ-carotene de-
saturase (ZDS), and carotenoid isomerase (CRTISO) to produce and convert 15-ζ-
phytoene into all-ε-lycopene (Fig. 18.2) (Chen et al. 2010). With the introduction 
of rings by the cyclase enzymes, the pathway diverges into two alternative routes to 
produce β-carotene or α-carotene, which require the activity of lycopene β-cyclase 
(LCYB) and LCYB in combination with lycopene ε-cyclase (LCYE), respectively. 
Finally, hydroxylation of carotenes to the nonprovitamin A xanthophylls, such as 
zeaxanthin and lutein, requires the activity of hydroxylase enzymes (HYD). Caro-
tenogenic genes have been described in maize and other cereal crops (Buckner et al. 
1990; Chen et al. 2010a; Gallagher et al. 2004; Harjes et al. 2008; Li et al. 1996, 
2007, 2008, 2009; Matthews et al. 2003; Quinlan et al. 2007, 2012; Shumskaya 
et al. 2012; Singh et al. 2003; Vallabhaneni et al. 2009, 2010; Vallabhaneni and 
Wurtzel 2009).

The literature, which covers a wide range of organisms including model plants, 
indicates that various biosynthetic genes and enzymes may act as control points 
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Fig. 18.2  Identification of quantitative trait transcripts for carotenoid content in the mature maize 
grain. Correlation analyses showing that endosperm carotenoid content positively or negatively 
correlated with mRNA levels of specific pathway enzymes. Pearson correlation ( r) and statistical 
significance ( P) for correlation between transcript level and kernel carotenoid content in maize 
inbred lines were determined to test the statistical significance ( p < 0.05) of the relationship at 
a 95 % confidence interval ( red lines). CRTISO carotenoid isomerase, HYD nonheme di-iron 
β-carotene hydroxylase, CYP97A P450 β-ring carotene hydroxylase, CYP97C P450 ε-ring caro-
tene hydroxylase, DXR 1-deoxy-xylulose 5-phosphate reductoisomerase, DXS 1-deoxy-xylulose 
5-phosphate synthase, FPS farnesyl pyrophosphate synthase, GPPS geranyl diphosphate syn-
thase, GGPPS geranyl geranyl pyrophosphate synthase, HDS 4-hydroxy-3-methylbut-2-en-1-yl 
diphosphate synthase, HDR 4-hydroxy-3-methylbut-2-enyl diphosphate reductase, IPP isopen-
tenyl diphosphate, LCY-B lycopene β-cyclase, LCY-E lycopene ε-cyclase, MEP methylerythritol 
phosphate, PDS phytoene desaturase, PSY phytoene synthase, ZDS ζ-carotene desaturase, ZEP 
zeaxanthin epoxidase, Z-ISO 15-cis-ζ-carotene isomerase. As described in Quinlan et al. (2012), 
production of lutein requires co-expression of interacting CYP97A and CYP97C. If alpha-carotene 
is hydroxylated by HYD, the product zeinoxanthin is a pathway dead-end and cannot be further 
converted to lutein. Adapted from Vallabhaneni and Wurtzel (2009)
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for carotenoid accumulation (Cazzonelli and Pogson 2010; Cuttriss et al. 2011). In 
the carotenoid biosynthetic pathway, PSY and PDS, the first two committed steps, 
have often been suggested to play this role (Cazzonelli and Pogson 2010). However, 
upstream pathways for precursor biosynthesis, which include 1-deoxy-D-xylulose-
5-phosphate synthase (DXS), 1-deoxy-D-xylulose-5-phosphate reductoisomerase 
(DXR), isopentenyl pyrophosphate isomerase (IPPI), and geranylgeranyl pyro-
phosphate synthase (GGPPS), may also influence carotenoid accumulation posi-
tively, while downstream degradative pathways may deplete the carotenoid pool 
(Cazzonelli and Pogson 2010). In this context, for a given crop, system biology ap-
proaches may help identifying specific key transcriptional control points and hence 
appropriate targets for breeding.

In maize, recent surveys of diverse germplasm and F1 hybrids revealed the ex-
istence of a very broad variation in endosperm carotenoid content and composition, 
suggesting that there is room for enhancement of these traits (Harjes et al. 2008; Li 
et al. 2008; Wurtzel et al. 2012). Studying correlations between transcript and me-
tabolite levels among selected maize germplasm were therefore recently proposed 
as a simple way to identify the transcriptional control points that affect carotenoid 
synthesis in the maize endosperm (Li et al. 2008; Vallabhaneni and Wurtzel 2009). 
Transcript levels were quantified in developing seeds from 10 to 25 DAP, i.e., the 
stages when carotenoids accumulate in the endosperm. Quantitative transcript pro-
filing was conducted in a core subset of 10 maize lines (spanning four major genetic 
diversity groups), which represent existing diversity regarding carotenoid content 
and composition (Harjes et al. 2008; Liu et al. 2003).

As a proof-of-concept for the effectiveness of this approach, the collection was 
first used to test the PSY gene family, which contains three paralogs, one of which 
(PSY1) was suspected of directing the isoprenoid flux towards carotenogenesis (Li 
et al. 2008). As expected, among the three paralogs, only PSY1 showed a signifi-
cant correlation between transcript levels at 20 DAP and carotenoid content in the 
mature endosperm (Fig. 18.2). The validated germplasm subset was then used to 
assess the influence of other genes of the pathway using paralog-specific prim-
ers, enabling detection of QTT at the paralog level. Pearson correlation analysis 
revealed multiple pathway bottlenecks for carotenoid biosynthesis in specific tem-
poral windows of endosperm development. Transcript levels of paralogs encod-
ing isoprenoid isopentenyl diphosphate and geranylgeranyl diphosphate-producing 
enzymes, DXS3, DXR, HDR, and GGPPS1, were found to positively correlate 
with endosperm carotenoid content (Fig. 18.2). Carotenoid accumulation was in-
versely associated with the transcript levels for CrtISO1 and ZEP1 and ZEP2. The 
ZEP enzymes deplete the carotenoid pool by conversion to ABA (Fig. 18.2). The 
negative correlation with CrtISO was unexpected. Recent studies have shown this 
gene in Arabidopsis to be under epigenetic control (Cazzonelli et al. 2010). More 
recently, high transcript levels of the cleavage enzyme CCD1 were found to be as-
sociated with reduced endosperm carotenoids in maize endosperm (Vallabhaneni 
et al. 2010). In summary, the germplasm diversity collection revealed a number of 
genes for which expression affects pathway flux and total carotenoid levels. It was 
also observed that the timing of expression for isoprenoid pathway genes fell into 
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a different temporal window compared to the carotenoid pathway-specific genes. 
This collection was also used to identify two genes, HYD3 and LCYE, for which 
expression affects carotenoid composition (Harjes et al. 2008; Vallabhaneni et al. 
2009). The HYD3 locus encodes the enzyme that converts provitamin A carotenoids 
to nonprovitamin A xanthophylls and the LCYE affects pathway branching towards 
carotenoids with lower provitamin A value. As a result of these and later studies 
(Yan et al. 2010), useful alleles are now being used for breeding high provitamin 
A maize.

The combined use of a genetically diverse germplasm and coupled transcript-
metabolite profiling thus appeared to be a reliable way to identify potential targets 
for metabolic engineering/breeding. A complementary approach to the use of natu-
ral genetic variation may be the use of reverse genetics to artificially modify a par-
ticular metabolic pathway and subsequently analyze transcript-metabolite relation-
ships at the quantitative level. This can be achieved by increasing or decreasing the 
expression of individual enzymes in a pathway or by ectopic expression of hetero-
log genes. Recently, this was carried out in potato tubers using 24 lines carrying six 
different transgene combinations (Diretto et al. 2010). The assessment of perturba-
tions in transcript and metabolite levels in transgenic tubers enabled identification 
of several endogenous genes likely to play a key regulatory role in carotenogenesis, 
showing that multiplex genetic transformation may be a reliable way of studying 
targeted metabolism and identifying control points. The transfer and combination 
of five carotenogenic genes were recently accomplished in a white seeded maize 
variety, indicating that this strategy could also be used to elucidate the biosynthetic 
steps, which control carotenoid synthesis in this crop (Zhu et al. 2008).

18.5  Use of Growth Environment as a Source of Variation 
to Build Metabolic Networks: The Metabolism of 
Chlorogenic Acids in Coffee Seeds as a Case Study

Phenylpropanoid-derived compounds are ubiquitous plant secondary metabolites. 
Among them, esters formed between hydroxycinnamic and quinic acids, collective-
ly known as chlorogenic acids (CGA), are a major family of soluble plant phenolics 
(Clifford 1999). Since the transferase reaction that couples quinic to cinnamic acids 
derivatives is reversible, CGA are considered as a storage form of cinnamic acid 
derivatives for lignin biosynthesis (Aerts and Baumann 1994; Schoch et al. 2001). 
CGA are commonly found in Asteraceae, Solanaceae, and Rubiaceae (Molgaard 
and Ravn 1988). Species of the genus Coffea, which belongs to the Rubiaceae fam-
ily, all accumulate CGA in their seeds, which are made up of a copious endosperm 
(approximate 99 % of the seed mass) surrounding a tiny rudimentary embryo (Cam-
pa et al. 2005). In C. arabica, CGA transiently accumulate to a spectacular extent 
(15–20 % of the dry mass, DM) in developing seeds during the early stage of endo-
sperm expansion (Joët et al. 2009) and represent up to 8 % DM of the mature seed 
(Farah and Donangelo 2006). Coffee is therefore a valuable model to investigate 
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the modes of regulation involved in the accumulation of these widespread plant 
phenolics.

5-caffeoyl quinic acid (5-CQA) is the precursor of all other CGAs and is often 
the most abundant CGA isomer (Fig. 18.3). The first steps of 5-CQA biosynthesis 
involve the well-characterized enzymes of the ‘core phenylpropanoid pathway’, 
namely phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), and 
4-coumarate CoA ligase (4CL). Then, from p-coumaroyl-CoA, the shortest route 
involves only two enzymatic steps: esterification of quinic acid on p-coumaroyl-
CoA by HQT (hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl trans-
ferase), then hydroxylation of p-coumaroyl quinate by C3′H (p-coumaroyl ester 
3′-hydroxylase) to form 5-CQA (Niggeweg et al. 2004; Schoch et al. 2001). Based 
on this knowledge, several pathway-guided studies using coupled transcript-me-
tabolite profiling during seed development were performed in coffee to decipher 
CGA metabolism (Joët et al. 2009; Koshiro et al. 2007; Lepelley et al. 2007). By 
providing broad timing of 5-CQA biosynthetic transcript accumulation, these stud-
ies suggested that 5CQA synthesis is controlled at the transcriptional level, with 
key phenylpropanoid genes being coordinately expressed during the developmental 
program (Joët et al. 2009). However, the studies did not demonstrate whether tran-
scriptional activity quantitatively controls 5-CQA biosynthesis in the developing 
coffee endosperm.

An approach to investigate whether 5-CQA accumulation is quantitatively mod-
ulated at the transcriptional level consists in profiling CGA and transcripts of re-
lated biosynthetic genes under various conditions affecting seed CGA content. This 
strategy was achieved, thanks to the dramatic influence of the environment on the 
CGA composition of mature coffee seeds (Joët et al. 2010b). CGA composition was 
shown to be influenced by the mean air temperature during seed development. For 
instance, the amount of minor CGA isomers [e.g., 3- and 4-caffeoyl quinate (3-CQA 
and 4-CQA)] was positively correlated with temperature, while the reverse trend 
was observed for 5-CQA. Roughly, a 10 °C decrease in mean daily temperature led 
to a two-fold increase in 5-CQA content. This strong effect of temperature enabled 
the investigation of CGA metabolism using a systems biology approach with the 
environment as the source of variation (Joët et al. 2010a). In this study, the tran-
script levels of 23 selected phenylpropanoid genes, together with the accumulation 
of eight CGA compounds were monitored throughout seed development across 16 
locations throughout Reunion Island (S.W. Indian Ocean) having high climactic 
variation.

The variability of seed CGA composition induced by temperature is a valuable 
way to identify causative relationships between gene expression and subsequent me-
tabolite accumulation. Highly significant correlations ( p-value < 0.01) were found 
with four genes, namely 4CL8, HQT, F5H1 and POD (Fig. 18.3). The final amount 
of 5-CQA was positively correlated with early expression of HQT and 4CL8, sug-
gesting these genes represent major QTT for CGA biosynthesis (Fig. 18.3a). By 
contrast, early F5H1 and POD transcript levels were negatively correlated with 
amounts of 5-CQA at mid development, showing that transcriptional control of 
CGA content could also operate at the level of phenylpropanoid gene encoding 
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Fig. 18.3  System analysis of phenylpropanoid metabolism and chlorogenic acid accumula-
tion in the developing coffee seed. The different boxes highlight highly significant correlations 
obtained between climatic, genomic, and metabolite datasets. Significant correlations between 
transcript abundances are shown by a straight line within the transcriptional network ( P value 
cut-off of 0.001, corresponding to a Pearson’s correlation coefficient > 0.80). C3’H p-coumar-
oyl CoA 3-hydroxylase, C4H trans-cinnamate 4-hydroxylase, CAD cinnamyl alcohol dehydro-
genase, CCoAOMT caffeoyl-CoA 3-O-methyltransferase, 4CL 4-coumarate:CoA ligase, CCR 
cinnamoyl-CoA reductase, COMT caffeic acid O-methyltransferase, F5H ferulate 5-hydroxylase, 
FQT feruloyl-CoA quinate feruloyl transferase, HCT hydroxycinnamoyl-CoA:shikimate/quinate 
hydroxycinnamoyl transferase, HQT hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transfer-
ase, PAL phenylalanine ammonia lyase, POD secretory peroxidase. Adapted from Joët et al. (2010)

Phenylalanine

PAL

Cinnamate

Early endosperm development

PAL2

C4H

PAL2

C4H

xp
re

ss
io

n

xp
re

ss
io

n

Environmental cues

 c 
p-Coumarate

4CL

C4H

p-Coumaroyl CoA

14 16 18 20 22 24

Temperature
14 16 18 20 22 24

Temperature

Ex Ex

l a
m

ou
nt

)

4CL8
4-CQA

Q
A

0,6

0,7 y x

Metabolite-Metabolite relationships

QTTs

Q
TT

s

 a

e

HQT

C3'H

p-Coumaroyl Quinate

5-Caffeoyl quinate

3-CQA

di3.5-CQA
di3.4-CQA

di4 5-CQA

5-
C

Q
A

(fi
na

l

HQT

4CL8

Expression 
(early dvt)

5 10 15

1,0

1,5

2,0

5-CQA
di

3,
5-

C
Q

A 3-CQA

4-
C

0,2 0,3 0,4 0,5

0,4

0,5

U
ps

tr
ea

m
 

HCT
Caffeoyl CoA

CCoAOMT
F5H

COMT
CCR
CAD

di4.5-CQA

5-
C

Q
A

(fi
na

l a
m

ou
nt

)

POD

F5H1

Expression

5-FQA
3-FQA

4-FQA

4 8 12 16

0,4

0,8

1,2

1,6

5-CQA

5-
FQ

A

di4,5-CQA

di
3,

4-
C

Q
A

0,10 0,15 0,20

0,10

0,15

0,20

0,25 y x

D
ow

ns
tr

ea
m

 Q
TT

s

b
CAD
POD

Lignins G & S

p
(early dvt)

Network of coexpressed genes

PAL1PAL2

C4H

CAD8

POD

CHR

4CL3

PAL1PAL2

C4H

CAD8

POD

CHR

4CL3

PAL1PAL2

C4H

4CL1
CAD2

CAD8

POD

CHR

4CL3

PAL1PAL2

C4H

4CL1
CAD2

CAD8

POD

CHR

4CL3

Endosperm development

d

4CL1

4CL8

C3Hc1

C3Hc2

COMT1

CCoAOMT1

F5H1

F5H2

CCR1

CCR2

CCR4

CAD1

CAD2

HCT1

CCoAOMT5

HQT

4CL1

4CL8

C3Hc1

C3Hc2

COMT1

CCoAOMT1

F5H1

F5H2

CCR1

CCR2

CCR4

CAD1

CAD2

HCT1

CCoAOMT5

HQT

HCT1

4CL8

C3Hc1

C3Hc2

COMT1

CCoAOMT1
F5H1

F5H2

CCR1

CCR2

CCR4

CAD1

CAD2

HCT1

CCoAOMT5

HQT

4CL8

C3Hc1

C3Hc2

COMT1

CCoAOMT1
F5H1

F5H2

CCR1

CCR2

CCR4

CAD1

CAD2

HCT1

CCoAOMT5

HQT

HCT1

                  

18 Coupled Transcript-Metabolite Profiling: Towards Systems Biology …



380

enzymes involved in channeling towards lignin biosynthesis (Fig. 18.3b). These 
results revealed the existence of upstream and downstream transcriptional control 
points for CGA metabolism in the developing coffee seed.

Since 5-CQA content is modulated by temperature and CGA synthesis is under 
transcriptional control, transcription of genes of the phenylpropanoid pathway was 
expected to be tightly influenced by environmental cues. The influence of tempera-
ture on transcript accumulation was therefore investigated using linear regression. 
One of the most noticeable results of these analyses was the modulation of PAL2 
and C4H expression by temperature, where cool climates caused a delay in the 
upregulation of phenylpropanoid gene transcripts (Fig. 18.3c). These results indi-
cate that the environment exerts strong control over expression of genes encoding 
enzymes involved in the first two committed steps of the phenylpropanoid pathway, 
and thus substantiate previous work which hypothesized that these enzymes were 
good candidates for flux control of the phenylpropanoid pathway (Bate et al. 1994; 
Howles et al. 1996).

Transcript profiling under various environments also enabled the description, 
through regression analysis, of networks of quantitatively and temporally coex-
pressed phenylpropanoid genes. This approach is generally used to analyze com-
pilations of microarray data that cover a wide range of experimental conditions. 
However, using RT-PCR and a restricted gene repertoire, the identification of co-
expressed genes clusters could also be easily achieved through a pathway-guided 
approach. A first module of genes, which matched the massive CGA accumula-
tion stage, was identified very early during endosperm development and comprised 
most genes encoding upstream phenylpropanoid biosynthetic enzymes (Fig. 18.3d). 
Later, during endosperm hardening, a second module was detected, which included 
many genes potentially involved in partial 5-CQA channeling towards lignin bio-
synthesis.

Finally, the variance induced by the growth environment was also shown to be 
valuable to study metabolite-metabolite relationships. Indeed, combinatorial anal-
ysis of the various CGA isomer contents throughout seed development provided 
novel information about the preferential routes involved in 5-feruloyl quinic acid 
(5-FQA) and di3,5-CQA biosynthesis and in trans-esterification of 5-CQA, di3,5-
CQA and 5-FQA into minor isomers. The three major CGA (5-CQA, 5-FQA and 
di3,5-CQA) exhibited highly significant intercorrelations during their biosynthetic 
period (Fig. 18.3e), showing that environmental factors have no impact on the 
dynamic properties of the isomer conversion processes involved. In other terms, 
while the environment significantly influenced the magnitude of 5-CQA biosyn-
thesis, for the downstream isomers concomitantly synthesized from 5-CQA, the 
rate of conversion at each step was constant. The highly significant correlation 
found between intermediate amounts of 5-FQA and 5-CQA confirmed that feruloyl 
quinate is derived from 5-CQA remobilization via direct methylation of 5-CQA 
and not from a parallel shikimate ester route (Lepelley et al. 2007). Similarly, the 
observed biosynthetic ratio of 1:1 for 3-CQA and 4-CQA suggested that the isom-
erization process of 5-CQA does not present any specificity toward 3- or 4- posi-
tions for acylation.
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18.6  Concluding Remarks

The use of the growth environment as a source of variation is a reliable approach to 
identify QTT and to decipher metabolic networks. This approach should be applicable 
to other metabolic pathways whose key components are under environmental control. 
In coffee, for instance, an effect of mean daily temperature on seed FA and free sugar 
composition was also observed (Joët et al. 2010b). In addition to the detection of QTT, 
this approach should also enable its corollary, i.e. the identification of metabolites that 
regulate transcription. A systems approach used on Arabidopsis leaves grown in high-
ly variable growth conditions recently led to the identification of a few metabolites, 
including sucrose, whose content was robustly correlated with transcript abundance 
of hundreds of genes not directly related to their biosynthesis (Hannah et al. 2010). A 
systems approach could be a promising way of identifying metabolites that mediate 
transcription in seeds. For example, the ratio between hexoses and sucrose (H/S) has 
been proposed as a key determinant of metabolic regulation in developing seeds, with 
a high H/S ratio activating cell division, and a low H/S ratio triggering deposition of 
reserves (Hill et al. 2003; Wobus and Weber 1999). However, up to now, the number 
of metabolites identified as playing such a role in seeds is limited.

18.6.1  Perspectives

Network genomics is a new field in plant biology that offers outstanding opportuni-
ties to unravel the underlying regulation of metabolism in seeds. For now, only a 
few recent studies have coupled transcriptomics and metabolomics to investigate 
metabolism in developing seeds, either at the genome-wide level or at the quantita-
tive level using pathway-guided approaches and multigenotype or multienviron-
ment designs. The three examples described in this chapter are drawn from this 
recent literature. They all concern the biosynthesis of secondary metabolites, but 
similar approaches may undoubtedly be used for other seed metabolic pathways.

At the transcriptome level, analysis of coexpression networks does not only al-
low the prediction of gene functions, but also facilitates the characterization of path-
ways as a whole (Fukushima et al. 2009; Saito et al. 2008; Usadel et al. 2009). After 
identifying modules of coexpressed genes, the next step will be the search for TFs 
regulating the expression of these functional clusters of genes. Again, coexpres-
sion analysis, either by clustering or regression, has proved to be a powerful tool to 
identify regulatory elements of a particular metabolic pathway (Hirai et al. 2007).

With regard to coupled transcript-metabolite profiling in seed tissues, another 
logical extension of the studies described in this chapter is the search for correla-
tions between transcript abundance and values of a quantitative trait using mul-
tigenotype or multienvironment designs at the genome-wide scale. To date, most 
studies that searched for QTTs focused on specific pathways with targeted gene 
expression profiling using RT-PCR. However, as the cost of microarrays and 
RNA-seq technologies continues to go down, simultaneous deep transcript profiling 
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in various environments or genotypes should soon be within reach. As a preliminary 
step towards this goal, a recent publication reported the comparison of transcript 
profiles in six wheat genotypes grown in two different environments (Wan et al. 
2009). Using the 55-k wheat Affymetrix chip, this transcriptomics study was carried 
out on whole caryopsis samples at two stages of grain filling. This work enabled 
identification of more than 400 transcripts, stable over many years and across en-
vironments, which were correlated with variations in yield and quality traits. The 
widespread use of network genomics should therefore pave the way for the iden-
tification of the QTTs involved in seed organoleptic and nutritional qualities, an 
important step that will highlight specific targets in breeding programs.
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Abstract In contrast to transcripts, proteins, and metabolites, intracellular meta-
bolic fluxes cannot be measured directly, but rather rely on prediction via computa-
tional simulation or on indirect measurements. In this chapter, we describe different 
approaches to quantify and simulate fluxes in plant metabolic pathways. Metabolic 
behavior can be simulated with models ranging from basic stoichiometry to fully 
detailed kinetic models, and fluxes can be quantified via a combination of com-
puter modeling and stable isotope labeling experiments. We especially emphasize 
the usefulness of these approaches for improving the understanding of storage com-
pound synthesis in developing crop seeds.

Keywords Flux balance analysis (FBA) · Kinetic modeling · Metabolic flux 
analysis (MFA) · Metabolism · Steady state

19.1  Introduction

In recent years novel approaches have found their way into plant research, which 
allow researchers to quickly obtain large molecular datasets about the system under 
study. NSG, transcriptomics, proteomics, metabolomics, and similar types of analy-
ses have revolutionized the way that research is conducted in plant biology. Albeit 
these types of experiments are indispensable to modern biological studies, they all 
have in common that they do not consider the underlying network and systems 
properties. Instead, in an approach sometimes termed “top-down systems biology”, 
statistical data reduction methods are used to condense the dataset into an interpre-
table format. In contrast, “bottom-up systems biology” is where models of biologi-
cal processes are built step-by-step in silico, including only those components that 
are necessary to answer predefined questions.
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In (bottom-up) systems biology research on plant metabolism, various methods 
are used to quantify, simulate, and understand metabolic fluxes. The first method 
described is stoichiometric modeling. While just a surface view of the system, the de-
scription of the metabolic network is mainly built on the stoichiometries of enzymat-
ic reactions. Nevertheless this method allows for the elucidation of arising systems 
properties that, in many cases, are far-reaching. These stoichiometric models can be 
used to find alternate routes from one metabolite to another and to calculate the yield 
of these routes. Enriched by substrate uptake rates and composition of the produced 
biomass, flux balance analysis can be performed on these models, which predicts the 
flux through each reaction that is optimal for a certain criterion, e.g., to maximize 
growth. In mathematical terms this is an underdetermined problem, which means that 
there are not enough data points to calculate the flux distribution actually occurring 
in vivo. It is to overcome this lack of data that the optimization criterion, mentioned 
above, is required. Thus, the result of the prediction, even though very useful in many 
cases, sometimes has to be taken with caution with respect to its validity.

The underdetermined problem can be transformed into an overdetermined one 
by adding more experimental data. In the second method that we describe, 13C 
metabolic flux analysis, the models are enriched by information about the posi-
tion of each C atom of the substrate(s) and product(s) comprising each reaction, in 
conjunction with the measurements from stable isotope labeling experiments. The 
resulting overdetermined mathematical problem is solved numerically by minimiz-
ing the difference between the simulated and the measured distribution of label 
in various metabolites. Thus, provided that the underlying network is correct, the 
result can be regarded as the actual flux distribution occurring in vivo.

The most detailed types of models are kinetic models, in which each enzymatic 
reaction is described by a rate equation that is often motivated by the mechanism 
of the enzyme (e.g., Michaelis-Menten rate law). Together with the stoichiometry 
of the network, the rate laws form a system of differential equations. This system 
can be used to simulate a time course of metabolite concentration and fluxes, to 
calculate a steady state and assess its stability. Furthermore, control analysis may be 
used to determine the contribution of any enzyme to the limitation of flux through 
a pathway. However, due to their complexity, kinetic models are usually limited to 
single pathways or subnetworks with a maximum of some 10s of reactions.

All these methods contribute to the understanding of metabolism. This knowl-
edge can be used to improve seed yield and quality. For example, with FBA, suitable 
knockout strategies can be predicted to enhance the flux into specific compounds. 
Flux analysis can be used as an analytical tool to understand the effects of modifica-
tions in central metabolism far beyond textbook knowledge, and kinetic models can 
be used to predict targets for tailored engineering of metabolic pathways.

19.2  Stoichiometric Modeling

Stoichiometric modeling aims at elucidating the systemic properties and capabilities 
of cellular metabolism by analyzing the steady state characteristics of the metabolic 
network under investigation (Llaneras and Picó 2008). Based on the fundamental 
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assumption of pseudo steady state, the modeling approach is focused on the analysis 
of time invariant network behaviors.

19.2.1  Principles of Stoichiometric Modeling

The structure of a metabolic network with m  metabolites and n  reactions can 
mathematically be described by a stoichiometric matrix S  of size m × n, in which 
rows correspond to metabolites, columns to reactions, and matrix entries to the 
stoichiometric coefficients. Using the stoichiometric matrix S , a mathematical de-
scription of the dynamic behavior of the metabolic model is given by the dynamic 
mass balance equation:

 (19.1)

where x = [x1, x2, · · · , xm] signifies the vector of intracellular metabolite concen-
trations and v = [v1, v2, · · · , vn]  the vector of fluxes, specifying a flux distribution 
in the network. Under the assumption of pseudo steady state, expressed by a zero 
time derivative of the concentration dx/dt = 0, Eq. (19.1) simplifies to

 (19.2)

This homogeneous set of linear equations defines the set of all possible steady state 
flux distributions in the metabolic network. Since the number of reactions is greater 
than the number of metabolites ( n > m ) in most biological systems, Eq. (19.2) is 
underdetermined and contains an infinite number of possible steady state flux dis-
tributions. Using stoichiometric modeling, the reduction of the feasible flux space is 
obtained by the application of different constraints (e.g., stoichiometric, thermody-
namic and capacity constraints) which creates a bounded flux cone corresponding 
to the metabolic capacities of the modeled organism (Kauffman et al. 2003). The 
application of constraints provides a link between stoichiometric and constraint-
based modeling, a term used interchangeably in the literature.

19.2.2  Methods Used in Stoichiometric Modeling

In general, methods used in stoichiometric/constraint-based modeling can be sub-
divided into two major approaches: (i) pathway-based network analysis, aimed at 
assessing the whole capabilities of a metabolic network, and (ii) optimization-based 
network analysis, aimed at identifying optimal network behaviors.

Pathway-based network analysis is focused on the elucidation of the properties 
and capabilities of a metabolic network as a whole by analyzing the set of path-
ways through the network. In general, pathway-based network analysis refers to 
two main approaches: (i) elementary modes analysis (EMA), with an elementary 
mode (EMM) corresponding to a steady-state flux distribution involving a minimal 

dx

dt
= S · v

S · v = 0
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set of reactions, and (ii) extreme pathway analysis (EPA), with the set of EPs cor-
responding to a subset of EMMs.

Optimization-based network analysis, i.e., FBA is based on the assumption that 
cellular metabolism behaves optimally with respect to a given objective such as the 
maximization of biomass. FBA uses the principle of linear programming to solve 
Eq. (19.2) by defining an objective function and searching the feasible solution 
space for an optimal flux distribution that maximizes or minimizes the objective. 
A detailed review of stoichiometric modeling is given in Llaneras and Picó (2008). 
For a general introduction into EMA, EPA, and FBA, readers are referred to Lee 
et al. (2006), Kauffman et al. (2003), Schuster and Hilgetag (1994), Schilling et al. 
(2000a,b), and Schuster et al. (2002).

19.2.3  Applications of Stoichiometric Modeling to Plant 
Metabolism

Despite the vast number of applications resulting from stoichiometric modeling, 
applications to plant metabolism are, so far, sparse. Steuer et al. (2007) applied 
EMA to investigate the structural properties of the mitochondrial TCA cycle of 
plants, forming the basis for subsequent dynamic analysis of the pathway. To de-
termine feasible pathways for the futile cycling of sucrose in sugarcane, Rohwer 
and Botha (2001) performed EMA and combined the resulting information with ki-
netic modeling, allowing the authors to formulate hypothesis that can now be tested 
experimentally. Poolman et al. (2003) applied EMA to outline viable pathways of 
primary metabolism in the chloroplast under different light conditions. Based upon 
these in silico studies, the authors proposed the OPPP to operate cyclically in the 
dark and, in contrast to the traditional view, the Calvin cycle and OPPP to act as 
complementary and overlapping components of the same system. Schwender et al. 
(2004) used EMA to evaluate the contribution of different alternative pathways to 
oil biosynthesis in developing embryos of rapeseed ( Brassica napus). In combina-
tion with enzyme activity measurements and isotope labeling experiments, these 
studies demonstrated that carbon fixation operates without the Calvin cycle, which 
was shown to improve the carbon efficiency of developing green seeds by combin-
ing the activity of RuBisCO with the nonoxidative reactions of the pentose phos-
phate pathway.

Although FBA has been applied to various biological systems (e.g., bacteria, 
fungi, algae, and animals) to study different aspects of metabolism, only a few ap-
plications to plant metabolism have been published so far. Poolman et al. (2009) 
applied FBA to a genome-scale model of Arabidopsis to get insight into the meta-
bolic properties of the modeled heterotrophic cell suspension system. The validated 
model, which showed to be capable of producing biomass components in the pro-
portion observed experimentally, was used (i) to identify potential metabolic mod-
ules, and (ii) to infer total ATP demand for growth and maintenance, which proved 
to be consistent with estimates in prokaryotes and yeast. Using the Arabidopsis 
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model as a basis, Williams et al. (2010) performed FBA to compare the predicted 
flux solution with that estimated from 13C-based steady state MFA. With the model 
predictions being in good agreement with most of the experimental results, these 
studies demonstrated that constraints-based genome-scale modeling is a valuable 
tool to predict flux changes in central carbon metabolism under stress conditions. 
De Oliveira Dal’Molin et al. (2010) applied FBA to a compartmentalized genome-
scale reconstruction of the primary metabolic network in Arabidopsis. The model 
was validated against various classical physiological scenarios (photosynthesis, 
photorespiration, and respiration) and can now be used as a viable framework to 
derive new hypotheses for exploring plant metabolism.

FBA is, so far, the only stoichiometric modeling approach applied to develop 
predictive models of crop seed metabolism. In the following a more detailed de-
scription of the respective FBA application (Grafahrend-Belau et al. 2009b) focus-
ing on cereal seed storage metabolism is given. In this study, a compartmentalized 
model of primary metabolism in the developing endosperm of barley ( Hordeum 
vulgare) was constructed that includes 257 biochemical and transport reactions 
across four different compartments. FBA was applied to the model to get insight 
into storage patterning in developing cereal seed in response to environmental and 
genetic perturbation. To study the effect of oxygen depletion on storage patterning 
in developing barley endosperm, in silico growth simulations under varying oxy-
gen conditions were performed (Fig. 19.1).The model was validated by comparing 
the simulation results with published experimental results. In addition, the model 
predictions were used to test published controversial hypotheses on the role of py-
rophosphate metabolism in oxygen depleted tissues.

Under fully anaerobic conditions (Fig. 19.1a), the model depicted characteristic 
anaerobic metabolic behavior (Geigenberger 2003; Kennedy et al. 1992): (i) inhibi-
tion of respiration, (ii) induction of fermentation, and (iii) stimulation of glycolysis 
(Pasteur effect), resulting in a decrease in the cellular energy state and an increase 
in the redox state. In response to the surplus of reducing equivalents, the operation 
of NAD(P)H generating pathways was limited, as indicated by an incomplete citrate 
cycle and the inactivity of the oxidative part of the pentose phosphate pathway. The 
simulation results under hypoxic conditions(Fig. 19.1b) were generally consistent 
with the main qualitative physiological characteristics reported for hypoxic cereal 
seed storage metabolism (Rolletschek et al. 2004, 2005; van Dongen et al. 2004). 
With respect to starch metabolism, the model correctly predicted the sucrose-to-
starch pathway experimentally proven for barley seed metabolism (Beckles et al. 
2001; Emes et al. 2003; Thorbjørnsen et al. 1996; Weschke et al. 2000) by pre-
dicting that (i) sucrose degradation is restricted to the sucrose synthase pathway 
and (ii) synthesis of ADP-Glc, which is the main precursor for starch synthesis, is 
predominantly catalyzed by the cytosolic isoform of AGPase. Under fully aerobic 
conditions (Fig. 19.1c), the model showed characteristic aerobic metabolic behavior 
of cereal seed metabolism (van Dongen et al. 2004): (i) upregulation of respira-
tory energy production, resulting in an increase in the cellular energy state; (ii) 
subsequent increase of storage metabolism; and (iii) increase of seed dry weight 
due to extensive storage metabolism. In general, these results indicated that the 
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reconstructed model has the potential to simulate cereal seed metabolism and thus 
can be used as a viable framework to generate or test hypothesis and to explore 
cereal seed metabolism in silico.

With respect to the potential role of PPi metabolism in seed storage metabolism 
under varying oxygen supply, the simulation results supported the hypothesis of PPi 
availability determining the net flux through PFP and PPDK, as proposed by previ-
ous reports (Gibbs et al. 2000; Stitt 1990): (i) under anoxic conditions (Fig. 19.1a), a 
substantial requirement for PPi results in PFP operating in the direction of PPi syn-
thesis to compensate for PPi deficiency; (ii) under hypoxic conditions (Fig. 19.1b), 
increasing PPi availability results in a net flux of PFP and PPDK operating in the 
direction of PPi consumption; and (iii) under aerobic conditions (Fig. 19.1c), suffi-
cient PPi availability allows the energy-saving mode of PPi-dependent glycolysis to 
be the only form of glycolysis.This interpretation was supported by simulation stud-
ies, which showed that in silico-generated PPi deficiency leads to PFP and PPDK, 
operating in the direction of PPi synthesis. Although further experiments are re-
quired to evaluate the proposed hypothesis, the given examples show the potential 

Fig. 19.1  Carbon flux maps depicting the key uptake/excretion rates and fluxes within primary 
metabolism of developing barley endosperm under anoxic conditions (a), hypoxic conditions 
(b), and aerobic conditions (c). Simulations were performed using the growth conditions outlined 
in Grafahrend-Belau et al. (2009). Metabolites excreted by the model (CO2, ethanol, and lactate) 
or incorporated into biomass (starch, storage proteins, β-glucan, arabinoxylan, and cellulose) are 
highlighted in gray rectangles. Reactions are as follows: 1 sucrose synthase, 2 starch synthase, 
3 UDP-Glc pyrophosphorylase, 4/5 cytosolic/plastidic ADP-Glc pyrophosphorylase, 6/8 cyto-
solic/plastidic ATP: Fru-6-P 1-phosphotransferase, 7 pyrophosphate: Fru-6-P 1-phosphotransfer-
ase, 9/11 cytosolic/plastidic pyruvate kinase, 10 pyruvate, phosphate dikinase. Metabolites are as 
follows: Asp aspartate, ADPglc ADP-Glc, AraXyl arabinoxylan, B-glucan β-glucan, Cel cellulose, 
Eth ethanol, F1, 6P Fru-1, 6-P, Frc Fru, F6P Fru-6-P, Fum fumarate, GAP glycerinaldehyd-3-
phosphat, G1P Glc-1-P, G6P Glc-6-P, Glu glutamate, Lac lactate, Mal malate, OAA oxaloacetate, 
2OG 2-oxoglutarate, PEP phosphoenolpyruvate, Pyr pyruvate, UDPglc UDP-Glc
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of FBA to verify or extend the understanding of controversially-discussed biologi-
cal processes by looking at systemic stoichiometric constraints alone.

19.3  Metabolic Flux Analysis

Metabolic flux is the rate at which molecules are exchanged between metabolic 
pools, sources, and sinks. These fluxes are regulated by the enzymes that are in-
volved in the respective pathway.

MFA is a method for determining fluxes that combines the metabolic network, 
represented by the stoichiometric model as used in the dynamic mass balance equa-
tion (Eq. 19.1), together with measurement data from carbon labeling experiments 
(CLEs) (Blum and Stein 1982; Wiechert and de Graaf 1996). The measurement data 
are used to optimize the fluxes within the given model. In this way, MFA differs 
from FBA using the measurement data from CLEs to derive the objective function 
for optimization.

CLEs are experiments in which the biological organism is fed a media that in-
corporates one or more substrates with a known 13C labeling state. By “a known 
labeling state”, it is meant that the position of the 13C atom(s) in the C backbone 
of each substrate compound is known. For example [1-13C] glucose, in which the 
first1 carbon is a 13C atom, and the remaining carbons, position 2 through 6, are 12C 
atoms. This labeled substrate is introduced into the media once the biological or-
ganism has achieved metabolic steady state2. The CLE then continues to distribute 
13C labels throughout the central metabolic network until a second steady state is 
reached, the isotopic steady state3. Once the fractional labeling or labeling profile 
has achieved equilibrium the isotopic enrichment is representative of the C reaction 
network in the central metabolism (Wiechert and de Graaf 1996).

Measurements of isotopically enriched intermediates and extracellular products 
from the CLEs are used to provide the positional labeling information that, when 
combined with the model, can be used to deduce individual pathway fluxes which 
cannot be directly measured. In order to use this positional information it is not 
enough to consider only metabolic paths. Instead, it is necessary to account for the 
individual path taken by each carbon atom in a given reaction.

MFA is typically characterized as either steady state (S · v = 0) or kinetic 
(S · v �= 0). Steady state MFA refers to when the concentration of the metabolic 
pools has achieved both metabolic and isotopic steady state. Under these conditions 
the fluxes are constant, and may be directly determined. In the kinetic case, the 

1 By convention the positional numbering of the carbon backbone begins with the carbon that is 
the most oxidized.
2 Metabolic steady state is when the concentration of plant metabolites becomes constant over the 
time frame of the study.
3 Similar to the metabolic steady state, isotopic steady state is when the labeling profile of each 
metabolite becomes constant over the same time frame.
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fluxes are continuously varying, and are subsequently modeled using enzyme kinet-
ics. In this section, MFA will be used to refer specifically to steady state metabolic 
flux analysis.

19.3.1  MFA Theory

The theory behind MFA is that it is possible to deduce intracellular fluxes by analy-
sis of the positional redistribution of stable carbon isotopes in the carbon backbone 
of intracellular metabolites. This requires three components, the stoichiometric 
model, the atom transition between each reaction in the model, and metabolite mea-
surements that provide positional isotopic information.

The atom transition data is used to extend the stoichiometry to a full atom transi-
tion matrix. This allows for each individual carbon atom to be traced through the 
metabolic network. When combined with the measurements from CLEs this results 
in the augmented steady state model:

 (19.3)

Where, P  is the atom transition matrix, replacing the stoichiometric matrix in the 
model (Wiechert and de Graaf 1997; Zupke and Stephanopoulos 1994). In addition, 
we now have a second state vector f , the fractional labeling of each carbon atom, 
in addition to the flux vector v.

19.3.2  MFA Procedure

MFA begins with one or more CLEs. Measurement data from the CLE are then 
combined with a model of the metabolic network. This model is solved and itera-
tively optimized in such a way as to minimize an objective function based on the 
measurement data. The resulting ‘optimized fluxes’ are used to build a highly de-
tailed flux map of the system under investigation.

Figure 19.2 Illustrates this basic workflow of MFA following two parallel 
streams, experimental ( in vivo/in vitro) and computational ( in silico). The experi-
mental stream begins with the CLEs. Once the CLEs have reached steady state, 
the biological material must be prepared for measurement (for example, washing, 
biochemical extraction of desired metabolites, hydrolyzing of polymers, lyophiliz-
ing, and so on). The isotopic enrichment of desired metabolites is then measured, 
using one or more forms of mass spectrometry4 (MS), such as GC-MS (Allen and 
Ratcliffe 2009).The last step in the experimental stream is to correct the labeled 
measurements. To be accurate, the isotopic distribution should only reflect the 
controlled distribution of the known labeled substrate. In fact, all substrates contain 

4 NMR spectroscopy may also be used to derive information on the fractional enrichment.

P · v · f = 0
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a naturally occurring abundance of labeling; for example, the probability of an in-
dividual carbon atom being 13C is 1.1 %. Correction for natural abundance in both 
the carbon backbone as well as any derivatizing agent used can make a difference 
on the order of 20 % in label measurements.

The computational stream in the workflow begins with the model (Eq. 19.3) and 
an assumed set of metabolic fluxes. This model is inherently nonlinear, and solv-
ing this model can be achieved by iterative mass balancing of all metabolite isoto-
pic isomers, or isotopomers. An alternative approach was introduced in (Wiechert 
and de Graaf 1997) based on an alternative labeling description to isotopomers 
called cumomers5, or cumulated isotopomer fractions. This approach eliminates the 
nonlinearity in the forward problem, and allows for an analytical solution based 
on linear programming. More recently, another labeling description has emerged 
called elementary metabolite units (EMU6) (Antoniewicz et al. 2007). Similar to 
cumomers, this approach allows for an analytical solution, however, it does so with 
a minimum number of system variables. By solving the metabolic model, a simu-
lated set of all possible isotopomers for each metabolite is computed. From this set 
of isotopomers a simulated set of mass isotopomer data can be calculated.

A least squares based optimization is then performed comparing the experimen-
tal and computed sets of measurements, with a weighted objective function:

 (19.4)

5 There is a one to one relationship between isotopomers and cumomers.
6 An EMU is a moiety comprising any distinct subset of the desired atoms in a given metabolite. 
In general for a metabolite with N carbon atoms, there are 2N isotopomers, 2N cumomers and 
2N − 1EMUs.
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Fig. 19.2  Workflow of a steady state MFA. Dashed boxes wet-lab experiments; shaded boxes 
biological properties of the system, depending on the experimental conditions and the genetic 
background; solid boxes in silico calculations
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The objective function is weighted by the variance (the square of the standard de-
viation, σ ) of the corresponding experimental measurements. With each iteration 
of the optimization, a new flux vector is calculated, for which the in silico model is 
solved and the simulated measurements calculated. Each new set of simulated mea-
surements is compared with the experimental measurements until the optimization 
criteria are reached.

19.3.3  MFA Applications

In the recent past, steady state MFA was successfully applied to analyze plant seeds 
at different stages of development using a variety of plant species, e.g., isolated 
rapeseed embryos ( B. napus: Junker et al. 2007; Schwender et al. 2004, 2006), 
germinating maize kernels/isolated embryos ( Zea mays: Alonso et al. 2005, 2007b, 
2010), isolated sunflower embryos ( Helianthus annuus; Alonso et al. 2007a) and 
isolated soybean embryos ( Glycine max; Allen et al. 2009; Sriram et al. 2004). Sev-
eral important discoveries concerning the central metabolism have been made using 
MFA. Some of them shall be further explained.

The application of stable labeled substrates together with mass balancing helped 
to establish a previously undescribed function of RuBisCO lacking the involvement 
of the Calvin cycle in developing embryos of B. napus (Schwender et al. 2004). In 
this species more than 60 % of all carbon is stored as oil. According to biochemistry 
textbooks oil synthesis occurs via sucrose hydrolysis, glycolytic hexose breakdown 
to pyruvate and further oxidation through PDH to acetyl-CoA and CO2. One third 
of all hexose carbons are lost as CO2 giving rise to a 2:1 ratio of acetyl-CoA:CO2. 
On the other hand the measured ratio was rather 3:1; less CO2 was released indicat-
ing a refixation of the carbon. By analyzing the labeling pattern of amino acids/ 
FAs after feeding with 13CO2 the authors suggested that the refixation was achieved 
via RuBisCO, as only C1 of 3-phosphoglyceric acid (PGA) showed labeling. This 
is the position where RuBisCO-fixated carbon is located. A new 3-step pathway 
was suggested: (1) hexoseP Ru-1,5-P2via the non-oxidative reaction of the OPPP 
together with phosphoribulokinase; (2) Ru-1,5-P2 + CO2 (mostly from PDH) 2 
PGA via RuBisCO; and (3) PGA  acetyl-CoA. The net carbon stoichiometry is:

5 hexoseP  6 pentoseP  12 acetyl-CoA + 6 CO2.

Compared to the glycolytic pathway alone:

5 hexoseP  10 acetyl-CoA + 10 CO2

This results in a decrease of C loss by 40 % and a rise of available acetyl-CoA by 20 %.
Steady state MFA experiments using positionally/uniformly labeled substrate 

could help to further clarify the mitochondrial metabolism in B. napus (Schwender 
et al. 2006). Different labeling experiments were summed up into one data set lead-
ing to an increased reliability of the calculated fluxes. Compared to other heterotro-
phic/autotrophic plant tissues, the resulting mitochondrial flux map exhibits some 
distinctive differences. In this scenario the overall flux around the TCA is nearly 
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absent, most of the carbon leaves the cycle via the ATP citrate lyase, the produced 
acetyl-CoA is then at disposal for cytosolic FA elongation. The needed pyruvate is 
rather produced from “recycled” malate via the mitochondrial malic enzyme then 
imported from the cytoplasm. Finally, the needed carbon backbones for SP synthe-
sis originate in greater proportion from the uptake of amino acids then via the me-
tabolites produced from PEP carboxylase. For more comprehensive reading about 
analysis of the TCA via MFA Sweetlove et al. (2010) is highly recommended.

Furthermore the influence of different nitrogen sources on the metabolism of 
developing Brassica embryos was analyzed by MFA (Junker et al. 2007). Depend-
ing on the chemical nature of the nitrogen source (organic/inorganic), two different 
flux maps could be constructed. On the other hand, the analysis of selected enzyme 
activities did not support the two models. In both cases, a surplus of enzymes was 
measured, more than enough to achieve the measured fluxes. This study once more 
proved the central metabolism to be very stable with regard to environmental per-
turbations. It could easily adopt within the experimental time frame without long 
term regulatory reprogramming of the enzymatic apparatus.

MFA studies on soybean, one of the most important crops on earth due to the 
high levels of protein and oil could help to quantify the influence of light on de-
veloping green seeds (Allen et al. 2009). In this study several labeling experiments 
under different light conditions were conducted. A detailed analysis of labeling pat-
tern, uptake fluxes, fluxes into biomass, and respiratory fluxes resulted in over 750 
measurements of metabolism. This large dataset was then used to validate a detailed 
flux map of green soy embryos. The resulting flux map could show that light is 
rather responsible for ATP generation but not net reductant production. RuBisCO 
again is involved in the efficient refixation of CO2 through formation of 3-phos-
phoglycerate (see above). Also amino acids could be identified as a major carbon 
source for FA synthesis. Major methodological and theoretical progresses about 
MFA were made using the soy system (NMR2Flux: Sriram et al. 2004).

In another model system, developing sunflower embryos, the role of malate in 
the context of seed filling was further analyzed by MFA (Alonso et al. 2007a). One 
decisive difference compared to Brassica is the absence of the before discussed 
RuBisCO bypass pathway. The average carbon conversion efficiency is comparably 
low (only about 50 % in contrast to over 80 %). The application of [1-13C1] glucose, 
[2-13C1] glucose, or [U-13C5] glutamine leads to labeled sugars, starch, FA, and ami-
no acids, which were analyzed via GC-MS and NMR. Evaluation of the calculated 
map revealed a good agreement to the experimental data. Only small amounts of 
malate found their way from the cytoplasm into biomass, especially oil. Excessive 
futile cycles known from other plant tissues, which are wasting high amounts of 
ATP (see next paragraph) could not be identified in sunflower embryos.

Similar to the RuBisCO bypass discovered in Brassica, MFA experiments per-
formed with growing maize root tips lead to another previously unknown substrate 
cycle: the glucoseP-to-glucose cycle (Alonso et al. 2005). Steady state labeling re-
sults in a similar labeling distribution comparing C1 and C6 of glucose and cytosolic 
hexoseP. This is different to the pattern of storage derived hexosePs, indicating a 
high connecting flux between glucose and hexoseP, and thus, predicting a one-step 
conversion of the two metabolites. The presence of high amounts of corresponding 
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glucose-6-phosphatase activity could be shown via enzyme assays. The ATP loss by 
this futile cycle is estimated to be around 40 % in contrast of the sucrose cycling 
with only 3–6 %. Different breeding lines exhibit very different values for this cycle 
(up to factor 3), as carbohydrate starvation significantly decreases it. On the other 
hand, the reduction of respiration via oxygen depletion (down to 3 %) leads to an 
onset of fermentation, decreased total ATP formation, low glucose consumption, 
small glycolytic fluxes, and slow substrate cycles. Meanwhile the proportion of 
consumed ATP by the slowed down cycles stays constant letting the authors con-
clude that substrate cycles are “… not a luxury but an integral part of the organiza-
tion of the plant central metabolism” (Alonso et al. 2007b).

A recent study elucidates the synthesis of FAs in developing maize embryos 
in more detail (Alonso et al. 2010). The C conversion efficiency in this species is 
moderate (57–71 % compared to 50 % for sunflower and over 80 % in rapeseed, see 
above). Even though about 36 % of the entering carbon is oxidized via the OPPP, 
the demand for NADPH is much higher than this pathway alone, could provide 
to fuel FA synthesis. To compensate for this shortage the NADP-dependent malic 
enzyme kicks in. Evaluation of the flux map proposes a contribution of this enzyme 
for about one third of the cell’s carbon and NADPH requirements for FA synthesis.

This collection of recent studies applying 13C steady state MFA to different plant 
species and different aspects of the metabolism should show the usefulness of this 
technique to confirm known or identify new metabolic pathways, which would have 
been missed by conventional mass balancing experiments. For further reading on 
MFA, the following reviews are highly recommended: Libourel and Shachar-Hill 
2008; Ratcliffe and Shachar-Hill 2006 and Rios-Estepa and Lange 2007.

19.4  Dynamic Behavior in Enzymatic Reaction Networks: 
Kinetic Modeling

Kinetic modeling represents the most complex form of all metabolic modeling ap-
proaches. While a stoichiometric model can be generated from a fully sequenced ge-
nome and a flux distribution can be set up according to biochemical constraints and 
optimization functions, such as biomass production or metabolite yield, a kinetic mod-
el requires detailed knowledge about metabolite concentrations, kinetic parameters, 
and also the kinetic rate laws of each reaction involved. This intense data coverage 
is necessary to predict the dynamic behavior of the metabolic system under varying 
conditions, such as changes in enzyme activity, substrate uptake, or light exposure.

19.4.1  From Experimental Data to Differential Equations

Like all modeling approaches, kinetic modeling describes biological processes by 
mathematical means. In the case of kinetic models, all metabolite concentrations 
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(S ) and the fluxes (v ) between them, which constitute the change of concentrations 
over time, are defined as system variables. In comparison to the metabolites and 
fluxes, the kinetic parameters, such as binding constants (Km) and maximal reac-
tion velocities (vmax) are not changed for a given model. Therefore, a change in a 
parameter would result in a new model. As the vmax-values are associated with the 
enzyme concentration, a change in enzyme concentration, either by further enzyme 
expression or by decay, would change the vmax-value of the respective enzyme. One 
example for such a variation in enzyme concentration is the difference between a 
wild type plant and a knock-out mutant. The Km-values on the other hand are de-
pendent on the structure of the respective enzyme and can change via a mutation at 
the binding site.

The kinetic rate law, which combines the parameters and variables, can be as 
simple as a Michaelis-Menten-Kinetic (see Eq. 19.5). Some rate laws even leave 
out details about the parameters, such as mass action kinetic, which connects both 
variables with a single factor, but this carries the problem of oversimplification.

 (19.5)

All of the fluxes in a kinetic model have an impact on the concentration of one or 
several metabolites, either increasing or decreasing the respective concentration. 
Therefore, all fluxes with an impact on one specific metabolite are unified in one 
differential equation, describing the change of the metabolite concentration over 
time. Thus, the kinetic model consists of a number of ordinary differential equa-
tions equal to the number of simulated metabolites. The status of interest in kinetic 
modeling is the metabolic steady state or, to be more precise, the path from one 
steady state to the next. The condition of a stable steady state according to fluxes 
and metabolite concentration is depicted in Fig. 19.3. At a given steady state with 
a metabolite concentration S0, both consumption and production of the respective 
metabolite are equal and therefore the net flux becomes zero, which in turn will 
cause no further change in the metabolite concentration.

The simplest solution that achieves this steady state condition is the trivial so-
lution with all fluxes set to zero. However in biological terms, this “solution” is 
equivalent to a dead system in biological terms. In a stable steady state, any con-
centration change away from S0 will lead back to S0. So, if the concentration drops 
below S0, the net flux will assume a positive value and increase the concentration. If 
the concentration rises above S0, the net flux will drop below zero, therefore reduc-
ing the metabolite concentration back to S0.

A more detailed insight into the basics of kinetic modeling in plants was given in 
recent reviews (Rios-Estepa and Lange 2007; Schallau and Junker 2010). The chal-
lenge of the necessary data integration and model set up was addressed in various 
publications, creating several possibilities for an automated approach. Most of these 
workflows utilize simplified kinetic rate laws, such as convenience kinetics (Borger 
et al. 2007) to ensure the ease of computing of complex networks. An overview of 

v =
vmax · S

Km + S
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existing models including but not limited to plant systems, can be found in the Java 
Web Simulation Online Cellular Systems Modeling (Snoep and Olivier 2002) or the 
Biomodels Database (Li et al. 2010a).

19.4.2  Applications of Kinetic Modeling in the Plant Kingdom

Several modeling approaches, such as network analysis or FBA have been applied 
to many plant species and compartments, while kinetic modeling, due to the afore-
mentioned complexity, has been applied to a very limited number of plants. So far, 
there is no explicit kinetic model for the metabolism in crop seeds. While metabolic 
pathways of several model plants and cyanobacteria have been simulated, the num-
ber of models in crop plants is limited. The existing kinetic models for crop plants 
describe different parts of the metabolism of potato tubers and sugarcane (Rohwer 
and Botha 2001).Because of the intense research performed on model plants like 
Arabidopsis thaliana and Nicotiana tabacum, the data coverage predestines these 
model plants as candidates for kinetic modeling.

Another approach is the generalized modeling of a common mechanism, such as 
the photosynthetic apparatus in C3 plants (Zhu et al. 2007). In the given example, 
the model was used to predict an optimized photosynthesis system under changing 
atmospheric CO2 concentrations.

Kinetic Models in Model Plants Because the computational efforts increase expo-
nentially with the size of a model, the starting point is often a very small set of reac-
tions. Such a model was set up to describe the branch point between the methionine 
and threonine biosynthesis in Arabidopsis chloroplasts (Curien et al. 2003). The 
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Fig. 19.3  Dynamic changes of metabolite concentrations and fluxes around a steady state (S0). All 
fluxes consuming (vconsumption) and producing (vproduction) a specific metabolite add up to the net flux 
(vnet). See the main text for details
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simulated data of enzymatic regulation was validated with the in vitro data of the 
purified enzymes and predicted correctly the in vivo behavior, especially the input 
of effector molecules on the partition of steady state fluxes. A recent minimal model 
compared the wildtype and mutant accessions of Arabidopsis on the enzymatic 
level and correctly predicted the respective sucrose levels, while differences in 
other metabolites indicate the necessity of further subsequent changes of enzymatic 
parameters (Nägele et al. 2010). Another example for a small scope kinetic model 
describes the impact of oscillatory behavior on the concentration of ROS and the 
subsequent enzyme inactivation (Olsen et al. 2003).The verification of in silico data 
with in planta data shows the quality of the respective model. The kinetic modeling 
of the Calvin cycle in the leaves of N. tabacum predicted a bistable behavior, which 
was experimentally verified (Poolman et al. 2001).

Metabolic Engineering for Higher Yields: Kinetic Models of Crop Plants To pre-
dict the effect of changes on the metabolism of plants is not only an interesting 
scientific endeavor, but also a promising way to improve the yield of crop plants.
Being an important crop plant for food and industrial use, the potato tuber is an 
interesting system for this approach. The aims for such a modification are versatile: 
increase of starch levels, prevention of cold-sweetening or acrylamide formation. 
The controlled change of a metabolic flux is quite complicated, because multiple 
feedback loops and regulation mechanisms can prevent the desired effect. An early 
example for a potato model could show the low impact of phosphofructokinase 
on the respiratory flux (Thomas et al. 1997). Although the approach primarily uti-
lized Metabolic Control Analysis, the kinetic modeling was used to verify the out-
come. A more recent kinetic model simulating the central carbon metabolism in 
potato tuber included data for cell compartment-specific metabolite pools (Assmus 
2005), an important feature for eukaryotic models. The scope of the model was the 
identification of candidate genes for the control of sucrose concentration. Another 
kinetic model of sucrose breakdown in potato tubers was used to simulate changes 
in sucrose cycling in mutants overexpressing enzymes of the sucrose to starch path-
way (Junker 2005).

The accumulation of sugar in developing sugarcane was analyzed with the per-
spective to optimize the sugar yield (Rohwer and Botha 2001). After validating the 
model with experimental data, candidate enzymes for the increase of sugar accumu-
lation were identified. This model has been updated and expanded (Uys et al. 2007). 
The updated model included several enzymatic isoforms involved in sucrose ac-
cumulation and predicted the impact of fructose and sucrose transport on the futile 
cycling of sucrose. Another crop plant model simulates essential oil composition in 
peppermint (Rios-Estepa et al. 2008). The model correctly predicted the effect of 
low-light growth conditions on menthofuran levels and the predicted mechanism of 
regulation was further validated using a transgenic approach.

While kinetic modeling has been applied to identify key enzymes and the asso-
ciated candidate genes for metabolic engineering in several plant systems, includ-
ing crop plants, no kinetic model of crop plant seeds has been published. One big 
obstacle is the change of seed compartments during maturation, further increasing 
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the necessary complexity of the kinetic model. But due to the fact that metabolic 
engineering without kinetic modeling is rather impractical because of the coun-
terintuitive nature of metabolic networks, the necessity to increase the crop yields 
worldwide and the adaption to environmental stresses will facilitate the develop-
ment of kinetic seed models.

19.5  Concluding Remarks

We have presented different methods for simulation and quantitative analysis of 
metabolic networks. It is foreseeable that these methods will gain a lot of impor-
tance in the near future, as it will be more and more important to elucidate and 
understand the quantitative relation between cellular compounds, rather than to de-
termine the cellular inventory alone. Biology is currently in the middle of a transi-
tion from a qualitative and descriptive science towards a quantitative and predictive 
science, just as it happened to chemistry about a century ago. For this transition, 
as has been clearly pointed out in this chapter, it is increasingly important to train 
scientists in an interdisciplinary way between biology, physics, mathematics, en-
gineering, and computer science, so that the distances still existing between these 
areas can be overcome.
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Abstract The seed consists of three principal components of maternal (seed coats) 
or zygotic (embryo and endosperm) origin with distinct functions, but that interplay 
throughout their development to ensure the accumulation of storage compounds for 
successful germination and early seedling growth. The reserves stored in mature 
seeds represent major human and livestock food sources. Therefore, much research 
and breeding efforts are concentrated on optimizing seed quality and yield. The 
principal filial storage organ differs between species. For example, it is the endo-
sperm for cereal grains accumulating high amount of starch, and the embryo for 
protein-rich legume seeds. These organs are surrounded by tissues of maternal and/
or zygotic origin, depending on the species, which represent a protective barrier and 
play a role in furnishing the filial organ with nutrients and oxygen. Seed tissues and 
cell types have been individually studied by the omics approaches with a view to dis-
secting the molecular processes underlying reserve accumulation. The most compre-
hensive analyses have been performed at the transcriptome and/or proteome levels 
in various species, including Medicago, soybean, Arabidopsis, sugar beet, barley, 
wheat, maize, rice, and tomato. Here, we report the division of metabolic activities 
between seed tissues, based on the identification and ontological classification of 
gene products differentially accumulated between seed tissues. The work allowed 
metabolic networks to be proposed in specific tissue-types and regulatory factors 
to be identified, two fundamental tasks in systems biology, with an ultimate goal to 
undertake a computational reconstruction of tissue-specific metabolic models.

Keywords Development · Metabolism · Omics · Regulation · Seed tissues · 
Transport processes

20.1  Introduction

The seed is the unit of angiosperm plant dispersal arising from a double fertiliza-
tion event, which gives rise to the triploid endosperm and diploid zygotic embryo 
(the future plant). These entities are accommodated within a capsule of maternal 
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tissue, the seed coat (i.e., pericarp in cereals). The endosperm in monocot plants 
typically comprises the majority of the mature seed, serving as the major filial 
storage tissue, rich in starch but possessing a protein content of less than 16 %. 
In dicot plants, the endosperm is a more variable fraction and often reduced to a 
single cell layer adjacent to the embryo sac wall at maturity after degeneration of 
most of the tissue to remobilize nutrients for the maturing embryo. The embryo 
is generally the major filial organ of dicot seeds, and the reserves stored in this 
tissue differ among species. Whereas seeds of oilseed rape ( Brassica napus L.) 
exhibit approximately 40 % oil and 15 % protein as per dry seed weight, seeds of 
legumes, such as pea ( Pisum sativum) and soybean ( Glycine max) possess 20–40 % 
protein and 2–20 % oil. Since seeds are major human and livestock food sources, 
much research and breeding efforts are concentrated on optimizing their nutritional 
content. Efforts often focus on FA and amino acid balance, level of essential min-
erals, protein content, and digestibility. Regarding amino acid balance, seeds of 
legumes and of some cereals (such as barley and maize) are low in tryptophan and 
in the sulfur-containing amino acids cysteine and methionine. These amino acids 
are important in the nutrition of humans and animals that are unable to synthesize 
methionine. Genetic manipulations have been used in attempts to improve amino 
acid balance. One strategy consisted in modifying the activity of biosynthetic path-
ways for essential amino acids through the introduction of genes encoding enzymes 
of these pathways insensitive to feed-back inhibition by other amino acids (Ufaz 
and Galili 2008). This strategy increased the level of free essential amino acids but 
reduced germination ability, possibly due to the toxicity of free amino acids and/
or to modifications in the synthesis of compounds derived from these amino acids. 
Another strategy employed was to modify SP composition by expressing genes 
encoding sulfur-rich SPs (Molvig et al. 1997), but the accumulation of such foreign 
proteins in seeds occurred at the expense of other sulfur-containing compounds, 
such as free sulfur amino acids and glutathione (Tabe and Droux 2002). These and 
other investigations demonstrate the complexity of seed metabolism, emphasizing 
the importance of understanding its regulation in order to modify seed composition 
without adverse metabolic consequences. Part of the complexity of this regula-
tion is the compartmentalization of biosynthetic pathways between seed tissues that 
may regulate their activity. The omics technologies are powerful tools for determin-
ing the metabolic specificity of the different seed tissues and identifying the regu-
latory factors. Moreover, such high-throughput technologies are able to provide 
an exhaustive overview of the gene products present in different seed tissues. In 
this chapter, we describe the developmental program followed by the maternal and 
filial tissues. We also report main characteristics of the seed tissues of maternal or 
zygotic origins revealed by the omics technologies. Focus of discussion is on the 
partitioning of sulfur metabolism and transport between seed tissues, highlighting 
several transcriptional regulators likely to determine metabolic specialization of 
seed tissues. The integration of these tissue-specific omics data will help to un-
dertake a computational reconstruction of tissue-specific metabolic models in the 
systems biology area.
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20.2  Development and Main Functions of Seed Tissues

Early seed development follows a similar program in both monocot and dicot 
plants, with endosperm and embryo development proceeding in parallel (Goldberg 
et al. 1994; Lopes and Larkins 1993; Olsen 2004). The fertilized egg cell undergoes 
a series of divisions to produce a globular embryo structure. This structure is at-
tached to the embryo sac wall by a file of cells termed the suspensor, which provides 
nutrients during early embryo development (Kawashima and Goldberg 2010). In 
dicot seeds, the embryo becomes asymmetric and the cotyledons start to differenti-
ate at 3–4 DAF. In the mature embryo, the root and SAM are separated by the axis, 
the shoot meristem or epicotyl being surrounded by the much larger cotyledons. The 
end of the embryogenic phase is marked by a progressive arrest of cell divisions. 
The embryo then enters the seed-filling phase, during which the storage reserves 
accumulate, mainly in the cotyledons and to a lesser extent in the axis cells. By this 
stage, the suspensor has ceased to be functional and degenerates. The seed-filling 
phase is followed by the maturation phase, during which the embryo acquires des-
iccation tolerance and is prepared for quiescence. In monocot seeds, the embryo 
developmental events are broadly similar to those in the dicot seed, except that the 
proportion of reserves deposited in the cotyledons is less, these being mainly stored 
in the endosperm in the form of starch.

The triploid endosperm initial undergoes a series of free nuclear divisions to give 
rise to a coenocyte containing several hundred nuclei. After 3 DAF, cellularization 
of the endosperm begins. In dicots, this starts at the micropylar end of the embryo 
cavity and progressively spreads to the remainder of the endosperm (Berger et al. 
2006). During the seed-filling period, the main described role of the endosperm is 
to provide nutrients to the developing embryo. This process is achieved by transfer 
of nutrients from the surrounding maternal tissue, sometimes involving their further 
metabolism, and in later stages, by the progressive degeneration of the endosperm 
to mobilize nutrients. In monocot seeds, the process of endosperm cellularization 
results in a single peripheral cell layer, the aleurone surrounding the remaining cells 
that constitute the starchy endosperm. The starch and SPs accumulate during the 
seed-filling phase in a gradient of decreasing concentration from the distal (crown) 
region to the basal region of the starchy endosperm. Within the starchy endosperm, 
further domains of specialization can be identified, most importantly the basal endo-
sperm transfer layer and the embryo-surrounding region (Opsahl-Ferstad et al. 1997; 
Thompson et al. 2001). The basal endosperm transfer layer cells are specialized for 
promoting solute transfer into the endosperm cavity. They are located adjacent to the 
site of phloem sap unloading in the placentochalaza, and putatively accelerate solute 
transfer across the maternal plant-zygote junction, which lacks plasmodesmata. The 
role of the embryo surrounding region is less well established, but it may provide 
nutrients or growth factors to the developing embryo. The aleurone cells also acquire 
desiccation tolerance during the maturation phase of monocot seed development, 
and they are metabolically active during seed germination. The remaining endo-
sperm cells in contrast are ‘end-cells’ lacking gene expression upon germination.
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The embryo and endosperm are surrounded by maternal cell layers constituting 
the seed coat, pericarp, or integument with several important roles (Weber et al. 
1995; Weber et al. 2005; Zhang et al. 2007b). Seed coat growth and differentiation 
proceed coordinately with those of the endosperm and embryo. The seed coat is 
the site of phloem unloading and metabolic conversions of phloem sap constituents 
(for example, cleavage of sucrose) to better adapt them for seed filling. The seed 
coat may also be a source of plant hormones and, in many cases, is needed for the 
maintenance of seed dormancy. The seed coat plays an important protective role 
both physical and chemical due to the accumulation of phytoalexins and antifeed-
ants. Finally, the seed coat and other tissues of the seed may be photosynthetically 
active and thereby supply the embryo with part of its carbohydrate requirements 
(Weber et al. 1995).

20.3  Examples of Large-Scale Omics Studies of Seed Tissues:  
A Focus on Starch Metabolism

Seed tissues have been individually studied by the omics approaches with a view 
to dissect the molecular processes underlying seed quality. The most comprehen-
sive analyses have been carried out at the transcriptome and/or proteome levels 
in various species, including M. truncatula, soybean, Arabidopsis, sugar beet, 
barley, wheat, maize, rice, and tomato (Table 20.1). The recent development of 
laser-capture micro dissection (LCM) enables various cell types to be isolated for 
RNA extraction and analysis. RNA obtained from LCM-dissected seed regions of 
several monocot and dicot species was hybridized to Affymetrix Genechips to gen-
erate spatial gene expression profiles during seed development (Day et al. 2009; 
Le et al. 2007, 2010; Tauris et al. 2009; see also http://seedgenenetwork.net/). In 
soybean, the results indicate that at least 22,000 diverse mRNAs are required for 
the formation of a globular-stage soybean embryo. Genes specifically expressed 
in the diverse seed compartments (e.g., endosperm, hilum, suspensor, and embryo 
proper) were identified, highlighting the specialization of each tissue. Comprehen-
sive data sets arising from LCM have proved useful to help characterizing seed-
expressed genes of interest (Zuber et al. 2010a), and to allow building models 
for seed tissue function, coordination, and regulation, as shown in barley for the 
translocation of zinc from the phloem to the storage sites in the grain (Tauris et al. 
2009) and in Arabidopsis through the profiling of TF genes in seed compartments 
(Le et al. 2010).

During the last decade, many omics approaches were applied to isolated tissues 
of cereal grains (Table 20.1). Drea et al. (2005) surveyed 888 genes expressed during 
wheat caryopsis development using a high-throughput mRNA in situ hybridization 
method. Of these genes, 89 are expressed in specific cell types and 118 were enriched 
in a single cell type but expressed in more than one cell type. Other genes follow the 
same temporal and expression patterns in the endosperm and maternal tissues, sug-
gesting similar physiological events in both tissues. Genes encoding CW–modifying 
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enzymes (e.g., β-expansin) are among the good example that are expressed in both 
the nucellar projection of maternal origin and the adjacent modified aleurone layer 
of the endosperm, possibly to establish complex transfer cell morphology, implying 
the elaboration of specialized CWs. A large proportion of seed tissue-specifically 
expressed genes were in the starchy endosperm and several of them encode proteins 
with protective roles against pathogens (e.g., α-thionin and α-amylase inhibitors). 
This result is reminiscent of proteomics data, showing a predominant accumulation 
of α-amylase/trypsin and chymotrypsin inhibitors in the endosperm of barley and 
maize grains (Finnie and Svensson 2003; Méchin et al. 2004), probably to protect 
the starch reserves against α-amylase activities of pathogens.

As outlined in the previous section, the main function of the maternal tissues is to 
ensure the uptake of nutrients from the phloem, then to convert them for transloca-
tion to the embryo. Accordingly, genes encoding proteins involved in the cleavage 
of polysaccharides (such as β-amylase and glucan endo-1,3-β-glucosidase) or in 
sucrose conversion (e.g., vacuolar invertase) were preferentially expressed in the 
pericarp of barley, where they can metabolize sucrose coming from the phloem or 
remobilize starch. It is assumed that the resulting mono—and disaccharides can be 
transported through the cells of the nucellar projection, released into the endosperm 
cavity to nurture the filial tissue (Sreenivasulu et al. 2002).

Recently, Radchuk et al. (2009) have comprehensively analyzed starch synthesis 
and degradation in distinct tissues of the developing barley caryopsis by combin-
ing gene expression profiling studies, in situ localization, and measurements of key 
metabolites and enzyme activities. They showed that starch synthesis in the peri-
carp is largely performed by the same genes as in leaves, and that it is mobilized 
following its accumulation to ensure the maintenance of sink strength in the young 
caryopsis and probably to regulate carbon flux to endosperm and embryo. Based on 
gene expression patterns and enzyme activities, they proposed two different path-
ways for starch degradation in maternal tissues. One pathway implies α-amylases 
1 & 4 and β-amylase 1 in pericarp, nucellus, and nucellar projection tissues that 
undergo PCD. Another pathway is deduced for living pericarp and chlorenchyma 
cells, where transient starch breakdown correlates with expression of chloroplast-
localized β-amylases 5, 6, and 7, glucan, water dikinase, phosphoglucan, isoamy-
lase 3, and disproportionating enzyme. In the endosperm, starch synthesis appears 
much more complex and involves several endosperm-specific genes (Radchuk et al. 
2009). Extensive omics studies have been carried out on this filial tissue in maize, 
wheat, rice, and barley with a view to understanding the metabolic control of starch 
accumulation (Table 20.1). For example, transcriptomics, proteomics, and metabo-
lomics approaches were employed to provide an overview of the processes related 
to maize endosperm development (Méchin et al. 2007; Prioul et al. 2008a). A fo-
cus on the enzymes of carbohydrate metabolism revealed that invertases and their 
resulting products (hexoses) reached maximum levels at 10 DAP (end of embryo-
genesis) and remained high until 21 DAP (reserve synthesis), which is consistent 
with the need for hexoses in early endosperm development. Interestingly, pyruvate-
Pi-dikinase (PPDK) accumulates in the late filing period (21 DAP onwards). This 
enzyme may play a central role in the establishment of endosperm reserves com-
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position by regulating the production of PPi, a regulator of ADP-glucose synthesis. 
PPDK is down-regulated in the o2 mutant seeds that accumulate more proteins and 
less starch, lending further support for a role of PPDK in controlling the switch from 
starch synthesis to SP accumulation possibly through PPi-dependent restriction of 
ADP-glucose synthesis (Prioul et al. 2008b).

20.4  Partitioning of Metabolic Activities Between Seed Tissues

20.4.1  Omics Analyses Allow Metabolic Network 
Reconstruction in Seed Tissues

Based on the identification and ontological classification of gene products pres-
ent in a tissue, metabolic networks can be reconstructed, which is a crucial step in 
systems biology with an ultimate goal of in silico modelling and simulation. Using 
proteomics approach, Catusse et al. (2008) elegantly demonstrated the feasibility 
of such study by identifying 121 biochemical functions in the mature sugar beet 
seed based on the placement in the corresponding metabolic pathways of 561 pro-
teins identified from the embryo and perisperm tissues. Several metabolism path-
ways were completely identified, such as glycolys is, FA β-oxidation, glyoxylate 
cycle, or starch metabolism. This study revealed that the seed proteome exhibits 
tissue-specific features, unveiling a compartmentalization of metabolic activities 
between the radicle, cotyledons, and perisperm. In the root proteome, the major 
functional categories represented are SPs, protein folding, turnover, and synthesis, 
and components of the cell structure. For the cotyledons, the main functional cat-
egories represented are the glyoxylate cycle, TCA cycle, lipid metabolism, sterols, 
amino acid metabolism, defense reaction, and secondary metabolism. In the case of 
the perisperm, the major functional category revealed is sugar and polysaccharide 
metabolism, which is consistent with a role of this filial tissue in storing starch. 
Among the very abundant proteins of the perisperm was a purple acid phosphatase 
(phytase), whose role in germinating seeds is to hydrolyze phytate, the main stor-
age form of phosphorus. The detection of phytate in the embryo (a living tissue), 
but not in the perisperm (a dead tissue) of mature seeds, raises the possibility that a 
compartmentalization of phytate and phytase activity might preserve the integrity 
of the phytate reserves up to germination.

In M. truncatula, a comprehensive analysis of transcripts and proteins present in 
the three main tissues (seed coat, endosperm, embryo) at the onset of SP synthesis 
allowed reconstruction of the amino acid metabolic pathways presumably active at 
this stage with 49 identified biochemical steps (Gallardo et al. 2007). These data 
revealed a partitioning of amino acid pathways between maternal and filial tissues, 
reflecting a cross-talk between these tissues. The genes encoding the first enzymes 
of the pathway leading to the synthesis of tryptophan (chorismate synthase and 
anthranilate synthase) are predominantly expressed in the seed coat and endosperm, 
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whereas the genes involved in the last steps of tryptophan synthesis (indole 3-glycer-
ol-P synthase and tryptophan synthase) are predominantly expressed in the embryo. 
This raises the possibility of a transfer of the intermediary precursor forms from the 
seed coat to the embryo for end-product synthesis. Knowing that tryptophan acts as 
a feed-back inhibitor of the first enzyme of its biosynthetic pathway (anthranilate 
synthase; Tozawa et al. 2001), this compartmentalization between the seed coat 
and the embryo may favor tryptophan accumulation at the onset of seed filling. 
Although seed coat-located transcripts for the early steps of tryptophan synthesis 
were up regulated during seed filling, those for the final steps (embryo-located) fall 
sharply during seed filling. Stimulating the last steps of this pathway could there-
fore help to increase tryptophan level, which is very low in legume seeds. Other 
amino acid biosynthetic pathways were found to be compartmentalized between 
seed tissues. For example, transcripts for enzymes of the arginine biosynthetic path-
way were preferentially located in the embryo, where they presumably serve to 
supply arginine for incorporation into SPs that contain approximately 10 % arginine 
residues. In contrast, transcripts for L-asparaginase, involved in the conversion of 
asparagine to aspartate, and for glutamate decarboxylase, which converts glutamate 
to γ-aminobutyrate, were preferentially expressed in the integument. This supports 
a role of this maternal tissue in metabolizing glutamate and asparagine, the latter be-
ing delivered by the phloem, before translocation to the embryo. This finding may 
represent a major control point for embryo metabolism, γ-aminobutyrate regulating 
the carbon flux into the TCA cycle and aspartate being the precursor of methionine, 
threonine, and lysine. These results, along with those from Catusse et al. (2008), are 
indicative of a metabolic control of seed development through the partitioning of 
metabolic pathways between seed tissues and raise the question of the involvement 
of transport systems between the different tissues (see section Transport Processes).

20.4.2  The Case of Sulfur Metabolism Compartmentalized 
Between Seed Tissues

To manipulate complex metabolisms in seeds, it is necessary to unravel the tissue 
sites of biochemical pathways and understand the regulation underlying metabolic 
fluxes. Examining the partitioning of sulfur biosynthetic pathways across tissue 
compartments and their regulation is a major goal with a view to increase the con-
tent of sulfur amino acids in seeds. Sulfur is a constituent of the amino acids me-
thionine and cysteine, the latter controlling protein folding and/or activity through 
reversible disulfide bond formation. Furthermore, various compounds are derived 
from sulfur-containing amino acids, such as glutathione, S-adenosylmethionine eth-
ylene, and biotin; all of which are important for seed germination and/or seedling 
growth. In plants, sulfur is usually taken up by the roots as sulfate and distributed 
within the tissues in this form. The first enzyme of sulfate reduction (ATP-sulfury-
lase) catalyzes the formation of 5’-adenylyl sulfate (APS), which can be utilized 
in two pathways (Fig. 20.1). In the first pathway, APS is converted by the action 
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of APS kinase to 3’-phosphoadenylyl sulfate (PAPS), a sulfur donor for the sul-
fation of defence-related secondary metabolites (glucosinolates, phytoalexins, and 
sulfoflavonoids). In the second pathway, APS is reduced to provide sulfide ions for 
cysteine synthesis through two reactions catalyzed by adenosine 5’-phosphosulfate 
reductase and sulfite reductase, respectively.

In M. truncatula, transcripts for enzymes of sulfate reduction (ATP sulfurylase) 
and cysteine synthesis were detected in both the seed coat and the embryo at the on-
set of seed filling, illustrating the need for sulfate reduction and cysteine synthesis 
in the two tissues. Cysteine is utilized for protein synthesis, but is also the precursor 
of two pathways; one leads to the formation of glutathione and the other enables de 
novo synthesis of methionine. Based on transcriptomics data, the metabolic steps 
leading to the synthesis of glutathione from cysteine and that leading to the synthe-
sis of PAPS from APS seem to be preferentially active in the embryo-surrounding 
tissues at the onset of seed filling (Fig. 20.1). These findings, which are consistent 
with expression patterns of the homolog Arabidopsis genes (The Bio-Array Re-
source database; Toufighi et al. 2005), suggest that at 14 DAP, sulfate in the tis-
sues surrounding the dicot embryo is mainly incorporated into glutathione, a major 
antioxidant and defence-related secondary metabolites, whereas most of the sulfate 
entering the dicot embryo is utilized for the synthesis of cysteine. This compartmen-
talization of metabolic pathways may regulate the availability of sulfur-containing 
amino acids in embryo cells and protect it from intrinsic stress (i.e., desiccation, 
PCD), environmental changes, and pathogen ingress through the synthesis of de-
fence molecules in the surrounding tissues. This event could also apply to monocot 
seeds, since a gene encoding a probable GST, which protects cells against ROS 
by conjugating them to glutathione, was more than five-fold upregulated in the 
pericarp of barley grains compared to the embryo (Sreenivasulu et al. 2002) during 
early caryopsis development. Such antioxidant systems are also present in the en-
dosperm of cereals (Table 20.1), where they may play a protective role and/or allow 
the initiation of PCD that progresses as starch accumulates (Li et al. 2010).

The exploration of expression profiling data for the following enzymes of sulfur 
assimilation is indicative of methionine synthesis through distinct pathways in the 
seed tissues. Methionine synthase enzymes are present in the seed coat, endosperm, 
and the embryo during early stages of development (Gallardo et al. 2007), which 
parallel the observations made in barley at the transcriptome level (Sreenivasulu 
et al. 2002). Methionine synthase catalyses the last step of the de novo biosynthesis 
of methionine, but also regenerates methionine in the course of the S-methyl cycle 
leading to methylation of nucleic acids, proteins, lipids, and other metabolites using 
AdoMet as a methyl donor. The high level of transcripts for several methyl transfer-
ases in the M. truncatula embryo as compared to the other seed tissues is indicative 
of intensive AdoMet-dependent methylation reactions in the embryo at the onset 
of seed filling that may regenerate methionine for biosynthetic activities. In the 
seed coat, a gene encoding Hcy S-methyl transferase was preferentially expressed 
early during seed filling. This enzyme converts S-methylmethionine (SMM) to 
methionine, suggesting that the seed coat is metabolizing SMM, a transport and 
storage form of methionine unique to plants, coming from the phloem to provide 
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methionine for biosynthetic activities in the seed coat and/or for translocation to 
the embryo. The abundance of the seed coat and endosperm-located methionine 
synthase and AdoMet synthetase decreased during seed filling. These enzymes are 
fundamental in controlling the transition from a quiescent to a highly active meta-
bolic state during germination (Gallardo et al. 2002). Therefore, their disappearance 
at both transcript and protein levels during seed filling reflects a metabolic shift in 
these tissues from a highly active to a low active state as the embryo accumulates 
the storage compounds. In contrast, the observation that embryo-located S-adenosyl 
Hcy hydrolase and methionine synthase transcripts persist at the end of seed devel-
opment reflects a prolonged metabolic activity in the embryo and is consistent with 
the finding that both the de novo methionine biosynthetic pathway and the activated 
methyl cycle operate very early during seed germination. Such a metabolic shut-
down in the tissues surrounding the embryo has been inferred for other types of 
metabolism (Buitink et al. 2006; Hajduch et al. 2005). Further evidence for a reduc-
tion in metabolic activities in the endosperm during seed filling is the sharp decrease 
of glycolytic enzymes (e.g., phosphoglyce rate kinase, phosphoglyceromutase, and 
aldolase).

20.4.3  Proteolytic Activities in Maternal and Filial Tissues,  
and PCD

The nutrient contribution of maternal tissues to embryo development was illus-
trated by in vitro culture of seeds. Whereas intact seeds were able to initiate the 
accumulation of reserve proteins when developed in vitro without nitrogen, the iso-
lated embryos were not (Gallardo et al. 2006). Consistent with this observation, the 
embryo-surrounding tissues contain various proteases at the switch towards seed 
filling that may play a role in the mobilization of nitrogen for the embryo, a process 
that could be related to PCD events in these tissues (Table 20.1 and Fig. 20.2). In 
M. truncatula, some proteases are specific to the endosperm (aspartic protease and 
oligopeptidase A) or seed coat (20 S proteasome subunit and leucine aminopepti-
dase), and others are present in these two tissues (serine proteases of the subtilisin 
type). Their accumulation profiles suggest developmentally and spatially regulated 
proteolytic activities (Gallardo et al. 2007). An endosperm-localized subtilisin may 
have a function in the switch of the developmental program to seed filling as it 
was specifically detected in seeds at the transition stage between embryogenesis 
and storage compound synthesis. Conversely, a seed coat-associated subtilisin-like 
protein accumulated later during the seed-filling phase and could provide nitrogen 
for storage activities within the embryo. In monocot seeds, subtilisin-like serine 
protease transcripts were identified in the degenerating endosperm (Sreenivasulu 
et al. 2004) along with proteinase inhibitors (e.g., subtilisin-chymotryps in inhibitor 
protein; Finnie and Svensson 2003) that may fine-tune the regulation of protease 
activity to avoid degradation of protein reserves (Fig. 20.2). A transcriptome analy-
sis of developing barley seed tissues combined with the analysis of coexpressed 
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gene sets and the identification of cis-regulatory elements in ortholog rice gene 
promoter regions allowed building a regulatory model of PCD in the different seed 
tissues (Sreenivasulu et al. 2006). PCD seems to be under the hormonal control of 
both JA and ethylene via EREBP TFs in the maternal pericarp tissue that undergo a 
complete degeneration during late maturation. In the starchy filial tissue, whose cell 
structure remains intact while undergoing cell death, PCD apparently involves only 
the ethylene pathway, but employs distinct gene family members from those active 
in the pericarp, and a different set of proteases and TFs (Fig. 20.2). These stud-
ies underline the value of genome-wide transcriptome analysis of separated seed 
tissues for the elucidation of complex regulatory networks in specific cell types, 
although such regulatory models require experimental validation.

20.5  Regulation of Seed-Tissue Metabolic Specialization

20.5.1  Transport Processes

The uptake and availability of nutrients in the different seed compartments through-
out development both play important roles in the spatiotemporal regulation of 
metabolic pathways. The identification of proteins responsible for nutrient trans-
port within developing seeds and their fine characterization in term of localization 
and activity timing are necessary steps to decipher the control of tissue metabolic 
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Fig. 20.2  Seed-tissue partitioning of processes related to reserve accumulation and differentiation 
in dicot (a) and monocot (b) seeds. These data were taken from studies listed in Table 20.1 for 
dicot seeds, accumulating high amount of proteins in the embryo during seed filling, and for cereal 
grains whose major reserves (starch) are stored in the endosperm. Abbreviations: AA amino acids, 
ABA abscisic acid, ATP adenosine triphosphate, GSH glutathione, O2 oxygen, PCD programmed 
cell death, S sulfur and SO2−
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specialization. Affymetrix Gene Chip and LCM technologies have been combined to 
profile the mRNA sets present in different seed regions and compartments through-
out development in soybean and Arabidopsis (Harada-Goldberg Arabidopsis LCM 
Gene Chip Data Set, GEO accession series GSE12404; Le et al. 2010). Transcript 
levels were quantified in 40 and 31 seed compartments from preglobular—to early 
maturation-stage seeds in soybean and Arabidopsis, respectively, and a transcrip-
tomics web-based database (http://seedgenenetwork.net/) was built. Such databases 
constitute a precious tool for identifying candidate transporters that could play a 
role in specific seed tissues (without a priori approach). Also, the databases allow 
the exploration of gene expression in seed compartments for any gene of interest, 
thus providing seed-specific functional information.

Here, we illustrate the utility of these data in the characterization of transport 
processes occurring in developing seeds by providing the example of sulfur assimi-
lation and sulfate transporters in Arabidopsis. As reported in a previous section, the 
seed tissues accommodate distinct pathways for sulfur assimilation. Sulfation and 
glutathione pathways are both related to defence mechanisms and preferentially 
occur in the seed coat, whereas cysteine is synthesized in the three seed tissues 
(Figs. 20.1 and 20.2). This compartmentalization implies an active exchange of 
sulfate between the seed compartments. Sulfate is delivered to plant tissues and 
cell compartments by specific sulfate transporters (SULTR), which are encoded by 
large gene families constituted by 12 members in Arabidopsis. Five of the 12 genes 
are strongly expressed in developing seeds (http://seedgenenetwork.net/, Le et al. 
2010). Sultr3;4 is preferentially expressed in suspensor cells and in the endosperm, 
whereas Sultr2;1, Sultr3;1 Sultr4;1, and Sultr4;2 are preferentially expressed in the 
seed coat. The further comparison of their sites and timing of expression with genes 
for sulfate assimilation pathways indicates three of these transporters may provide 
sulfate for specific assimilation pathways. Genes encoding SULTR4;1, SULTR4;2, 
and SULTR2;1 are co-expressed (correlation coefficient above 0.5 p < 0.02) with 
genes encoding enzymes of glutathione synthesis, glutathione synthase 1 & 2, and 
with adenylyl sulfate kinase, that catalyses the synthesis of PAPS involved in the 
sulfation pathway. This spatiotemporal co-expression suggests a role of these trans-
porters in providing sulfur for sulfation pathway and glutathione synthesis in the 
seed coat.

As transcript level does not necessarily reflect protein level and activity, further 
studies are needed to demonstrate the function of such transporters, generally includ-
ing the analysis of knock-out and/or over-expressing mutants. Recently, such stud-
ies allowed the functional characterization of several sulfate transporters involved 
in seed development (Fig. 20.1a). First, the group 3 plasmalemma-predicted sulfate 
transporters (SULTR3) were shown to have a role in sulfate translocation between 
seed compartments (Zuber et al. 2010a). SULTR3;1, SULTR3;2, and SULTR3;3 
may be involved in providing sulfur for cysteine synthesis, whereas SULTR3;5 may 
rather furnish sulfur for protein maturation processes (Fig. 20.2). Second, an RNAi 
mutant for the Sultr2;1 gene was reported to have a decreased seed glutathione con-
tent, supporting a role of SULTR2;1 in providing sulfur for glutathione synthesis in 
the seed coat (Awazuhara et al. 2005). Finally, the tonoplast transporter SULTR4;1 

20 Metabolic Specialization of Maternal and Filial Tissues
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may be important in maintaining redox homeostasis presumably through the deliv-
ery of sulfate into the cytosol for the synthesis of thiol-containing molecules, such 
as glutathione (Zuber et al. 2010b).

The combination of mutant analysis with omics approaches (e.g., transcrip-
tomics, proteomics, metabolomics, and fluxomics) allowed the identification of 
various other transporters in developing seeds as depicted in Fig. 20.1b, control-
ling phloem loading processes (nitrate transporter NRT1.6, amino acid transporter 
AAP1, and oligopeptide transporter OPT3), the translocation of nutrients from ma-
ternal tissues to the endosperm and/or embryo (sucrose transporter SUC5, amino 
acid transporter AAP2, and oligopeptide transporter OPT3), or facilitation of their 
entry into the vacuole (vacuolar iron and transparent testa transporters VIT1 and 
TT12). A road map for zinc trafficking from the phloem to the storage sites in the 
developing grain was elegantly built by Tauris et al. (2009), based on expression 
profiling data of zinc transporters and chelating agents in four different tissue types 
(transfer cells, aleurone layer, endosperm, and embryo) isolated by LCM.

Although significant advances were made towards elucidating the transportome 
of seed tissues, several transporter classes remain to be identified or functionally 
studied in seeds (e.g., Ca or Mn transporters). Innovations, such as Synchrotron 
X-ray fluorescence (SXRF), provide powerful new tools for the investigation of 
seed transport processes. The SXRF technique detects the abundance of various 
elements, including Zn, Fe, Mn, Cu, Co and Ca, with a high spatial resolution and 
detection sensitivity and has the major advantage of not requiring sample pretreat-
ment, allowing the collection of in vivo data (Punshon et al. 2009). SXRF has been 
previously used to analyze dry mature Arabidopsis seeds and generated crucial in-
formation on metal localization and on the function of the tonoplastic Fe transporter 
VIT1 in seeds (Fig. 20.1b; Kim et al. 2006).

20.5.2  Transcriptional Regulation

Transcriptional regulation is an important determinant of cell-type specificity, and 
not unexpectedly, a number of TFs specifically expressed in the seed or its compo-
nent tissues have been characterized. We have summarized in Table 20.2 currently 
available transcriptomics data on TF mRNAs found exclusively or preferentially in 
seed tissues. In most cases, TF mRNA expression was identified using microarrays 
or high-throughput quantitative RT-PCR (Verdier et al. 2008). Localization of TF 
gene expression in specific seed tissues has been refined by new technologies, such 
as LCM, coupled with amplification of low amounts of RNA before hybridization 
(Day et al. 2008) and, in certain cases, also confirmed with reporter gene activity 
(Le et al. 2010). 

In many cases, particularly for non-model species, the functions of the TF se-
quences identified by post-genomics approaches have not yet been defined by 
mutant analysis. However, from tissue-specific localization and seed developmen-
tal stage-specific expression a role can often be inferred. Most of the TF families 

H. Zuber et al.
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described in Table 20.2 are implicated in seed tissue specialization: embryo matura-
tion, storage protein accumulation, differentiation in cotyledon development, and 
seed size regulation. Some TF classes were associated to particular seed tissues, 
including DOF family gene members, which were predominantly expressed in the 
embryo surrounding tissues, mainly in the endosperm. DOF TFs participate in the 
regulation of many processes exclusive to plants. In cereal grains, they activate SP 
gene expression within the endosperm (Mena et al. 1998). Many of these factors act 
collectively to regulate gene expression. For example, in wheat, TaGAmyb TF is 
implicated in endosperm and embryo grain filling, but requires an interaction with 
a BPBF (prolamine-box binding factors) TF of the DOF class (Diaz et al. 2002) to 
activate endosperm-specific genes. As a second example, the type I MADS-box 
TF PHERES1 (PHE1) interacts with AGL (AGAMOUS-LIKE) 28, AGL40, and 
AGL62, whose genes are all co-expressed with PHE1 in the embryo, highlighting 
their involvement in the same developmental process (De Folter et al. 2005).

Putative orthologs of TFs listed in Table 20.2, where better characterized in 
a model species, may give an insight into the putative function. An example of 
this type of ‘translational genomics’ approach would be the identification of B3 
(AC149131) found in Medicago as a putative ortholog of FUS3, a determinant 
of cotyledon identity and regulator of gene expression during late embryogenesis 
in Arabidopsis (Meinke et al. 1994). Putative orthologs may also exist between 
monocots and dicots; for example, bHLH3 (maize) being a putative ortholog of 
SPATULA (SPT-Arabidopsis). SPT is a member of the phytochrome interacting 
factor (PIF) subfamily of bHLH TFs required to maintain gene repression in dor-
mant seeds of Arabidopsis and mediates the germination response to temperature 
(Penfield et al. 2005).

It is also important to note that a TF may exert an effect in a tissue other than 
that in which it is expressed either by migration of the TF protein or via a diffusible 
signal produced by target genes. An example is the action of the protoderm-derived 
FUSCA3 TF on the Arabidopsis embryo (Tsuchiya et al. 2004). Although the roles 
of most regulatory genes identified by these global approaches are not well un-
derstood, genomics data should facilitate the identification of regulatory networks 
underlying seed development and compartmentalization, the hierarchy and precise 
roles of cell type-specific TFs being important components.

20.5.3  Oxygen Availability and Energy State

The specialization of each tissue may be controlled by the tissue-specific genetic 
programs of either maternal (seed coat) or zygotic (embryo) origin, but it can also 
be controlled by the energy and oxygen status of the different tissues. Due to its 
location in legume seeds, the embryo initially develops in an environment of low 
light and oxygen availability, which may affect ATP production and biosynthetic 
activities. The embryos of some seeds become photosynthetically active, provid-
ing oxygen and ATP, and thus controlling biosynthetic fluxes during development 
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(Rolletschek et al. 2005; Fig. 20.2). This could be a prerequisite for the initiation of 
seed filling, dominated by protein and/or lipid synthesis in the embryo of legume 
seeds. In cereal grains, Rolletschek et al. (2004) established temporal and spatial 
maps of oxygen and ATP distribution and, related them to the differentiation of seed 
tissues. This study revealed that growing lateral and peripheral regions of the filial 
starchy endosperm remained well supplied with oxygen due to pericarp photosyn-
thesis. They found high ATP levels and storage activities in regions with favourable 
oxygen supply, leading to propose a model for the regulation of starch accumulation 
in barley grains. In this model, sugars are supplied from the maternal vein and flow 
through the nucellar projection and transfer cells towards the peripheral regions of 
the endosperm. Thus, the median zone of endosperm becomes favourably supplied 
with both sugar and oxygen, allowing high ATP generation and storage activities 
(Fig. 20.2). Accordingly, several ATP-synthase isoforms, which play a central role 
in energy production, were detected at the transcript or protein levels in the endo-
sperm of cereals at the beginning of the storage phase (Balmer et al. 2006; Sreeniva-
sulu et al. 2004). These data suggest a regulatory role of energy status on storage 
activity in seeds, which is driven by oxygen availability in the endosperm of cereal 
grains and by photosynthesis in the embryo of legume seeds.

20.6  Concluding Remarks

The comprehensive omics studies from separated seed tissues have significantly 
increased our understanding of the molecular and physiological processes taking 
place in specific cell types and the way they interact to make the seed. The main 
task for the future is the reliable and automated acquisition and assembly of such 
high-throughput data into plant metabolic models. Computational modelling, based 
on a mathematical description of a metabolic network, could be employed to exploit 
large-scale data sets in the emerging field of systems biology. Significant progress 
in the area of systems biology has been achieved for humans, where a computational 
method was developed that uses a variety of different tissue-specific molecular data 
sources, including literature-based knowledge, transcriptomics, proteomics, me-
tabolomics, and phenotypic data to reconstruct functional metabolic network mod-
els of various tissues (Jerby et al. 2010). Such models can then be used to predict 
the metabolic state of a tissue under various genetic and physiological conditions 
without requiring additional context-specific molecular data. The first advances in 
this area are emerging in plants. A stoichiometric model of primary metabolism 
in developing endosperm of barley during starch accumulation was developed by 
FBA, a predictive computational approach exploiting biochemical, physiological, 
proteomics and genomics data (Grafahrend-Belau et al. 2009). This model can be 
used to investigate the metabolic ability of the endosperm to synthesize starch in 
response to genetic or environmental perturbations. In plants, a real challenge for 
the future is the integration of large-scale omics data derived from different tissues 
to undertake a computational reconstruction of tissue-specific metabolic models.
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Abstract The ever increasing human population always needs more healthy and 
nutritious food, produced in environmentally sustainable ways. Marker-aided 
breeding significantly contributes towards this priority goal. Molecular markers are 
mainly identifiable DNA sequences present in the genome and follow the Mende-
lian inheritance. In present time, a broad range of molecular markers are available 
for various crops. Advances in crop genome sequencing, high resolution genetic 
mapping, and precise phenotyping largely help the discovery of functional alleles 
and allelic variation associated with traits of interest for plant breeding. This chap-
ter provides a brief overview on DNA markers and their use in crop breeding with 
examples in rice (as the model for inbreeding species) and maize (as an out-crossing 
species). Molecular marker-aided breeding undoubtedly speeds the conventional 
breeding process and makes crop improvement more precise. Availability of physi-
cal maps, genomes sequences, and high-throughput technologies will also facilitate 
in developing new molecular breeding approaches in this twenty-first century.

Keywords Crop improvement · DNA markers · Maize · Modern day agriculture · 
Molecular breeding · Rice

21.1  Introduction

Advances in molecular and biological technologies have been revolutionized crop 
genetic enhancement and preceded ‘Green Gene Revolution’. About 2 decades ago, 
the potential uses of DNA markers for gene tagging and marker-aided breeding 
were envisaged by several researchers (Xu and Crouch 2008). DNA markers: (i) 
provide reliable estimates of genetic diversity; (ii) improve screening efficiency for 
many traits through their linkage with alleles with small and large effects; and (iii) 
increase our understanding of biology and architecture of quantitative traits at the 
genome level. Marker-aided breeding mainly depends on using specific DNA se-
quences (mainly physically located within or nearby genes of interest) to select de-
sired alleles, such as host plant resistance, quality, or yield. Significant progress has 
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been made in understanding complex quantitative traits and their genetics in this 
genomics age (Walsh 2001). DNA marker maps are facilitating the use of marker-
aided breeding in modern day agriculture, because many markers of known location 
are interspersed at relative short intervals throughout the genome. Subsequent as-
sociation analysis allows linking marker types to traits of interest.

Genomics research continues to provide new DNA markers for aided-breeding. 
It can suggest candidate genes for target traits and may also help to enhance selec-
tion responses by selecting directly on genotypes. Several molecular markers are 
noted in individuals from different environments in population genomics (Stinch-
combe and Hoekstra 2008). Population genomics helps to identify genes underlying 
ecologically important traits and to describe the fitness consequences of naturally 
occurring variation at these loci. Likewise, omics technologies are unraveling regu-
latory networks, which integrate pathways from gene to function (Keurentjes et al. 
2008). Advances in genome sequencing and omics technologies will result in added 
cost effective DNA marker tools, bioinformatics, and new genetic resources.

DNA markers are used as landmarks for finding the chromosome segments bear-
ing target gene(s) and to facilitate thereby their selection and further utilization. 
These markers are very useful for incorporating genes affected by the environments 
or to pyramid genes for host plant resistance to pathogens and pests. DNA marker-
aided breeding methods are also used for improving simple inherited as well as 
quantitative traits in both public and private sectors (Cooper et al. 2004; Dwivedi 
et al. 2007). The use of DNA markers in crop breeding requires polymorphism in 
target population(s), markers linked to traits of interest, precise phenotyping, low 
cost, and high-throughput genotyping systems.

DNA marker-aided breeding approaches are less controversial than transgenic 
crops and are also being advocated for organic agriculture (van Bueren et al. 2010). 
They also provide insights about the gene pool of breeding material, means for 
enhancing the introgression of host plant resistance genes from wild relatives, and 
testing gene pyramiding, which are important targets in crop improvement. This 
chapter provides an overview on DNA marker-aided breeding and its applications 
in model cereal crops rice and maize to improve inbreeding and out-crossing crops.

21.2  DNA Markers in Plant Breeding

Molecular markers are descriptors that offer dependable and reproducible results for 
characterizing specific genotypes; i.e., the environment and genotype-by-environ-
ment interaction should not affect them. DNA markers have been developed rapidly 
over the two decades and now can be authentically used for delivering genetically 
enhanced populations or new genotypes with higher yield, quality, and input-use 
efficiency in a timely and cost-effective manner. Amplified fragment length poly-
morphism (AFLP), inter-simple sequence repeat (ISSR), sequence-characterized 
amplified region (SCAR), sequence tag site (STS), cleaved amplified polymor-
phic sequence (CAPS), microsatellites or simple sequence repeat (SSR), expressed 
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sequenced tag (EST), single nucleotide polymorphism (SNP), and diversity arrays 
technology (DArTTM) are some of the current DNA markers, which have been used 
for molecular breeding in crops (Semagn et al. 2006a,b). As these techniques differ 
in their principles, protocols, and applications, a careful consideration is required 
before choosing any of them for routine use in crop genetic enhancement.

SNPs are evenly distributed across the genome. Unlike gel-based markers, the 
SNPs assay system can be more easily automated. Recently, SNP markers have 
been exploited for developing a high-throughput genotyping system (Lu et al. 
2009). The developed SNP chip system is a powerful tool for large-scale diversity 
analysis, gene mapping, or evaluation of maize germplasm, and is likely to drive the 
maize breeding programs (Ortiz et al. 2010, and references therein). Genome-wide 
association mapping is expected to become available in near future due to a rapid 
increase in publically available SNP markers. Such a genetic approach coupled with 
selective genotyping is most likely to accelerate the process discovering functional 
allelic variation-associated with agronomic traits of interest.

Some DNA marker systems, often used in plants (e.g., SSRs and SNPs), are 
mainly depend on specific sequence information, which could result in high cost 
per data point and may significantly limit the ability of breeding programs to obtain 
a high return to investment. Such a shortcoming may also preclude their routine use 
as marker-aided breeding. Microarray-based genotyping techniques offer the high-
est throughput among the other available techniques, and with their proper setup 
and software, should allow handling/processing hundreds to thousands of individu-
al samples in a cost effective and short time period (Gupta et al. 2008). DArT is one 
of the recently developed dominant DNA marker techniques that was used in some 
crop and other plants, including barley (Wenzl et al. 2004), sorghum (Mace et al. 
2008), rice (Jaccoud et al. 2001; Reinke 2006), wheat (Akbari et al. 2006; Crossa 
et al. 2007), banana (Risterucci et al. 2009; Hippolyte et al. 2010), and cassava (Xia 
et al. 2005). DArT is a microarray hybridization-based technique, which enables si-
multaneous genotyping of several hundred loci spread over the genome. This tech-
nique can detect polymorphism simultaneously at numerous genomic loci without 
prior sequence information, thereby making it an important marker tool for a quick, 
powerful (high resolution), and low-cost assessment of the large germplasm col-
lections, breeding populations, quantitative trait loci (QTL) tagging, genome back-
ground screening, simultaneous marker-assisted selection (MAS) at several loci, or 
accelerated introgression of selected genomic regions.

Adequate germplasm diversity is a prerequisite for the success of a breeding 
program. But as advanced populations and elite stocks are bred, this diversity may 
suffer and reach a point of diminishing returns. Hence, new diversity needs to be 
incorporated into breeding materials. As the genome sequences are becoming avail-
able for increasing number of crop plants, it will be theoretically possible to test 
relationship between molecular polymorphism and phenotypes for every gene using 
forward and reverse genetics. Reverse genetics starts from the sequence informa-
tion and tries to find the corresponding function. Targeting-induced local lesions 
in genomes (TILLING) is one of the reverse genetics tools that provides valuable 
information about new traits in crops (McCallum et al. 2000). TILLING searches 
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the genomes of mutagenized organisms for mutations in a chosen gene (typically a 
single base-pair substitution), thereby extending the old practice of using existing 
variation for functional genetic discovery (Comai and Henikoff 2006).

The targeted use of landraces and wild species held in gene banks can be fa-
cilitated by integrating the whole-genome mapping approaches and DNA-mark-
er analyses along with cloning of QTL and natural polymorphism. An extension 
of TILLING is EcoTILLING, which allows natural alleles at a locus to be char-
acterized across many germplasm accessions, enabling both SNP discovery and 
haplotyping at these loci (Comai et al. 2004). EcoTILLING is therefore another 
high-throughput, low-cost reverse genetics technique for rapid discovery of natural 
nucleotide diversity in the natural populations. EcoTILLING screens the lines with 
desired allele (e.g., SNP discovery and genotyping) to select parents for crossing 
and further use of their offspring in MAS. Similarly, a gene-centered approach, 
named mutant-assisted gene identification and characterization (or MAGIC), has 
been advocated as an effective tool for exploring novel variation and is a valuable 
approach to harness natural diversity and define genetic networks in crops, such 
as maize (Johal et al. 2008). MAGIC uses the Mendelian mutants or other genetic 
variants in a trait of interest as reporters to identify novel genes and variants created 
and refined by nature over millions of years of evolution.

21.3  Genetic Maps, Association Genetics, and QTL

Molecular markers and genetic maps are now available for most of the important 
food crops. The regions within genomes that contain genes associated with a par-
ticular quantitative trait are known as QTL (Collard et al. 2005). They can be better 
understood as major genes having pleiotropic effects on other traits, or being dif-
ferent from major genes because alleles at QTL are constrained to have only small 
effects on the phenotypic character, to be modifiers of the expression of major loci, 
or have alleles with a range of effects. The alleles with large effects cause recogni-
tion of the locus as a gene with major effects, and segregation of alleles with small 
effects gives rise to quantitative variations. Main-effect and epistatic QTL are there-
fore recognized as the major types, and their effects, which affect specific pheno-
types, may vary considerably (Angaji 2009). Main-effect QTL are defined as single 
Mendelian factors at which effects (additive or dominance) on a given phenotype 
arise from allelic substitution and are detected by marker-trait associations using 
single-factor analysis of variance or interval mapping. Epistatic QTL are those af-
fecting traits determined by interactions between alleles of at least two loci and are 
detected by associations between trait values and multi-locus marker genotypes us-
ing epistatic models. QTL models considering the response of complex phenotypes 
under stressed environments can improve the understanding of the genetic causes 
underlying various stress tolerances.

DNA markers could be used to tag QTL to evaluate their contributions to the 
phenotypes by selecting favorable alleles at these loci in a marker-aided selection 
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scheme, aiming to accelerate the selection of target traits and genetic advancement. 
Marker-trait associations have been established for a diverse array of traits in crops, 
and research on marker/QTL validation and refinement is increasingly common 
(Dwivedi et al. 2007). Simulation research suggests that the allocation of experi-
mental resources has a crucial effect on power of QTL detection as well as on ac-
curacy and precision of QTL estimates (Schön et al. 2004; Stich et al. 2010; Wang 
et al. 2007b). For example, large mapping populations led to both low probability 
of a false discovery rate (FDR) for a QTL and increased power, which could lead 
to large MAS responses (Bernardo 2004). A putative QTL, ensuing from mapping 
research, should be reported as a true QTL if it was found using a stringent sig-
nificance level (e.g., α ≅ 0.0001). As noted by Malosetti et al. (2008), multitrait and 
multienvironment QTL mixed models help to identify genome regions responsible 
for genetic correlations, whether caused by pleiotropy or genetic linkage, and can 
also show how genetic correlations depend on the environmental conditions. Fol-
lowing their approach, they were able to find 36 QTL affecting grain yield, anthesis-
silking interval, male flowering, ear number, and plant height in maize. Selective 
genotyping and pooled DNA analysis using materials from the two tails of the phe-
notypic distribution of a population also provide an effective alternative to analysis 
of the entire population for genetic mapping of QTL with relatively small effects, as 
well as linked and interacting QTL (Xu et al. 2009b). In theory, one 384-well plate 
that includes diverse germplasm (e.g., cultivars, landraces, recombinant inbreds, 
doubled haploids, introgression lines and mutants) should be able to cover almost 
all major genes or QTL controlling agronomic traits in a crop species. For example, 
Xu et al. (2009a) assembled and genotyped 1,600 maize plants and lines using a 
1,536 SNP chip, which allowed testing the feasibility of this one-step simultaneous 
marker-trait association analysis for a large number of agronomic traits.

Candidate gene-based mapping, genome-wide linkage disequilibrium (LD), and 
association analyses are routinely used in addition to classical QTL mapping to 
identify markers, broadly applicable to breeding programs (Sorkheh et al. 2008; 
Sneller et al. 2009). In contrast to linkage mapping, LD mapping relies on surveys of 
natural variations. Association mapping involves searching for genotype-phenotype 
correlations in unrelated individuals and often is more rapid and cost-effective than 
traditional linkage mapping (Myles et al. 2009). Valid association analysis can be 
done with appropriate statistical methods in plant breeding populations. The most 
significant marker may not be however closest to the functional gene (Breseghello 
and Sorrels 2006). Nonetheless, LD mapping offers greater precision in QTL loca-
tion than family-based linkage analysis, and therefore, it leads to more efficient MAS 
and facilitate new gene discovery, as well as, assist effectively to connect sequence 
diversity with heritable phenotypic differences (Mackay and Powell 2007). The LD 
is determined by their physical distance across chromosomes and has proven to be 
useful for dissecting complex traits because it offers a fine scale-mapping due to 
historical recombination. For example, Crossa et al. (2007) used DArT markers to 
find associations with resistance to stem rust, leaf rust, yellow rust, and powdery 
mildew, plus grain yield in five historical wheat international multi-environment tri-
als. Similarly, associations between AFLP markers and complex quantitative traits 
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were investigated in Nordic two-row spring barley cultivars by Kraakman et al. 
(2004). Many of the associated markers were located in regions where earlier QTL 
were found for yield and yield components. These results indicate that association 
mapping approaches can be a viable method for mapping complex QTL, which 
often needs costly measurements.

Many breeding populations used in association mapping studies could have 
unknown pedigree, which may lead to an excess of spurious results. Care must 
be therefore taken during association analyses to control for the increased rate of 
false positive results arising from population structure and various interrelation-
ships (Mackay and Powell 2007). Statistical methods that account for population 
structure and familial relatedness are available. The genetic structure of an associa-
tion mapping panel can be also estimated by genome-wide background markers. It 
can be further accounted for in association analysis. In this regard, Yu et al. (2009) 
indicated that kinship construction with subsets of the whole marker panel and sub-
sequent model testing with multiple phenotypic traits provides ad hoc information 
on whether the number of markers is sufficient to quantify genetic relationships 
among individuals.

21.4  Marker-Aided Breeding

Conventional plant breeding (from selecting parents for crossing to releasing new 
cultivars) can take about 1.5–2 decades. Hence, any shortcuts, which do not penal-
ize the science behind the plant breeding, are always welcomed by the agriculturists 
or more specifically by plant breeders. DNA markers, tightly linked to agronomi-
cally important genes, are used as molecular tags for MAS, which involves using 
the presence or absence of a marker as a substitute for, or to assist in phenotypic se-
lection (Collard et al. 2005). Therefore, MAS approaches need to be more efficient, 
reliable, and cost effective than the conventional plant breeding approaches. The 
cost effectiveness of MAS needs to be considered on a case by case basis (Dreher 
et al. 2003), because its costs depend on the inheritance of the trait, the method of 
phenotypic screening or trait recording, testing environment(s), time used, and la-
bor costs. DNA markers are also used for genotyping relatively few samples in fore-
ground selection or for background selection. Foreground selection is the precise 
transfer of genomic regions of interest, whereas background selection accelerates 
the recovery of the genomic constitution of the recurrent parent (Gupta et al. 2010). 
The MAS has been more widely employed for simply inherited than multigenic 
traits, although it can be also used for quantitative traits with low heritability or 
difficulties to score, and to combine multiple traits. Babu et al. (2004) suggest that 
MAS feasibility depends on the number of target genes to be transferred, the dis-
tance between the flanking markers and the target gene(s), the number of genotypes 
selected in each breeding generation, the nature of germplasm, and the technical 
options available at the marker level. There are various examples of commercial 
breeding programs, which use the MAS technique in product development and as 
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a tool in breeding schemes for cereals, legumes, oilseeds, vegetables, ornamentals, 
and tree crops. The levels of efficiency in selecting the trait at early generations and 
their characterization at later generations are the most important tangible deliver-
ables of MAS-based techniques.

Marker-assisted backcrossing (MABC) has been frequently cited as a milestone 
for the use of DNA markers as indirect selection tools in cereal, legume and veg-
etable breeding programs (Collard and Mackill 2008; Gupta et al. 2010). MABC 
of single trait seems to be the most powerful approach that uses DNA markers ef-
fectively (Semagn et al. 2006a,b). Frisch and Melchinger (2001) indicated that in 
MABC for simultaneously introgressing two genes the least number of marker data 
points may be needed in breeding programs with three backcross generations. This 
MABC approach uses three or four selection steps on the basis of presence of the 
target genes and selection indices.

Advanced backcross QTL (AB-QTL) and mapping as you go (MAYG) are an-
other two marker-aided breeding approaches in which QTL are initially detected in 
the segregating breeding population and thereafter used in MAS; i.e., the QTL do 
not require validation. Positive alleles from a donor parent, often from unadapted 
germplasm or wild species, are found to be tagged and rapidly transferred into elite 
cultivars through AB-QTL (Tanksley and Nelson 1996), as shown in tomato (Fulton 
et al. 2000; Bernacchi et al. 1998a,b) and rice (Moncada et al. 2001; Thomson et al. 
2003) breeding. MAYG continually revises the estimates of QTL allele effects by 
remapping the new elite germplasm generated over selection cycles, and thereby, 
ensures that the QTL estimates remain relevant to the targeted breeding population 
(Podlich et al. 2004). In this second approach, QTL alleles for complex traits may 
vary in values as the breeding material changes during the selection process. There-
fore, the DNA markers associated with newly detected QTL replace the previous 
ones that were lost during the breeding process.

There are several successful examples of marker-assisted gene pyramiding (i.e., 
combining into a single genotype, a series of target genes identified in distinct par-
ents) in cotton, grain crops and vegetables (Gupta et al. 2010; Ye and Smith 2010). 
They include pyramiding major genes for host plant resistance to pathogens and 
pests, as well as QTL for host plant resistance, plant height, root traits, quality, and 
yield components. The best gene pyramiding method corresponds to an optimal suc-
cession of crosses over several generations (Servin et al. 2004). Individuals can be 
selected and mated according to their genotype using the pyramiding method. The 
best scheme combines eight target genes in three generations less than the reference 
genotype selection method with random mating, while requiring fewer genotyp-
ings. Wang et al. (2007a) used population genetic theory and QU-GENE (a breeding 
simulation platform) to assess various population sizes and marker assay numbers 
for gene pyramiding in wheat. They found that the minimum required population 
size could be greatly reduced by enriching the frequency of desirable alleles in the 
F2 generation of single-cross and in the F1 generation of backcross and top cross (or 
three-way cross)populations, whereas for a top cross of three adapted lines from an 
existing breeding program the population size was minimized with a three-stage 
selection strategy in the F1 generation of the top cross, the F2 generation of the 
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top cross, and doubled haploid derived-lines. Ye and Smith (2010) provide some 
guidelines for designing an efficient marker-based gene pyramiding strategy. They 
suggest that the parents with fewer target genes should enter early in the breeding 
schedule, to first do crosses causing strong repulsion linkage, consider more crosses 
per generation, and to backcross before assembling more genes.

Breeding of out-crossing crops considers population improvement, inbred de-
velopment, and hybrid releases. Marker-assisted recurrent selection (MARS) has 
been used for improving grain yield by the maize private seed sector (Crosbie et al. 
2006). In MARS, one cycle of MAS (based on phenotypic data and marker scores) 
is initially applied in an F2 population, followed by three cycles of selection based 
on marker scores only. Such population improvement scheme leads to increased 
grain yield in the performance of the derived parental lines of new hybrids. Ber-
nardo and Charcosset (2006) indicated that it was advantageous for MARS to ex-
ploit only the QTL with large effects and ignore those with small effects, even if 
the locations of all QTL were known. Likewise, they concluded that known QTL in 
MARS are most beneficial for traits controlled by a moderately large number (e.g., 
40) of QTL.

Modern day genomics research provides knowledge and tools that definitely in-
creases the efficiency and precision of marker-aided breeding in crops (Varshney 
et al. 2005). Genomic selection (GES) has been recently proposed to overcome 
the nature of bi-parental mating designs for QTL detection as well as some of the 
used statistical methods that are ill-suited to the traits’ multigenic nature (Heffner 
et al. 2009 and references therein). GES predicts the breeding values of lines in 
a population by analyzing their phenotypes and high-density marker scores, and 
incorporates all marker information in the prediction model, thereby avoiding bi-
ased marker effect estimates and capturing more of the variation due to small-effect 
QTL. GES, in theory, should significantly speed up the breeding cycles as well 
as enhance genetic gains per unit time, and will change the role of phenotyping, 
which, in this marker-aided breeding approach, would serve to update prediction 
models rather than for selecting breeding materials. Wong and Bernardo (2008), 
using simulation research, showed that GES is superior to MARS and phenotypic 
selection in terms of gain per unit cost and time for a long generation crop such as 
oil palm, which requires approximately 19 years per breeding cycle. They also rec-
ommend using GES for other perennial crops with long generation intervals, high 
costs of maintaining breeding plantations, and small population sizes for selection. 
Likewise, Bernardo (2009) suggests that genome-wide selection could facilitate the 
introgression of exotic germplasm in maize. His simulation results indicated that 
seven to eight cycles of genome-wide selection starting in the F2 generation rather 
than in a backcross population will be a useful strategy for the rapid improvement 
of an adapted × exotic cross.

An accurate prediction of genetic values of new breeding materials, whose pheno-
types are yet to be observed, are needed to attain rapid selection progress for reducing 
phenotyping costs. In this regard, Gianola and van Kaam (2008) advocate making 
use of phenotypic and genomic data simultaneously. Very recent research by Crossa 
et al. (2010) shows that that models including DNA marker information had higher 
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predictive ability than pedigree-based models in maize and wheat breeding popula-
tions. Gains in predictive ability due to inclusion of DNA markers ranged from 7.7 
to 35.7 % in wheat, whereas correlations between observed and predictive values 
achieved up to 0.79 in maize. A Bayesian approach to analyze complex can help plant 
geneticists and breeders in exploiting DNA marker and phenotypic data on pedigreed 
populations as available from ongoing breeding programs (Bink et al. 2008). Pérez 
et al. (2010) suggest using the Bayesian linear regression package in R statistical soft-
ware for genomic-enabled selection, which often involves analyzing large amounts of 
phenotypic and molecular marker data and requires specialized computer programs.

21.5  Progress of Marker-Aided Breeding in Maize and Rice

As noted in previous sections, several DNA marker systems are available for aid-
ed-breeding in various crops. In the first decade of this millennium, there was a 
substantial uptake of MAS methods in the private seed sector for maize breeding 
(Eathington et al. 2007),whereas MAS uptake was slower for breeding barley and 
wheat, which could reflect the crop breeding system and cultivar types in the de-
veloped world’s agriculture: out-crossing and mostly F1 hybrids for the former and 
inbreeding and pure lines for the last two crops. Although rice is a self-pollinating 
cereal, there has been an increase use of marker-aided breeding in public and private 
sectors because of the use of F1 hybrids in Asia.

Maize genomics is well advanced, but heavily focused on temperate germplasm 
rather than on the substantially more diverse tropical maize germplasm that includes 
landraces and other several cultivar types. Diversity analysis at genetic, molecular, 
and functional levels is therefore important to boost translational genomics from 
temperate to tropical maize. Advances in a number of techniques are accelerating 
the discovery of functional alleles- and allelic variation-associated with traits of 
interest in maize breeding, including linkage- and association-based mapping, ge-
nome sequencing (Schnable et al. 2009; Vielle-Calzada et al. 2009), genome-wide 
transcript profiling (Swanson et al. 2009), haplotype map (Gore et al. 2009), com-
prehensive association genetics research using methods such as nested association 
mapping (Buckler et al. 2009; McMullen et al. 2009), seed DNA-based genotyp-
ing systems (Gao et al. 2008), and precise phenotyping. For example, Harjes et al. 
(2008) showed that variation at the Lycopene epsilon cyclase ( lcyE) locus alters flux 
down α-carotene versus β-carotene branches of the carotenoid pathway using asso-
ciation analysis, linkage mapping, expression analysis, and mutagenesis. Four natu-
ral lcyE polymorphisms accounted for 58 % of the variation in these two branches 
and a three-fold difference in pro-vitamin A compounds. MAS for favorable lcyE 
alleles will therefore assist plant breeders for developing maize germplasm with 
high level of pro-vitamin A in their grains.

Marker-aided breeding has been used in maize for improving grain yield and 
quality, abiotic stress tolerance, and host plant resistance to pathogens and pests. 
For example, MABC has been used for rapid conversion of maize lines to quality 
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protein maize (QPM) germplasm in Africa (Danson et al. 2006) and South Asia 
(Babu et al. 2005). This DNA-aided breeding approach reduces genetic drag and 
time for a line conversion program, and proved valuable for the rapid development 
of specialty maize germplasm. Following this MABC approach, an early maturing, 
high-yielding QPM hybrid with 30 % higher lysine and 40 % more tryptophan than 
the original hybrid was released in India (Gupta et al. 2009).

Private maize breeding programs have reported larger rates of genetic gain with 
MARS (Crosbie et al. 2006; Eathington et al. 2007). However, reports in the lit-
erature from public maize breeding programs are inconsistent and generally less 
promising (Xu and Crouch 2008). For example, Ribaut and Ragot (2007) indicat-
ed that grain yield of MABC-derived hybrids was consistently higher than that of 
control hybrids under severe water-stress condition, but MABC-derived hybrids 
and controls showed similar grain yield under mild water-stress condition. These 
findings suggest that the genetic regulation is highly influenced by drought-prone 
environment and its stress intensity. Furthermore, Campos et al. (2004) concluded 
that most of the identified putative drought-tolerance QTLs are likely to be of lim-
ited use in applied breeding because, they depend on genetic background or to their 
sensitivity to the environment, coupled with a general lack of understanding of the 
biophysical bases of these context dependencies. Nonetheless, genomics tools re-
main useful in finding a new way of optimizing maize breeding for high yield under 
drought-prone environments. SNP markers may be used both in routine large-scale 
genomics-assisted marker development and in gene discovery when breeding maize 
under drought stress.

The availability of a high-density linkage map (Harushima et al. 1998), complete 
genome sequence (International Rice Genome Sequencing Project 2005), and inten-
sive QTL mapping for several traits (Ismail et al. 2007) have been facilitating and 
accelerating the genetic gains in rice breeding. Analysis of the publicly available 
genome sequences helps to identify various markers for aided-breeding in a broad 
array of rice germplasm (e.g., against blast) (Fjellstrom et al. 2006). More recent-
ly, a low-cost genotyping platform based on oligonucleotide microarrays became 
available in rice (Edwards et al. 2008) and could be used for rapid and cost-effective 
gene mapping. McNally et al. (2009) assessed the distribution of 160,000 NR SNPs 
among 20 diverse rice cultivars and landraces, revealing the breeding history and 
genotypic/phenotypic diversity of the rice crop. Such an experimental approach 
provides new insights into the rice diversity and gene–trait relationships for their 
further use in the genetic enhancement of rice. Research efforts are still on to fill the 
gap between the genome and the phenotype (Han and Zhang 2008; Raghuvanshi 
et al. 2010), which may lead to routine genomics-assisted breeding for rice crop.

Much of the progress in marker-aided breeding of rice has been in gene pyramid-
ing for host plant resistance to blast and bacterial blight (Toenniessen et al. 2003), 
and submergence tolerance (Xu et al. 2004). The use of DNA markers in MAS for 
rice was recently updated (Jena and Mackill 2008). MABC has been successfully 
used in introgressing major genes or QTL with large effect into widely-grown rice 
mega cultivars. The economic impact of MAS was also demonstrated in rice for 
tolerance to salinity and phosphorous deficiency (Alpuerto et al. 2009). MAS could 
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save at least three to six years in the breeding cycle and result in incremental eco-
nomic benefits over 25 years in the range of US$ 50 to US$ 900 million compared 
to conventional approach, depending on the country, stress, and time lags.

Screening of genebank accessions for submergence tolerance was an important 
activity at the International Rice Research Institute (IRRI, Los Baños, Philippines) 
in the1970s. Together with their national partners, they combined semi-dwarf plants 
with submergence tolerance in the early 1990s, mapped the submergence tolerance 
( Sub1) gene on to chromosome 9 in the late 1990s (Xu and Mackill 1996), and 
continued to fine mapping and marker development initiation in the early 2000s 
(Xu et al. 2000). Crosses were made throughout the 2000s leading to the develop-
ment of Swarna-Sub1 and other submergence-tolerant cultivars, which were later 
released in Bangladesh, India, Indonesia, Myanmar, and Philippines (Ram et al. 
2002). MABC accelerated the breeding of submergence tolerance in popular rice 
mega cultivars (Septiningsih et al. 2008), which are preferred by both farmers and 
consumers due to its quality traits. The complex nature of the Sub1 gene involves 
a set of mechanisms that basically halts or reduces shoot elongation (response to 
ethylene) and maintaining high carbohydrate reserves after flooding, resulting in 
higher survival and faster recovery (Fukao et al. 2006; Fukao and Bailey-Serres 
2008; Jackson and Ram 2003; Xu et al. 2006). The IRRI breeders utilized the mark-
er-assisted backcrossing approach and successfully achieved transfer of major QTL 
to a popular cultivar in about 2 or 3 years (Septiningsih et al. 2008). IRRI has bred 
11 Sub1 lines retaining the same agronomic and quality traits as of their parents. 
These rice cultivars showed excellent field performance, showing virtually no yield 
loss even after 17 days of submergence (data from Orissa, India). Over 68,000 mini-
kits of Sub1 cultivars were distributed in India and approximately 38,500 tons of 
seed was made available to other Asian countries in the year 2010 for planting about 
1 million ha (Data SOURCE). It has been also estimated that about 1 million ha of 
flood-prone areas could benefit from the Sub1 cultivars in the sub-Saharan Africa. 
The Sub1 cultivars also showed good survival and low reduction in yield in Nigeria.

21.6  Concluding Remarks

Marker-aided breeding was restricted initially to a few economically important ce-
real crops. However, it has been expanding to other crops due to lowering costs, 
efficiency, and easiness of the enhanced DNA marker technology. Today, marker-
aided breeding is applied to a broad range of crops and could facilitate domesti-
cating entirely new crops. Furthermore, as noted by Moose and Mumm (2008), 
molecular-aided breeding has contributed significantly to gene discovery and func-
tions, which led to new hypothesis for basic plant biology research, as well as to 
expanding useful genetic diversity for crop improvement, increasing favorable gene 
action, and the selection efficiency.

Genomics is the study of the entire genome of any organisms with the aid of DNA 
markers, which includes both DNA sequencing and fine-scale genetic mapping. 
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Advances in crop genomics are providing useful and informative data to identify 
useful DNA markers for both germplasm characterization and marker-aided breed-
ing. Genomics-assisted breeding along with bioinformatics capability and other 
omics resources is becoming one of widely-accepted approaches for crop improve-
ment programs worldwide. Genomics tools are routinely used by most private-sector 
breeding programs. They are also helping to dissect the genetic structure of relevant 
germplasm and to understand gene pools and germplasm (heterotic) groups. Genom-
ics research also provide insights into the allelic content of genetic resources for po-
tential use in breeding, or in screening early generation breeding populations to select 
segregants with the desired combinations of marker alleles associated with beneficial 
traits (which reduces the scale of costly phenotypic evaluations), and for establishing 
the genetic identity (or fingerprinting) of their products (Ortiz et al. 2010). Private 
sector breeding programs are also using low cost, high-throughput automation for 
DNA marker analysis (e.g., Dayteg et al. 2007). A primary strategic goal for interna-
tional and national breeding programs should be the routine integration of molecular 
markers derived from new genetic resources to new elite breeding lines.

There are yet number of important issues associated with the utilization of mark-
er-aided breeding in crop plants, which need to be addressed appropriately to ex-
ploit this molecular breeding approach in its full potential. Some of those issues are 
high-throughput precision phenotyping systems for QTL mapping, improved un-
derstanding of genotype by environment interaction and epistasis, and development 
of publicly available computational tools (Xu and Crouch 2008). Due to advances 
towards cheap genotyping and precise phenotyping, Bernardo (2008) envisages that 
marker-aided breeding of complex traits will likely focus on predictive methods 
for marker-based selection. Nonetheless, one of the remaining challenges in plant 
breeding is to identify gene combination showing significant impact on crop im-
provement. It has been suggested that integration of multidisciplinary research of 
molecular plant breeding will facilitate the acquisition of such missing knowledge 
(Moose and Munn 2008). As illustrated by Cattivelli et al. (2008), plant breeding 
progress in stressful environments needs to blend knowledge on traits sustaining 
yield under stress and use accurate phenoytping plus genotyping methods to ac-
cumulate the most effective genes into elite germplasm without detrimental effects 
on yield potential. Such a crop breeding approach will warrant the development 
of genetically enhanced cultivars with high yield potential and high yield stability, 
especially for adapting to the global changing climate.
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Abstract Seed complex traits, such as oil, protein or starch content, but also seed 
size, vigor, and dormancy represent agronomic traits of value. The exact under-
standing of their underlying regulatory mechanisms may be central to the develop-
ment of future crop cultivars and goal orientated breeding strategies, sustaining 
high yields, seed nutritional quality or increased oil content. Seed traits are inher-
ently associated with seed metabolism and plant-seed carbon-nitrogen allocation, 
thus a metabolomics based approach can provide a comprehensive understanding 
of seed metabolism and more generally of seed quality. During its different devel-
opmental stages and from the maturation phase to germination, the seed is char-
acterized by distinct metabolite signatures, which may associate to yield related 
traits, rendering their identification useful as metabolic markers in the development 
of metabolomics-assisted breeding strategies. That said, the scientific knowledge 
on biochemical pathways in a cell is limited by the small number of identifiable 
metabolites (few hundreds) as compared to the thousands present at any given 
moment in a cell. Moreover, the integration of different metabolomics platforms 
allowing the identification and quantification of known and unknown metabolites 
remains a non-trivial step in deciphering complete metabolomes. Last, the super-
imposition of metabolite data and morpho-physiological traits requires correct data 
handling and elaboration. Without requiring a prior knowledge of biochemical 
reactions, correlation based network analysis represents an attractive approach to 
study the mode of interaction of known metabolites, to suggest unknown candi-
dates for pathway elucidation and to identify association between metabolites and 
yield related traits.

Keywords Correlation analysis · Metabolomics-assisted crop breeding · Metabolic 
markers · Network analysis · Seed metabolism · Seed quality
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22.1  Introduction

Metabolites constitute the vocabulary for all physiological processes occurring in-
side the cell. The metabolome is a collection of molecules engaged in chemical re-
actions sustaining the survival of living organisms. An average metabolome at any 
given time point in the lifecycle of a plant is estimated to contain more than 3,000 
compounds (Kind et al. 2009) and the variety of metabolites in the plant kingdom is 
overwhelming and assumed to reach the hundreds of thousands (Fiehn 2001). Me-
tabolites differ in structure, size, and chemico-physical properties. According to their 
engagement into metabolic processes, they are categorized into central (primary) 
and specialized (secondary) classes.1 The tissue specific qualitative and quantita-
tive state of metabolites at a certain time point is defined as cellular metabolism 
at the steady state. However, cellular alterations, caused by endogenous (e.g., de-
velopmental cues) or exogenous factors (e.g., environmental cues) enforce system 
reorganization likely to include changes in gene expression, posttranscriptional/post-
translational regulation, and enzymatic activity. These processes lead to a concerted 
shift in the metabolic profile to reach a new cellular steady state. The change in 
metabolite levels in response to the aforementioned cues can be traceable in the 
phenotype, e.g., changes occurring in a tomato or a strawberry during development 
(Carrari et al. 2006; Fait et al. 2008) or in a plant response to stress (Matthew et al. 
2009). Therefore, specific phenotypes or even the absence of a phenotype (i.e., silent 
phenotype) can be disclosed by metabolic profiling (Meyer et al. 2007; Weckwerth 
et al. 2004). As such, metabolic markers are good candidates to be used as diagnostic 
or predictive tools in plant breeding (Steinfath et al. 2010; van Dongen and Schauer 
2010). The reflection of phenotypic polymorphism onto metabolic processes has 
also been observed in seed morphological traits as well as seed postharvest physiol-
ogy (Angelovici et al. 2011; Borisjuk et al. 2004; Focks and Benning 1998). The 
mechanisms at the basis of this association are to be found in concerted changes of 
seed metabolism during development, at which the buildup of unbound as well as 
bound metabolites can be observed, possibly providing a bridge between seed de-
velopment and the regulation of post-harvest events (Angelovici et al. 2010; Kimura 
and Nambara 2010). Whilst the functional role of distinct set of molecules in the 
regulation of seed traits needs further elucidation, we can hypothesize that a trait 
can be traced back to a quantitatively and qualitatively defined group of metabo-
lites (i.e., metabolic signatures). The understanding of the mechanisms regulating 

1 The use of the adjectives ‘primary’ and ‘secondary’ to categorize classes of metabolic processes 
is at times confusing. Primary or central metabolism is considered as being constitutively active. 
Examples of central metabolic processes are glycolysis, TCA cycle, OPPP, amino acid biosynthe-
sis. In contrast, secondary or specialized metabolism is likely induced by exogenous and endog-
enous cues. Alternatively, metabolites actively integrated into biochemical pathways are referred 
to as primary metabolites, whereas the class of secondary metabolites does not have an immediate 
functionality in the pathways themselves, but often possesses important ecological functions. That 
said, groups as FAs as well as certain polyamines and nonprotein amino acids can correspond to 
both categories rendering classification artificial if not misleading. Here, we will adopt the use of 
central and specialized metabolism rather than primary and secondary.
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seed quality traits, such as starch, oil, and protein content, is essential due to their 
enormous economic importance, particularly in the currently challenging scenarios 
characterized by the reduced availability of conventional fuels, increasing global 
temperatures, and limited water resources (Sen 2009). The carbohydrates, lipids, and 
proteins deposited in seeds are substantial sources of nutrition for humans and live-
stock. Thus, it is pivotal to perpetuate and constantly ameliorate seed nutritional and 
industrial values, respectively. Seed nutritional quality traits and other seed complex 
traits, such as seed size, seed dormancy, seed germination, and seedling vigor are 
clearly dependent on the metabolic processes during seed development. Therefore, 
metabolic markers may also render useful in the amelioration of seed nutritional and 
industrial values.

However, whilst important information from a genetic, molecular, and physi-
ological standpoint has been added in the recent years on valuable seed complex 
traits (Jander et al. 2004; Koornneef et al. 2002; Martin et al. 2010; Thelen and 
Ohlrogge 2002), amelioration of seed quality is hampered by consistent gaps in our 
understanding of the regulation of nutritional associated seed traits and, generally, 
in plant metabolism (Kottapalli et al., 2008; Mazur et al. 1999). This is notwith-
standing the fact that the development-induced metabolic changes observed in a 
seed are likely affected by posttranslational events, metabolic regulation (feedback, 
feed forward), and allosteric regulation to a greater extent than currently perceived 
(Angelovici et al. 2010; Helmstaedt et al. 2001; Weber et al. 2005). Henceforth, to 
correctly describe the structure and integration of the regulatory networks involved 
in the development of a metabolic trait, a systems biology approach is compelling. 
That being said, the integration of data from different omics platforms (e.g., central 
and specialized metabolite profiling, transcriptomics, and proteomics) collected on 
fine-time scales or by exploiting population genetics [i.e., introgression lines (ILs), 
recombinant-inbred lines (RILs), and near-isogenic lines (NILs) as well as mutants 
(e.g. ethyl methane sulphonate mutants) and transgenic collections] delineates the 
key approach for deciphering the topology of a highly dynamic cellular network.

Despite the complexity of inter omics regulation and crosstalk, metabolic profil-
ing represents a relatively fast and affordable tool to monitor the effects of genetic 
modifications, environmental conditions, stress responses, and their combinations 
on the metabolism of an organ, a tissue or a group of cells (Nelson et al 2008). 
Moreover, the superimposition of metabolic variability (metabolic QTL, mQTL)2 
with morphological traits polymorphism can provide the basis for the development 
of metabolic signatures to be potentially used as markers in future breeding strate-
gies (Keurentjes 2009; Shluepmann et al. 2003).This chapter presents a summary 
of recent advances in relating the metabolic phenotype with respect to crop yield 
parameters. As such, we are going to describe briefly: (i) the technologies and strat-
egies utilized for metabolomics-assisted breeding; (ii) the steps necessary to suc-
cessfully relate metabolic profiles to data stemming from different backgrounds; 
(iii) examples of the seed traits holding potential for the improvement of seed nu-
tritional/industrial values via the application of metabolomics based strategies; and 

2 Metabolites are defined as quantitative traits (QT) implying the quantitative continuous change 
in their content across a population.
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lastly (iv) the pitfalls and limitations of the current approaches and suggestions for 
future improvements.

22.2  State of the Art Metabolomics-Assisted Breeding 
Technologies: An Overview

Particularly, considering the extensive global demand for seed and grain crops 
and the need for increased nutritional supplement, broad-scale metabolic-assisted 
breeding is a must rather than ‘just’ a necessity (Carrari et al. 2003). Although mea-
surements of metabolite content have been carried out for several decades now (Jel-
lum 1977), studies have been focusing usually only on a handful of metabolites 
(Diers et al. 1992; Moose et al. 2004; Song and Zhang 2007; Zhao et al. 2006). 
Metabolomics itself is a rather novel and still evolving scientific area (Fernie and 
Schauer 2009; Weckwerth 2010) benefiting to a great extent from technical endeav-
ors that have been achieved in other scientific fields and related omics platforms. 
With the advent of high-throughput technologies, large-scale metabolomics profil-
ing has become a feasible tool for plant phenotyping, functional genomics studies, 
and a diagnostic aid to assess plant response to, and interaction with, environmental 
conditions or genetic perturbation (Guy et al. 2008a,b; Messerli et al. 2007). For 
instance, NMR, a method introduced by Rabi et al. (1938) describing molecular 
beams, has been greatly adapted into an array of scientific fields, amongst oth-
ers into metabolomics. NMR associated metabolic profiling owns chief abilities 
in the unequivocal determination of atomic structures (Meiler and Will 2002)—of 
particular use in metabolic flux analysis, where cycling or parallel metabolic pro-
cesses can be resolved (Bothwell and Griffin 2011; Sekiyama and Kikuchi 2007). 
NMR based applications have found a main niche of appliance in the metabolic 
profiling of living cells in mammalian metabolomics (Fernie et al. 2004) given to 
their significant advantage a noninvasive use and atomic resolution. Additional me-
tabolomics profiling platforms are based on a DIMS, where via ESI-MS metabolic 
fingerprints can be detected. A powerful tool for DIMS is comprised of the FT-ICR 
MS achieving ultrahigh, accurate mass resolution by trapping and accumulating 
ions and thereby enabling differentiation of isomeric structures (Bedair and Sum-
mer 2008). A less costly alternative to FT-ICR, however achieving lower resolving 
powers, is the orbit rap mass analyzer, where by sensing the frequency of harmonic 
ion oscillation along a central spindle of cycling trapped ions the mass to charge 
ratio is ascertained (Bedair and Summer 2008). For diagnostic as well as basic sci-
ence purposes plant metabolomics shall resolve in a comprehensive description of 
the metabolic processes taking place under distinct states, e.g., different tissues and 
treatments (van Dongen et al. 2009), environmental cues (Gavaghan et al. 2010; 
Sanchez et al. 2011), developmental stages (Angelovici et al. 2009; Carrari et al. 
2006; Fait et al. 2006, 2008; Moing et al. 2011), or across extensive genotypic vari-
ance (Keurentjes 2006; Schauer et al. 2005). As such, a more comprehensive high-
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throughput low-cost type of analysis is required, with relatively accessible data for 
immediate elaboration. The currently standard technology and analytical tool that 
has fostered itself in a significant portion of studies on plant metabolome, is the 
high-throughput chromatography (gas or liquid) coupled to MS. Hyphenated plat-
forms include single or triple quad GC, GC-TOF, HPLC, or UPLC MS. Also, due 
to their relatively long and extensive usage in metabolomics, a number of robust 
protocols have been established (Allwood et al. 2009; Fernie and Schauer 2008; 
Lisec et al. 2006) and derived applications for semi-automated analysis as well as 
constantly updated libraries (e.g.,GMD@CSB.DB) are available (Erban et al. 2007; 
Halket et al. 2005; Hummel et al. 2010; Kopka et al. 2005; Luedemann et al. 2008; 
Strehmel et al. 2008; Tohge and Fernie 2009). In particular: (i) GC-MS holds capa-
bilities to detect hundreds of compounds during one scan (Roessner et al. 2001); (ii) 
GC-TOF-MS provides faster scan times and sensibility (Fernie and Schauer 2008); 
and (iii) the major advantage of LC-MS is its broad detection range of primary as 
well as specialized metabolites (Tohge et al. 2005). Usually, each technology can 
be applied to a preferred set of metabolites (for an overview of central mass analyz-
ers and their preferred range se, Fig. 22.1). The hybridization of platforms, such as 
the use of a MS detector coupled to GC and UPLC or orbit rap machines (Lu et al. 
2010), and parallel analysis of the same extract via combination of complementary 
technologies (Moing et al. 2011) can increase the resolving power and extend the 
range of molecular components to be determined. Generally, the ultimate target of 
these and next generation analyzers, such as the Field Asymmetric Waveform Ion 
Mobility Spectrometry (FAIMS)—MS (Fernie and Schauer 2008) is the efficient, 
rapid, and cost-effective unequivocal identification of as many known and unknown 
compounds as possible. The pace of developments in the area holds a great poten-
tial of enhancing the analysis of metabolomes, metabolones,3 and metabolic net-
works. Yet, a bottleneck in the translation of the data generated to conclusions and 
guidelines for scientists and breeders on their study systems is represented by the 
nontrivial data integration and by our yet limited understanding of the regulatory 
mechanisms at the basis of structure of the metabolite network. Henceforth, to aid 
in conclusion drawing increasing attention in the recent years has been given to the 
development of algorithms for the reduction of data complexity, of tools for a user-
friendly visualization of the metabolic data onto metabolic maps and of software 
for repository and integration of heterogeneous data [PageMan (Usadel et al. 2006), 
MapMan (Thimm et al. 2004), Paintomics (Garcia-Alcalde et al. 2011), and TMEV 
(Saeed et al. 2006)]. As an example from within the private sector, web-based Phe-
nom-Network Inc. (http://phnserver.phenome-networks.com/) holds phenotypic 
(including metabolite profiles) data from several plant segregating populations as 
well as from the animal kingdom.

In the next section, we will describe correlation analysis of metabolite profiles 
and its potential in providing information with predictive power.

3 A metabolon is a temporary structural-functional complex formed between sequential enzymes 
of a metabolic pathway, held together by noncovalent interactions (Srere 1985).
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22.3  Correlation (Network) Analysis: A Tool to Identify 
Functional Groups of Metabolites

The great advantage of metabolomics as opposed to transcriptomics is its species 
independent potential for broad-scale metabolic profiling. Its potential is unfolded 
when it is performed on a vast array of samples, such as entire mapping populations, 
RIL, IL, and NIL. The integration between population genetics and metabolomics 
allows identifying loci regulating the levels of metabolites (mQTL) (Fig. 22.2), e.g., 
vitamin E (Chander et al. 2008; Haiyan et al. 2010) or the colocalization of meta-
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Fig. 22.1  State of the art and envisioned technologies for metabolic profiling. Different central 
mass analyzers and their preferred range of analytes. Future trends point to tandemly connected 
mass analyzers to detect the whole range of metabolites. Abbreviations: MS mass spectrometry, 
GC gas chromatography, LC liquid chromatography, TOF time of flight, NMR nuclear magnetic 
resonance, CE capillary electrophoresis, SPME solid phase micro extraction, and FT-ICR Fourier 
transform: ion-cyclotron resonance
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bolic traits with traits related to yield or morphology. However, to date, solely a few 
broad-scale metabolic studies have been carried out, exploiting extensive genetic 
diversity in Arabidopsis (Keurentjes et al. 2006; Lisec et al. 2008; Meyer et al. 
2007), rice (Kusano et al. 2007), maize (Harrigan et al. 2007a,b), tomatoes (Phuc 
et al. 2010; Schauer et al. 2006; Toubiana et al., submitted). On the other hand 
the strength of a correlation-based analysis (CA) is fostered by the exploitation of 
large datasets, including multiple variables (Steinhauser et al. 2008). Purely math-
ematical, based on similar or opposing behavior of metabolites, CA may suggest a 
relation between mass fragments, although the biochemical reactions linking the 
originating molecules are unknown. As such CA allows constructing networks visu-
alizing metabolites associations based on existing metabolic pathways or regulatory 
mechanisms and proposing novel ones (e.g., Phuc et al. 2010; Schauer et al. 2006; 
Steuer et al. 2003) (Fig. 22.2). Moreover, functional associations can be queried 
for by incorporating data from various divergent backgrounds (Fig. 22.3). Com-

Fig. 22.2  Statistical and correlation-network-based analysis for QTL identification and metabolite 
coregulation in mapping and segregating populations. The figure depicts current methodologies 
in the analysis of mQTL, suggests the statistical tests involved in generating a mQTL map, and 
analyzes the coregulation of metabolites via correlation-network-based analysis in mapping and 
segregating populations. By intersecting the results, the resolving power is increased, revealing 
greater insights into the biological question. Abbreviation: SW software
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bining datasets of different origins (multiple matrices)includes the normalization 
of data at various levels, partitioning of data into dependent or independent sets, 
the application of parametric and nonparametric CA, significance testing by boot-
strapping, jackknife method, or permutation test, but also the correlation of sets of 
variables as applied in canonical correlation analysis (CCA)(Fig. 22.2). A major 
disadvantage of this approach is the maze of options one may be confronted with—
knowing which parameter, when, and how to choose. Also, the multidimensionality 
of datasets may be confounding, quickly evolving into biased results. Therefore, CA 
must be handled carefully and understanding of the algorithms being used may be 
beneficial. However, once mastering CA, the potential is enormous. For instance, 
aCCA was conducted by Meyer et al. (2007) and Lisec et al. (2008)on data stem-
ming from Arabidopsis IL and RIL populations. The authors eventually proposed a 

Fig. 22.3  Combining data of different origins via CA. Different omics platforms and phenotyp-
ing techniques lead to collections of qualitatively and quantitatively heterogeneous data, posing 
a challenge in finding functional relationships. Attributed to its pure mathematical nature and 
assessing the linearity of data vectors, CA is an aiding tool in the evaluation of data sets of diver-
gent origins. To enable comparative analytical power between data sets of different origin, data 
transformation in form of Z-score transformation is needed prior to primary matrix convergence. 
The primary matrix convergence unites data of two independent sample assessment data sets into 
one respective matrix. Each independent matrix may serve as a functional platform for CA-based 
network analysis. Secondary matrix convergence unifies all matrices into one single matrix. After 
successful CA, significant pairwise or canonical correlations may be viewed as cartographic net-
works establishing a systems biology viewpoint
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metabolic signature associated with biomass and plant growth. Similarly, Schauer 
et al. (2006) have correlated fruit metabolite composition with that of yield as-
sociated morphological traits, showing that metabolites closely associated with 
photoassimilates imported to the fruit are tightly linked to harvest index or traits 
such as brix, whereas metabolites incorporated into pathways relatively distant to 
imported photoassimilates were described as morphology independent. Toubiana 
et al. (submitted) have firstly used tomato seed metabolite compositions and corre-
lated them to fruit metabolite compositions as well as to an array of morphological 
traits. The comparative analysis identified inter-organ metabolite associations and 
demonstrated that the level of metabolites in a seed is negatively correlated to the 
morphological traits of the mother plant.

Via network visualization tools, correlation matrices can be depicted as net-
works (Kose et al. 2001), allowing to relate metabolite-metabolite associations to 
known (Tikunov et al. 2005) or putatively novel metabolic pathways (Weckwerth 
and Fiehn 2002; Figs. 22.2, 22.3, and 22.4), identifying closely related metabo-
lites forming functional clusters, and shedding light onto the interaction between 
metabolic processes, such as allosteric regulations (Bartlem et al. 2000; Carrari 
et al. 2003; Geigenberger 2003). Cartographic visualization of correlation matri-
ces provides additional valuable information on the topology and structure of the 
correlation network. Parameters, such as robustness, connectivity, and density of a 

Fig. 22.4  Metabolites and their roles during seed development, maturation, and dormancy. The 
phases from seed development over to maturation tailed by a postharvest quiescent state are coor-
dinated by the interplay and crosstalk of components of various cellular origin, incorporating hor-
mones, chromatin remodeling, and metabolic signaling. It depicts functional metabolites and their 
identified specificities during these phases, in particular their inductive (+) or suppressing (−) 
effects on other cell compounds
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network, can reflect for instance the degree of resilience of metabolism to altera-
tion. By using cartography-based metabolic network analysis on a heterogeneous 
set of quantitative traits in an IL population, Lippman et al. (2007) also showed that 
harvest index acts as the main hub during fruit development reestablishing the sink 
source bottleneck paradigm.

22.4  From Seed Development to Seed Germination:  
The Metabolic Basis of Seed Quality Traits

A handful of studies have been conducted by employing metabolomics to foster the 
amelioration of nutritional quality traits in seeds. In the present section, we provide 
examples where metabolic profiling has been applied (or holds the potential) to 
develop markers or metabolic engineering strategies aimed at enhancing of yield 
increase and seed quality traits.

The process spanning from seed development to seed germination4 accommo-
dates the connection between two generations sustaining species survival. It is a 
complex process incorporating various defined developmental milestones and in-
volving a concerted activity of central and specialized metabolism regulated by a 
developmental program integrating transcriptional and posttranscriptional elements 
(Keurentjes et al. 2008; Xie et al. 2008) (Fig. 22.4). En route to germination, seed 
development is initiated by morphogenesis, embodying embryogenesis, and endo-
sperm development (De Smet et al. 2010), followed by a maturation (Weber et al. 
2005) and desiccation (or maturation drying) phases in orthodox seeds,5 which may 
or may not be tailed by a quiescent postharvest period of various lengths (Finch-
Savage et al. 2010).

22.4.1  Seed Maturation, Between Biofuel and Nutrition

Maturation commences during the transition phase from maternal to filial control 
(Weber et al. 2005) (Fig. 22.4) with a high degree of concerted interplay of numer-
ous signaling pathways, incorporating metabolic, and hormonal signals as well as 
genetic regulation (Santos-Mendoza et al. 2008; Stone et al. 2008; Wobus and We-
ber 1999). Seed maturation can be simplistically described as the process of storage 
reserves biosynthesis, which varies significantly between seeds of different back-
grounds. As such, in legume seeds protein accumulation is the predominant form 
of storage compound often closely related to the nitrogen state in the seeds, e.g., 

4 Defined as the emergence of the radicle from the seed testa (Baskin and Baskin 2004; Finch-
Savage and Leubner-Metzger 2006).
5 Orthodox seeds are desiccation tolerant and storable under dry states for long periods of time 
(Angelovici et al. 2010).
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for peas (Salon et al. 2001; Weigelt et al. 2008) and soybeans (Hernández-Sebastiá 
et al. 2005). In oil-seed crops, such as sunflower and oilseed rape, the storage of oil 
in forms of TAG represents the primary form of storage compound (Graham 2008), 
where the TAGs remain in the seed packaged as oil bodies until seed germination 
(Hsieh and Huang 2004; Murphy and Vance 1999). In cereal grains, such as barley 
(Radchuk et al. 2009), carbohydrates are predominantly stored in the form of starch.

Storage reserves accumulation within the seed depends on central metabolic 
processes(i.e., particularly C-N balance), determining its development into a starchy, 
oil, or protein rich seed. Increased protein content is of paramount importance in 
regions where seeds and grains display the main constituent for the human diet, 
whereas oil-rich seeds may be of great interest for biofuel production. That said 
efforts are being dedicated in metabolic engineering to enhance accumulation of 
storage for nutritional and industrial purposes. One approach involves the ameliora-
tion of amino acid integration within the seed. By integrating metabolic engineering 
and metabolomics, Weigelt et al. (2008) have demonstrated that the upregulation of 
amino acid permease (VfAAP1) in the pea seed caused increased levels of nitrogen 
reflected in an overall elevated content of amino acids and protein. Simultaneously, 
levels of carbon have been depleted, which was explained with the costs necessary 
for each produced gram of nitrogen (Sinclair 1998). Weigelt’s study also suggests 
that the balance of bound as well as unbound carbon and nitrogen plays a more 
significant role in the development of the seed than the absolute levels of carbon 
and nitrogen per se.

At the end of maturation, a shift in metabolism has been observed in different 
species, with increasing content of several unbound compounds (Angelovici et al. 
2010). These metabolic findings have been accompanied by other, monitored shifts 
in the transcript programs of seed filling, identifying defined assets of mRNA accu-
mulating in the dry seeds, as well as proteins and enzymatic machineries (Agrawal 
et al. 2008; Hajduch et al. 2005; Gallardo et al. 2007; Houston et al. 2009; Rajjou 
et al. 2007; Ruuska et al. 2002; White et al. 2000; Xu et al. 2008). In spite of the 
accumulating evidences suggesting for a role during the post-harvest quiescent state 
as well as early processes triggered at seed imbibition (Angelovici et al. 2010), the 
functional significance of these late molecular rearrangements remains to be fully 
grasped. Among the free metabolites consistently accumulating at the very end of 
the maturation period are amino acids (Fait et al. 2006; Weigelt et al. 2008). Be-
yond composing the pool of building blocks for protein synthesis, and hence from 
a biotechnological standpoint determining a seed nutritive and market value, amino 
acids in general are involved in a wide array of metabolic processes associated 
with specialized metabolite biosynthesis (Aharoni and Galili 2011; Drew and De-
main 1977; Gonda et al. 2010), mitochondrial respiration (Weigelt et al. 2008), and 
stress response (Yoshiba et al. 1995). The complexity and redundancy of amino acid 
metabolism, however, renders difficult to estimate their potential use in develop-
ing strategies for a targeted improve of crop quality. Generally, pathways of amino 
acids biosynthesis are highly branched and interconnected (Less and Galili 2009), 
increasing the magnitude of difficulty for deciphering amino acid regulation. Me-
tabolomics has been recently applied in concomitance with genome-wide gene ex-
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pression analysis to investigate the mechanisms regulating the amino acids network 
in seeds via seed-targeted modulation of amino acid metabolism. For instance, the 
amino acid aspartic acid branches into the biosynthesis of lysine (an essential amino 
acid for the human diet found in low amount in seeds), methionine, threonine, and 
isoleucine, and is also involved in the conversion from threonine into glycine (Less 
and Galili 2009). The latter are associated with cellular processes (Rebeille et al. 
2006), pathogen interactions (Thines et al. 2007), energy production (Mooney et al. 
2002), and photorespiration (Joshi et al. 2006). Albeit being a good candidate for 
the improvement of seed nutritional quality (Rate and Greenberg 2001; Hudson 
et al. 2006), the regulation of lysine metabolism from a holistic viewpoint in the 
developing seed has failed to be established. Only recently, Angelovici et al. (2009) 
have used Arabidopsis knockout mutants performing GC-MS-based metabolic pro-
filing and microarray analyses to comprehensively study lysine-induced changes of 
genome-wide patterns of gene expression and of central metabolic processes. Their 
findings indicate that lysine is associated to genes regulating plant vigor, while con-
comitantly suppressing a number of genes associated with heat shock response. 
Bioinformatics analyses confirmed that genes encoding for biosynthetic enzymes 
of the aforementioned aspartic acid family pathway (AFP), are generally coregu-
lated with genes associated with plant growth, whereas genes encoding for catabolic 
enzymes of the AFP are coregulated with stress-associated genes. Additionally, in 
contrast with former suggestions, metabolomics-based characterization of changes 
during seed development showed that altered lysine content has little consistent 
influence on the metabolic network, with the exception of alteration in the level of 
TCA cycle intermediates. In a separate study, seed-targeted enhanced glutamic acid 
to GABA metabolism led to a dramatic alteration in FAs metabolism, increased 
protein content, and to the accumulation of nitrogen compounds (Fait et al. 2011). 
The metabolomics-based analysis suggested that manipulating the regulation of 
‘peripheral’ pathways, specifically during seed maturation, can boost the content 
of amino acids and protein while maintaining intact fundamental processes in seed 
development, hence having applications in agriculture and medicine too (Akama 
et al. 2009). To a similar aim, studies in rice have attempted to enhance the level 
of aromatic amino acids (Ishihara et al. 2007; Tozawa et al. 2001; Yamada et al. 
2008). Being the precursors of potentially toxic alkaloids, the manipulation of their 
content in edible parts of the plant requires a comprehensive understanding of the 
metabolite regulation, followed by extensive diagnostic analysis. Using nontargeted 
LC-MS analysis, Matsuda et al. (2005) found no marked effects on the metabo-
lite profile when expressing of OASA1D (encoding a mutant anthranilate synthase 
α-subunit)in potato, aside moderated changes in the indole metabolism and indole 
amines tryptamine and serotonin in rice calli, seeds, and plants (Ishihara et al. 2007; 
and unpublished data). Taken together, metabolic profiling employed in parallel to 
metabolic engineering provides a fundamental tool for the development of effective 
strategies aimed at improving of seed quality as well as for powerful diagnosis to 
ensure the safety of engineered products.

During seed maturation, sugars exert dual functionality in the seed: (i) serve to 
sustain metabolism, and (ii) act as signals promoting or suppressing reactions in the 
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cell. The ratio between sucrose and hexoses in the seed embryo has been suggested 
as the main component triggering the actual transition phase from morphogenesis 
to maturation; the significance of sugar signaling during seed development has been 
extensively reviewed (Weber et al. 2005). Moreover, differences in sugar ratios are 
associated with the composition of transfer cells, supporting the development of an 
epidermis-localized sucrose uptake system (Offler et al. 2003). In general, sucrose 
signals have regulatory attributes acting on a transcriptional and posttranscriptional 
level, affecting gene expression and metabolic enzyme activity, eventually control-
ling storage and differentiation processes (Gibson 2005; Rolland et al. 2006).

A specific relationship has been attributed to sugars and ABA, which is the pri-
mary phytohormone regulating the maturation and dormancy phase of the seed. By 
using ABI mutants, it was demonstrated that the ABA transduction chain is required 
for sugar signaling, inducing starch biosynthesis (Rook et al. 2006). On the other 
hand, glucose has been shown to be tightly linked to the biosynthesis and catabo-
lism of ABA (Leon and Sheen 2003; Zhu et al. 2009). It is not surprising henceforth 
that some sugar-sensing mutants are allelic to known mutations in ABA synthesis or 
sensitivity (Leon and Sheen 2003; Rook et al. 2001; Smeekens 2000; Weber et al. 
2005 and references therein). As such, the hormone to sugar crosstalk is a finely-
concerted network involving several levels of regulation. Inducible/development-
targeted transgenic systems and parallel integrative metabolite/hormone profiling 
approaches shall be used to acquire a comprehensive description of hormone-sugar 
integration during seed development to be exploited for ameliorating seed traits, 
including germination, dormancy, and vivipary.

22.4.2  Predicting Dormancy versus Vivipary  
via Metabolite Networking?

Seed development ends with mature seeds, entering the postharvest period and 
characterized by different degrees of quiescence and dormancy. Seed dormancy can 
be characterized as the inability of an intact vital seed to germinate, despite being 
exposed to suitable conditions (Bewley 1997). Diversity in dormancy regulation be-
tween and also within plant species makes it the focus of ecology and evolutionary 
research (Baskin and Baskin 1998), particularly in those habitats where the regula-
tion of germination timing translates to plant survival (Finch-Savage and Leubner-
Metzger 2006). The genetics of seed dormancy has been studied particularly in 
Arabidopsis where, by exploiting the ecotypic diversity, several mapping popula-
tions have been generated and characterized (Alonso-Blanco et al. 2003; Bentsink 
et al. 2006, 2010; Teng et al. 2008). On the contrary, viviparous seeds germinate 
whilst still being attached to the mother plant before dissemination (not undergoing 
any state of maturation drying), a common prerequisite to dormancy (Elmqvist and 
Cox 1996; Farnsworth 2000; van der Pijl 1983). Mostly, viviparous plant species 
are affiliated with regions lacking seasonal changes and sustaining high humidity 
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throughout the year, with wet or flooded environments (Farnshworth 2000). Timber 
species are often associated with recalcitrant6 behavior (Vazquez-Yanes and Arech-
iga 1996; Young and Young 1992). Recalcitrant species are also categorized as non-
dormant. They preserve metabolic activity throughout ontogeny and differentiate 
themselves from viviparous species mainly by germinating immediately or shortly 
after dispersal (Farnsworth 2000). Aside the evolutionary significance, vivipary is 
a deleterious phenotype in agriculture, and forestry affecting crop yield via the as-
sociated trait of preharvest sprouting and consistently impairing efforts for seed 
bank conservation.

Dormancy and vivipary are closely associated with the levels of phytohormones 
ABA and its antagonist GA playing the key regulators (Farnsworth and Farrant 
1998; Koornneef et al. 1998; Nonogaki et al. 2010). The understanding of antago-
nistic counter play of these hormones is vitally important for agronomic aspects in 
order to promote or suppress germination, or to ensure uniformity. The dormancy 
status is acquired gradually by the accumulation of ABA during seed maturation 
and reaches its peak in harvest-ripe seeds (Karssen et al. 1993; Ooms et al. 1993). 
During ‘after-ripening’, a highly-flexible period between species as well as within 
species (Donohue et al. 2005; Manz et al. 2005), dormancy is relieved accompanied 
by a depletion of ABA and an accumulation of GA (Nonogaki et al. 2010). After-
ripening is usually dependent on factors, such as moisture, oil/starch storage bal-
ance, temperature, and seed covering structures (Manz et al. 2005). The relevance 
of understanding the dynamics of metabolic networks structure in respect to seed 
dormancy and vivipary lies in the long-known relation between ABA concentra-
tions in seeds and soluble sugars (Finkelstein et al. 2008; Gibson 2004; Rook et al. 
2006; Yuan and Wysocka-Diller 2006). Zhu et al. (2009) assessed the effect of glu-
cose on ABA metabolism and seed germination in rice grains. They could lucidly 
demonstrate that delay of germination could be induced by exogenous glucose. 
Furthermore, by qRT-PCR analyses they showed that the amount of transcripts of 
ABA-catabolic genes were reduced in the presence of glucose, inferring that rather 
than having an inducible effect on ABA-synthesizing genes, glucose suppresses the 
synthesis of ABA-catabolic genes and by that sustaining higher levels of ABA de-
laying the process of germination. In dormant species, dormancy is imposed on the 
seed during late-maturation desiccation, when sugar levels augment in the embryo 
(Black et al. 1996; Leprince et al. 1990). For sucrose in particular, distinct function-
alities have been demonstrated. As such, it was shown that sucrose is an important 
factor preparing the seed for maturation drying by stabilizing cell membranes via 
vitrification (Farnsworth 2000; Vertucci and Farrant 1995) or substituting water 
with hydroxyl groups (Crowe et al. 1992; Farnsworth 2000; Hoekstra et al. 1994; 
Kermode 1990). Evaluation of accumulation of disaccharides and oligosaccharides 
in seeds prior to desiccation has been subject to numerous studies, such as for wheat 
(Black et al. 1996), Brassica campestris (Leprince et al. 1990), soybean (Black-
man et al. 1992), pea (Corbineau et al. 2000), bean (Bailly et al. 2001), and Arabi-

6 Seeds that fail to go through storage-like periods, such as dry chilling; hence the term “recalci-
trant” to storage (Roberts 1973).
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dopsis (Fait et al. 2006). All studies have demonstrated a correlation between the 
acquisition of desiccation tolerance and accumulation of oligosaccharides, such as 
raffinose and stachyose. None of the studies, however, could ascertain the relation-
ship for the directional cause and effect. Corbineau et al. (2000) suggested that the 
biosynthesis of the oligosaccharides is driven by the rate of water loss. Bailly et al. 
(2001) suggested that the accumulation could also have resulted from the conver-
sion of monosaccharides to reduce respiratory substrates availability, consequently 
downregulating metabolic activity promoting the quiescent state of the seed. More 
recent findings suggest that not solely sugar regulates desiccation tolerance acquisi-
tion in seeds. It has been argued that the array of different behaviors are attribut-
able to species-specific seed internal matrix formation (Buitink and Leprince 2008), 
which incorporates the interplay of metabolites of different backgrounds (sugars, 
organic acids, and amino acids), but also proteins and salts.

Thus, seed maturation drying and induction into dormancy are coordinated by the 
crosstalk of sugar signaling, hormonal balance, and chromatin remodeling (Ange-
lovici et al. 2010; Finkelstein and Gibson 2002; Vincent-Carbajosa and Carbonero 
2005). Deciphering their regulatory mechanisms remains a challenge. Nonetheless 
by monitoring the levels of metabolite(s) known to be highly associated with either 
vivipary or dormancy and their association within the metabolic and hormonal net-
work of the developing seed, will lead to the elucidation of the genetic and physi-
ological basis of these complex phenotypes and aid to the development of efficient 
strategies to ameliorate crops.

22.5  Limitations and Future Perspectives

The potential for seed nutritional/industrial quality enhancement using metabolites 
as targets and metabolic signatures as predictive tool are extensive exacerbated by 
the gap in knowledge at present on metabolism and metabolic regulation during seed 
development. Increasingly sensitive high-through put technologies will accelerate 
the process of data generation and result in ever-large complex, multidimensional 
datasets. In addition, the shift from model plant toward crop-based research and its 
implementation exploiting mapping populations and by means of field experiments 
will leave no alternative other than consistent data reduction and correlation-based 
analyses. Albeit the complexity and the multidimensionality of this approach cur-
rent computational capacities and readily accessible online tools allow the evalua-
tion of heterogeneous data quite rapidly. None the less, a major pitfall to understand 
metabolic regulations, interplay, and networks is the limited number of measurable 
annotated metabolites (100s) as compared to the vast pool of metabolites believed 
to exist in a given moment in a plant cell (in the thousands) (Fiehn 2001). To con-
clude, not annotated compounds can represent key “players” in metabolic pathways 
regulation, bridging biochemical reactions between known metabolites measured 
as correlating to one another. Thus, in order to foster the development of predictive 
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models and metabolomics-assisted conclusion drawing for breeding purposes, non-
targeted approaches based on accurate mass spectrometry and correlation network 
analysis (to link not annotated to known metabolites) should be employed.
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Abstract In the next 20 years, the world population is expected to reach a total of 
8.3 billion people. Agriculture will have to produce sufficient food knowing that 
presently and globally agricultural production nearly matches world consumption. 
Yet, malnutrition is not only a matter of food amount but also concerns food nu-
tritional quality. In particular, the nutritional value and quality of seeds should be 
improved to alleviate malnutrition and provide a well-balance diet. Progress in seed 
biology has considerably benefited from the rise in the last decade of the two model 
plants Arabidopsis and rice. Along with their genome sequences obtained respec-
tively in 2000 for Arabidopsis and in 2005 for rice, functional genomics became 
possible because of the rapid development of their mutant libraries, full-length 
cDNA libraries, stock centers, web-accessible databases, and information portals, 
such as TAIR (The Arabidopsis Information Resource). Then, the development of 
high-throughput technological breakthroughs (e.g. DNA and protein array, mass 
spectrometry) helped to survey the omics state (transcriptome, proteome, and me-
tabolome) of seeds at different developmental and environmental conditions. These 
approaches fuel candidate genes for seed quality (composition, germination vigor 
and capacity, good resistance to stress, etc.) that can be confirmed using functional 
genomics resources. Finally, exploitation of the confirmed candidate genes by plant 
breeders should improve seed nutritional quality and yield. In this chapter, we dis-
cuss how global “omics” technologies can help to find new candidate genes rel-
evant for improvement of seed nutritional quality. Examples of omics application in 
unraveling the rice seed biology are particularly discussed.
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23.1  Introduction

In flowering plants, seeds develop from ovules (Baroux et al. 2002; Finch-Savage 
and Leubner-Metzger 2006; Linkies et al. 2010). The ovule is the structure provid-
ing the female reproductive cells. Flowering plant ovules contain the two outer 
layers called the integument(s), the nucellus, and the embryo sac in its center. After 
pollination, a pollen tube is formed, through which two sperm nuclei are released 
into the ovule. One sperm nucleus combines with the egg cell that leads to develop-
ment of the diploid embryo. A nutritive tissue called endosperm surrounds this em-
bryo. The endosperm is derived from the fusion of the second sperm nucleus with 
the two polar nuclei of the central cell to give rise to this triploid tissue. This double 
fertilization is unique to flowering plants (Frohlich and Chase 2007). Finally, a ma-
ternal tissue of ovular origin, the integument(s), gives rise to the seed coat (testa). 
This testa is surrounding the embryo and the endosperm to form the mature seed. 
Depending on the species, there is a considerable heterogeneity of seeds in terms 
of morphology and physiology as deeply discussed in the first introductory chapter 
(Muller-Landau 2003). During the seed-maturation program, storage compounds 
(such as carbohydrates, lipids, proteins, vitamins, or minerals) are accumulated in 
the embryo, the endosperm, or in the seed coat. These compounds protect the em-
bryo during seed storage and are used as nutrients for germination and seedling 
growth.

Plants are the elementary element for livestock and human food. Seed represents 
the major plant organ consumed. It is worth noting that cereal grains alone provide 
more than 50 % of the protein and 75 % of caloric intake in human diets (Cordain 
1999). However, some essential amino acids, such as lysine, are in low content in 
most cereal grains. In contrast, legume seed proteins are comparatively deficient 
in both the sulfur and aspartate-derived amino acids (Azevedo et al. 2006; Molvig 
et al. 1997; Waddell 1958). Therefore, crop seeds lack balanced essential amino 
acids, with important consequences on both animal and human health. This feature 
is also true for balanced essential fatty acids, vitamins, cofactors, minerals, and 
others nutritional quality factors. Given this, a major challenge for the future is 
to enhance the value of major crop seeds for animal feed and human nutrition use 
through both conventional breeding approaches and novel biotechnologies. During 
the last decade in crop sciences, seed biology has been highly benefited from the 
model plants Arabidopsis (The Arabidopsis Genome Initiative 2000; Somerville 
and Koornneef 2002; Koornneef and Meinke 2010; North et al. 2010) and rice (Goff 
et al. 2002; Shimamoto and Kyozuka 2002). Omics-based technologies (transcrip-
tomics, proteomics, and metabolomics) have allowed seed profiling of gene tran-
scription, protein expression, and/or small molecule synthesis and metabolism at 
genome level, as evidence by other chapters in this book. These investigations rep-
resent novel opportunities for utilizing omics technologies in rapid identification of 
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markers with nutritional importance that might help to create modern quality crops 
(Agrawal et al. 2011).

23.2  From Arabidopsis to Rice to Understand Crop Species

23.2.1  Arabidopsis: The Undisputed Model of Plant Biologists

Arabidopsis was proposed as a model plant by Laibach (1943) as early as the year 
1943. Today, Arabidopsis has become perhaps the most widely-studied plant. This 
small-sized flowering plant has several advantages including: (i) simple growth re-
quirements and a short-lived life cycle (i.e., two months from seed to seed); (ii) 
selection of homozygote mutants due to its small-genome diploid species; (iii) self-
fertilization but also cross with other individuals to give rise in both cases to a 
numerous seed progeny; and finally (iv) easy to transform with Agrobacterium tu-
mefaciens using different reproducible transformation techniques (Valentine 2003; 
Zupan and Zambryski 1995).

During the past 25 years, classical genetic studies of collected Arabidopsis 
mutants have produced a wealth of information in identifying mutants of nutrient 
uptake, hormonal response, and flowering, serving as proof-of-concept as to how 
easy and powerful such mutants are in characterizing key physiological pathways 
(Somerville and Koornneef 2002). In the last decade alone, research in Arabidopsis 
has made tremendous progress towards understanding it biology. First of all, the 
sequencing of the Arabidopsis Columbia ecotype was completed in 2000 (The Ara-
bidopsis Genome Initiative 2000). Then, functional genomics were considerably 
accelerated by the generation of several mutant collections (e.g., T-DNA insertion, 
gene trap and enhancer trap, EMS mutagenesis, and RNAi knock-out) to disrupt 
gene function and monitor gene expression. Most of these mutant collections are 
publicly accessible from stock centers. An overview of forward and reverse genet-
ics projects of Arabidopsis and seed resources is presented in Table 23.1. Finally, 
high-throughput omics technologies are being implemented in Arabidopsis to un-
cover transcriptomes, proteomes, and metabolomes of this model weed plant (Mc-
Court and Benning 2010). We can reasonably argue that Arabidopsis has unified the 
efforts of plant biologists to reveal the secrets of its genome.

However, generated datasets via omics or other large-scale approaches are be-
coming a big concern as to how to manage, integrate, and public dissemination. 
This necessity has given birth to the so-called systems biology to understand and 
predict the whole Arabidopsis system based on the integration of different layers of 
information (Baerenfaller et al. 2008). Research in Arabidopsis and the outcomes 
have been valuable to other plants, including crops. Indeed, as part of the Brassi-
caceae family, Arabidopsis is a close relative of Brassica napus (rapeseed), which 
is an important crop for edible oil production and biofuel research. B. oleracea 
(cabbage) is also an important contributor to human nutrition. Hence, Arabidopsis 
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seed biology investigations remarkably accelerate the acquisition of knowledge of 
gene functions involved in seed quality (Hsieh et al. 2011; Le et al. 2010; North 
et al. 2010).

23.2.2  The Rise of Rice: The Need for a Monocot and Cereal 
Model Plant

Despite numerous advantages of Arabidopsis as a model plant and research achieve-
ments in that, Arabidopsis-driven discoveries cannot always be transferred to other 
plant species, including crops. Importantly, many crop species, essential to man-
kind, belong to monocots and more specifically to the cereal plant family. Histori-
cally, maize studies provided numerous valuable results in cereal genetics, includ-
ing identification of genes involved in flavonoid and starch metabolisms (Candela 
and Hake 2008). Other agricultural crop species (such as barley, wheat, or rice) 
were also studied for both basic and applied research. Yet, at the dawn of the ge-
nomic era, it became utterly clear that cereal scientists could greatly benefit from a 
model species with its genome sequenced. Compared to other crop species, rice has 
a relatively small genome of 389 Mb, which is about 10- and 42-folds smaller than 
maize (2,500 Mb (Messing and Dooner 2006; Rabinowicz and Bennetzen 2006)) 
and wheat (16,500 Mb (Jaiswal et al. 2006; Ware et al. 2002)), respectively. More-
over, as a diploid species, rice gives access to classical Mendelian inheritance, and 
therefore, mutant production is possible. Finally, one of the most valuable perspec-
tives is perhaps the synteny of the rice genome sequence with the genomes of other 
cereals. Having this, comparative genomics between grasses can allow retrieving 
gene functions in other economically important cereals (Bennetzen and Ma 2003; 
Bolot et al. 2009; Moore et al. 1995).

These reasons had driven the build-up of the International Rice Genome Se-
quencing Project (IRGSP) consortium in the year 1998 that gathered sequencing 
centers scattered in ten countries (Sasaki and Burr 2000). This joint effort led to the 
establishment of a complete and mapped sequence of the rice genome originating 
from a single inbred line from Oryza sativa ssp. japonica cv. Nipponbare (Interna-
tional Rice Genome Sequencing Project 2005).

23.2.3  Arabidopsis and Rice Structural Genomics

The Arabidopsis Information Resource (TAIR) recently reannotated the entire Ara-
bidopsis genome (TAIR10, www.Arabidopsis.org/news; November 2010), reveal-
ing the presence of a total 33,602 genes (27,416 protein-coding genes, 4,827 pseu-
dogenes or transposable element genes, and 1,359 ncRNAs). This result is strikingly 
close to the original number of predicted genes when the Arabidopsis genome se-
quence was published in 2000 (The Arabidopsis Genome Initiative 2000). In case of 
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rice, the rice genome was independently annotated by two different groups, namely 
The Institute for Genome Research (TIGR) and the Rice Annotation Project (RAP) 
(Ohyanagi et al. 2006; Ouyang et al. 2007; Tanaka et al. 2008; Yuan et al. 2003). 
These independent annotations have led to contrasting levels of predicted protein-
coding genes, the total number of which is estimated to range between 30,000 and 
43,000 genes (Itoh et al. 2007; Ohyanagi et al. 2006; Ouyang et al. 2007; Tanaka 
et al. 2008).

Although protein-coding genes are of key interest for seed biologists and plant 
breeders, one interesting feature of a plant genome is the presence of DNA transpos-
able elements (TEs) (Feschotte 2008; Feschotte et al. 2002). These mobile TEs can 
insert themselves at another genome position either by self-copying or by excision/
insertion. In Arabidopsis, around 10 % of the total genome is estimated to be com-
posed of TEs, a relatively small percentage as compared to rice (about 30 % of the 
total genome) (Itoh et al. 2007; Ouyang et al. 2007). In general, the cereal genomes 
are known to be rich in TEs, which are perhaps responsible for their large genome 
size. Recent studies illustrate the multiple mechanisms through which TEs regulate 
gene expression and function, and ultimately seed phenotypes (Bennetzen 2005; 
Chantret et al. 2005; Kashkush et al. 2003).

Finally, one interesting common feature of the Arabidopsis and rice genomes 
relies in their highly duplicated structure. The alignment of chromosome sections 
against the rest of the genomic sequences showed that as much as 60 % of the 
Arabidopsis genome was duplicated (Ermolaeva et al. 2003). Similarly, the rice 
genome underwent whole-genome duplication, as 65 % of the genome shows ho-
mology with another chromosomal region (Yu et al. 2005). Moreover, individual 
gene duplications in rice seem to occur at a high rate that could explain the loss in 
microcolinearity compared to other cereal genomes (Yu et al. 2005).

Taken together, despite evident divergent evolution at the phenotype level, in-
triguing similarities can be found at the genome level particularly when looking at 
the close number of protein-coding genes in Arabidopsis and rice (even if the rice 
gene number must be refined). Moreover, the greater size of the rice genome rela-
tively to Arabidopsis is mostly due to TEs. Finally, the genomes of these two model 
species underwent duplication, which is fundamental concerning functional biology 
where one particular gene often has family relatives elsewhere in the genome.

23.2.4  Functional Genomics of Arabidopsis and Rice

One fundamental goal of plant functional genomics is to assign a precise biological 
role to each gene in order to facilitate crops improvement. Following computational 
genome annotation, the Arabidopsis and rice predicted genes must be experimental-
ly confirmed. Several methods exist that can be either characterized as ‘top-down’ 
(phenotype to genotype) or ‘bottom-up’ (genotype to phenotype) approaches, and 
are called forward and reverse genetics, respectively. Historically, forward genet-
ics consisted in the mutagenization of large sets of seeds or plantlets in the hope 

M. Galland et al.



483

that it would deliver clear phenotypes. Good examples come from the hormonal 
field, where collections of mutants were screened for ABA (Koornneef et al. 1989; 
Meurs et al. 1992; Ooms et al. 1993) and GAs (Nambara et al. 1991; Talon et al. 
1990; Yamaguchi et al. 2001) responses that disturb seed development, seed stor-
ability, or seed germination. Then, positional cloning assisted by DNA markers al-
lowed to map and characterize the genes of interest involved in seed quality. This 
method yielded considerable results particularly in Arabidopsis, where milestone 
discoveries were made in (but not restricted to) photosynthesis, signaling pathways, 
response to change in environmental conditions, and genetic features. Yet, the need 
to fine map the mutations responsible for the phenotypes slowed considerably the 
pace of scientific progress because one had to produce numerous progenies before 
being able to localize the gene of interest beneath the 5–6 kb level.

The progressive refinement of protocols for transformation of Arabidopsis by A. 
tumefaciens plant led to a bonanza of insertional mutants, where a known sequence 
(T-DNA) is introduced randomly in the genomes (Bechtold and Pelletier 1998; Bent 
2000). This together with ad hoc stock center facilities and publicly web-accessible 
portals, providing information on position of T-DNA insertion genome wide by sys-
tematically sequencing the flanking T-DNA sequences tag (Alonso and Stepanova 
2003). While this is mostly true for Arabidopsis, the picture is a bit more compli-
cated for rice. Agrobacterium-mediated rice transformation is still technically chal-
lenging. Nonetheless, considerable resources are available because 172,000 flank-
ing sequences have been generated that spans about half of rice total genes (27,551 
from a total of 57,142 rice genes) (Jung et al. 2008; Krishnan et al. 2009; Zhang 
et al. 2006). These rice mutant lines can be ordered to and obtained from the produc-
ing institutions via two centralized web interfaces, RiceGE and OryGenesDB (Droc 
et al. 2006). Complementary to the knock-outstrategy, gain-of-function transgenic 
lines were generated for both Arabidopsis and rice species (Kondou et al. 2009). All 
of these genetic resources are valuable tools for the functional characterization of 
genes involved in controlling seed quality.

23.2.5  Model Seeds as Useful Tools

Since the dawn of agriculture some 10,000 years ago, mankind relies on plant seeds 
for its nutrition through feed and food production (Tresset and Vigne 2011). A bet-
ter understanding of seed biology could yield important tools and knowledge for 
plant breeders to select key genes involved in, for example, accumulation of storage 
compounds or the control of seed germination. Seeds of Arabidopsis and rice have 
been the support for basic and applied research for some 25 years for Arabidopsis, 
and some studies in rice dated back to the early 1970s (Rensink and Buell 2004). 
Since then, great progress in seed biology has been made and our comprehension of 
gene expression regulation and seed metabolism control has been enlightened from 
virtually nowhere (Fitzgerald et al. 2009; Gutierrez et al. 2007; Holdsworth et al. 
2008a,b; North et al. 2010). Further, the accumulated knowledge on these model 
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species has allowed to find applications for the improvement of seed quality in a 
wide range of crops as exemplified by the TF GLABRA2 (GL2) that has been found 
to regulate seed oil accumulation in Arabidopsis (Shen et al. 2006). Four ortholog 
genes were characterized in B. napus, B. rapa, and B. oleracea, and are considered 
as valuable molecular markers for oilseed rape breeding focusing on improvement 
of seed oil content and quality (Chai et al. 2010). Thus, opportunities for improving 
the nutritional value of seeds have become increasingly evident.

23.3  Contribution of Omics Technologies to Decipher 
Biology and Improve Nutritional Value of Seeds

Humans require a varied and well-balanced food containing a complex mixture 
of carbohydrates, lipids, amino acids (proteins), and micronutrients (e.g., minerals 
and vitamins) in order to maintain optimal health. However, macronutrient and mi-
cronutrient levels of seed-based food vary widely. How genomic and postgenomic 
approaches can help to improve nutritional value of seeds?

23.3.1  Oleaginous Seeds

Arabidopsis is a commonly-used model plant for studying oilseed biology and me-
tabolism. The pattern of FA accumulation in Arabidopsis seeds is closely paral-
leled with the increase of seed weight (Baud and Lepiniec 2009). The oil content 
expressed on a DW basis has been determined for 360 Arabidopsis thaliana acces-
sions (O’Neill et al. 2003). As per report (O’Neill et al. 2003), the model oil content 
is around 38 % of DW, with most accessions lying within the range of 33–43 %. 
Predominant FA species are polyunsaturated FAs (PUFAs; 16:0, 18:0, 18:1, 18:2 
and 18:3) and VLCFAs ( C  ≥ 20). Interestingly, the seed oil fatty acyl composi-
tions are remarkably conserved within the natural genetic diversity of Arabidopsis 
(O’Neill et al. 2003). Transcriptomics approaches used to decipher changes in gene 
expression during seed development were resulted in identification of many genes 
encoding core FA synthesis enzymes (Baud et al. 2009; Tranbarger et al. 2011). 
These genes could be used as molecular markers and to draw comparative genome 
alignment of Arabidopsis and other oleaginous crops (e.g., Brassica spp.). It is 
worth noting that the seed-specific overexpression of genes coding respectively for 
cytosolic glycerol-3-phosphate dehydrogenase (Vigeolas et al. 2007), glycerol-3-
phosphate acyltransferase (Jain et al. 2000), lysophosphatidic acid acyltransferase 
(Zou et al. 1997), and DAGAT (Jako et al. 2001) has led to increase in oil content 
of transgenic rape seeds. The WRI-1 TF, regarded as a central regulator of seed FA 
synthesis, also constitutes a promising candidate for manipulating the amount of 
FAs produced in transgenic plants. Studies of the wri-1 mutant of Arabidopsis have 
shown that the glycolytic pathway plays a fundamental role in lipid biosynthesis, 
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since this mutant has reduced lipid content due to the limited activity of several 
glycolytic enzymes (Focks and Benning 1998). In line with this finding, proteomics 
study of sunflower lines differing in seed oil contents has shown differences in 
protein abundance of some glycolytic enzymes (Hajduch et al. 2007). The charac-
terization of glycolytic pathway in sunflower seeds indicates that key enzymes are 
responsible for establishing the levels of soluble carbohydrates in seeds, perhaps in 
a similar way to Arabidopsis, and hence highlight the importance of these activities 
in regulating substrate entry into the pathway (Troncoso-Ponce et al. 2009).

Oil seeds constitute a source of vitamin E (tocopherols and tocotrienols). Vita-
min E was first discovered as an essential dietary nutrient for mammals (Schneider 
2005). Tocopherols and tocotrienols are lipophilic antioxidants that are synthesized 
by all plants and are particularly abundant in seeds. While genes involved in the 
tocopherol pathway are well characterized in Arabidopsis, their biological function 
in seeds is unclear. Transcriptomics analyses of tocopherol-deficient mutant loci 
in Arabidopsis were used to investigate the functions of tocopherols (Sattler et al. 
2006). Induction of six HSP genes in tocopherol-deficient mutant seeds was ob-
served, suggesting that the tocopherol deficiency has the biological consequences, 
including protection of a group of proteins. Interestingly, seed-specific overexpres-
sion of the heat stress TF HSF in both sunflower and tobacco ( Nicotiana tabacum) 
enhances the accumulation of HSP101 and small HSPs and improves resistance 
to seed deterioration (Prieto-Dapena et al. 2006). These findings point out the im-
portance of the control of expression of the stress proteins in seed storability and 
viability. Seed viability is a major parameter that reflects their nutritional quality 
(Rajjou and Debeaujon 2008).

23.3.2  Leguminous Seeds

Leguminous seeds (e.g., lentils, beans, peas, etc.) are suitable sources of protein in 
feed and food. Legumes tend to be poor in the sulfur amino acids (cysteine and me-
thionine) but are rich in lysine by contrast with cereal grains. Leguminous and cere-
als seeds, therefore, allow a well-balanced protein supply. By combining proteomics 
and QTL mapping approaches, the genetic architecture of seed proteome variability 
was recently highlighted in pea (Bourgeois et al. 2011). It was proposed that the ac-
cumulation of the major SP families was under the control of a limited number of 
loci. This idea is in accordance with the fact that a relatively small number of genes 
encode SSPs regardless of the plant species (Miernyk and Hajduch 2011). Precursor 
forms of the SSPs (e.g., prolamins, 2S albumins, 7S globulins, and 11/12S globu-
lins) are synthesized during seed maturation in the ER, and the processed forms are 
accumulated in protein storage vacuoles to form the protein bodies. Seed proteomics 
analyses showed that these SSPs are subjected to a wide range of PTMs, which may 
affect the structure of protein bodies, digestibility, and allergenic properties of these 
proteins (Arc et al. 2011). Indeed, seed protein allergy is becoming increasingly 
prevalent, notably in peanut, sesame, and soybean. However, allergenic proteins are 

23 A Role for “Omics” Technologies in Exploration of the Seed Nutritional Quality



486

poorly described. Proteomics allows identifying allergenic protein isoforms. The 
knowledge of conserved IgE binding epitopes in common food allergens represents 
a useful tool for predicting cross-reactivity to certain foods and to orientate plant 
breeding to produce novel crops more appropriate to food.

23.3.3  Cereals Seed Biology: Seed Quality

The cultivated cereals, members of the Poaceae family of the angiosperms, represent 
relevant economical, scientific, and social issues. These plants have been studied 
for decades to elucidate their biology in order to improve their quality. Rice, wheat, 
and barley have extensive genetic, molecular, and genomic resources (Bruskiewich 
et al. 2006; Feuillet et al. 2008; Sreenivasulu et al. 2008a). Transcriptomics and 
proteomics have been used to relate changes in transcript and protein abundances 
in developing cereal grains (Agrawal and Rakwal 2006; Finnie and Svensson 2009; 
Martínez-Barajas et al. 2011; Sreenivasulu et al. 2010; Venu et al. 2011; Vensel 
et al. 2005; Wan et al. 2009). These works revealed key biological function and pro-
vided a way to improve cereal grain nutritional quality by manipulating key regula-
tory genes. For instance, transcriptomics and proteomics have unveiled the high 
complexity of the regulation of genes involved in starch synthesis. The functions 
of individual enzyme isoforms have provided new insights into how linear polymer 
chains and branch linkages are synthesized in cereals (Jeon et al. 2010). In particu-
lar, genetic analyses of characteristic mutants have formed the basis of a new model 
outlining the role of various enzyme isoforms in cereal starch production (Jeon 
et al. 2010). Omics technologies are instrumental toward a better comprehension 
of seed biology and in consequence for seed improvement. The difficulty in studies 
undertaken on cereals, generally monocots, lies in the large diversity among spe-
cies. A plant model is primordial as a basis for study. Rice, a monocot species, was 
chosen to be a model plant because of its small genome size (389 Mb), extensive 
genetic map, relative easiness of transformation, and its close relatedness to major 
cereals (Izawa and Shimamoto 1996; Shimamoto and Kyozuka 2002; Agrawal and 
Rakwal 2006). Despite the fact that a great deal of progress has been made in the 
field of functional genomics, it is still hard to make links between results obtained 
from different species even if the studied specie is similar to the cereal plant model.

23.3.4  Influence of Germination Process on Nutritional 
Compounds

Germination is the period starting upon imbibition of a nondormant dry mature seed 
until the radicle protrudes from the seed coat (Bewley 1997). During seed germi-
nation sensus tricto (before radicle emergence), tremendous biochemical changes 
occur. The quiescent seed state is characterized by a reduced respiration, low-water 
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content (10–15 %), and low metabolism. Upon seed water imbibition, seed respira-
tion and its water content increase rapidly (Weitbrecht et al. 2011). The coincident 
increases in oxygen and water uptake reinduce the energetic metabolism (Fait et al. 
2006; Howell et al. 2006; Sreenivasulu et al. 2008b). More precisely, there is con-
tinuity between the seed maturation and germination programs (Fait et al. 2006; 
Gallardo et al. 2007). In Arabidopsis seeds, aromatic amino acids, glucose-6-P and 
fructose-6-P strongly accumulate during the first 24 h of germination (Fait et al. 
2006).

Moreover, Arabidopsis germinated seeds and seedlings mainly use TAG as a 
source of energy by their beta-oxidation in dedicated organelles (i.e., peroxisomes; 
Germain et al. 2001). Firstly, proteomics studies demonstrated that lipid and FA 
catabolism related-enzymes accumulate during the first 24h of germinating Arabi-
dopsis seeds (Gallardo et al. 2001; Rajjou et al. 2006). Also, the deficiency in two 
acyl-CoA-oxidases genes seriously impairs the germination of Arabidopsis seeds 
as they fail to remobilize storage TAGs (Pinfield-Wells et al. 2005). In rice seeds, 
starch is the main storage compound from which energy is produced for germina-
tion and seedling growth (Fincher 1989; Yamakawa et al. 2007). The expression 
of genes encoding the starch-metabolizing enzymes is strongly regulated during 
rice grain filling and germination. As in Arabidopsis seeds, glucose-6-P and fruc-
tose-6-P strongly accumulate during the first 24h of rice germination (Howell et al. 
2009). Free sugars probably fuel the glycolysis and TCA cycle because almost all 
transcripts encoding genes related to the glycolysis and TCA cycle are upregulated 
within the first 24 h of imbibition (Howell et al. 2009).

Building up a new plant requires energy but also elementary building blocks, 
such as amino acids. In the mature dry seed, proteins are stored in specialized struc-
tures that derive from the ER (Müntz 1998). More precisely, one can distinguish 
the protein bodies that originate from the ER and the protein storage vacuoles de-
rived from the endomembrane trafficking system (Jolliffe et al. 2005). SSPs form a 
source of carbon, nitrogen, and last but not least, sulfur (Herman and Larkins 1999). 
In germinating Arabidopsis seeds, the amount of 12S globulin precursor forms de-
creases, while the amount of its α- and β-subunits increases (Gallardo et al. 2001). 
Yet, it is also noteworthy that some SPs are resynthesized during germination (Raj-
jou et al. 2006). Comparative proteomics profiling of dry and germinated rice seeds 
showed imbibition-associated protein changes (Kim et al. 2008; Yang et al. 2007). 
It was found that the content of soluble proteins, including some allergens, is low-
ered in germinated rice seeds as compared to dry seeds. Efforts and trials have been 
made to produce hypoallergenic rice using an enzymatic treatment (Yamada et al. 
2005; Yang et al. 2007). In addition to allergens, several studies were undertaken 
on phytic acid (myo-inositol 1,2,3,4,5,6-hexakisphosphate), an antinutritional and 
antiecological factor. Phytic acid, the main storage compound of phosphorus, acts 
as a scavenger of metallic cations (namely K+ , Ca2+ , Mg2+ , Fe2+ , Zn2+ , and Mn2+ ), 
decreasing their bioavailability and nutritional benefits (Bohn et al. 2008). Besides 
this nutrition issue, undigested phytic acid is associated with a negative ecological 
impact by contributing to the increase of phosphate release in manure, which is an 
environmental matter (Dao 2003). Transgenic approaches have been implemented 
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to decrease phytic acid bioavailability in rice, corn, barley, and soybean using en-
zymatic degradation by means of barley phytases and production of low phytic acid 
lines (Sung el al. 2005). A set of low phytic acid rice mutant lines has been generat-
ed towards a goal to increase the nutritional quality. The rice ABC transporter gene 
OsMRP5 has been proposed to be potentially involved in the process of phytic acid 
compartmentalization and/or associated transport (Xu et al. 2009). Proteomics and 
bioinformatics analyses of this low phytic acid rice line (mutated for the OsMRP5 
gene) revealed that triose phosphate isomerase and fructose bisphosphate aldolase, 
two major differentially expressed proteins, are involved in myo-inositol metabo-
lism. Accumulation of SPs was also considerably decreased in the low phytic acid 
line (Emami et al. 2010). This work displayed the potential of proteomics and bio-
informatics profiling methods for safety assessment of novel foods.

Altogether, these considerations have significant consequences from a nutrition-
al point of view because TAG, minerals, starch, and SP breakdown could improve 
seed digestibility through a simple and economic process, such as germination.

23.3.5  Aging Influence on Seed Nutritional Value

In the emerging concerns about global changes, the attention is progressively fo-
cusing on the conservation of plant biodiversity. In particular, the Key Millennium 
Seed Bank and the Svalbard Global Seed Vault have been funded in order to save 
plant and agricultural relevant seed germplasms (Charles 2006). Seed viability and 
aging have therefore emerged as key issues that must be understood and managed.

Reductions in germination capability and seedling establishment constitute two 
hallmarks of seed viability (Rajjou and Debeaujon 2008). In particular, seed aging is 
characterized by an increase in ROS and protein damages (Bailly et al. 2008; Rajjou 
et al. 2008) and a lowering of DNA repair (Waterworth et al. 2010) and translational 
capacities (Rajjou et al. 2008). These altered cell metabolisms could impair seed nu-
tritional value as the lipidic and proteic seed composition dramatically changes. For 
instance, rice seed proteins are oxidized during a controlled deterioration treatment 
(Fig. 23.1). Interestingly, the sensitivity of the endosperm and embryo proteins to 
the controlled deterioration treatment is very different (Fig. 23.1).

Upon artificial or natural seed aging, the polyunsaturated FA seed content de-
clines steadily and lipid peroxidation by H2O2 can be easily detected (Devaiah 
et al. 2007). These lipid peroxidations can be prevented by tocochromanols that 
collectively form the so-called vitamin E (Mène-Saffrané and DellaPenna 2010). 
Tocochromanols encompass both tocotrienols and tocopherols, which are charac-
terized by the presence of a polar group together with a long aliphatic carbon chain 
saturated (tocopherols) or polyunsaturated (tocotrienols) (DellaPenna and Pogson, 
2006). Moreover, each tocopherol and tocotrienol possesses four isoforms, termed 
α- to δ-, which are differentially accumulated in seeds with contrasting antioxidant 
activity (DellaPenna and Pogson 2006). The α-tocopherol isoform, which has the 
most powerful vitamin E activity of all tocochromanols, could quench up to 120 
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singlet oxygen radicals before being degraded (Fukuzawa et al. 1982). In seeds, 
tocopherols have been shown to act as key determinants of seed resistance to aging 
because a mutant impaired in all forms of tocopherol biosynthesis exhibits a consid-
erable vigor loss during accelerated aging (Sattler et al. 2004).

Recently, genetic modulation of the protein L-isoaspartylmethyltransferase 1 
(PIMT1) using T-DNA insertion mutant and transgenic lines allowed to demon-
strate that protein repair of age-related protein damage contributes importantly to 
seed longevity (Ogé et al. 2008). The PIMT enzyme activity reduces the level of 
deamidated and isomerized aspartyl and asparaginyl residues that represent a sig-
nificant part of the spontaneous damage to proteins (Reissner and Aswad 2003). 
Alteration of protein conformation by isoaspartyl accumulation has been described 
as a root case of seed aging. Although oxidative stress is known to enhance these 
protein alterations, isoaspartyl formation is not chemically an oxidation. This sug-
gests that in addition to oxidative processes other mechanisms contribute to aging 
and vigor loss. How this metabolism of protein modification control seed survival 
remains to be elucidated. The identification of altered proteins that are repaired by 
PIMT will be promising to discover important actors of seed longevity (Chen et al. 
2010b).

Fig. 23.1  Detection of oxidized proteins in the embryo and endosperm of control or rice seeds that 
underwent a controlled deterioration treatment (CDT). Rice seeds were equilibrated at 85 % relative 
humidity (RH) and 20 °C for 3 days. Then, control seeds (0d) were directly dried back at 32 % RH 
at 20 °C while deteriorated seeds were placed during 15 days (15d) at 85 % RH and 40 °C. a Protein 
stain with Coomassie brilliant blue and b western blot related to anti-DNP immunoassay (Oxyblot) 
are shown. Proteins were then extracted and detection of oxidized proteins by carbonylation was 
performed by derivatization of protein extracts with 2,4-dinitrophenylhydrazine and immunologi-
cal detection of the DNP adducts with monoclonal anti-DNP antibody (OxyBlot Oxidized Protein 
Detection Kit; Chemicon) as described previously (Job et al. 2005). Abbreviation: d day
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23.4  Proof-Of-Concept: Physiological Conditions Influence 
Nutritional Rice Quality as Highlighted by Omics 
Experiments

In Asia, populations rely heavily on rice for their food intake as rice calorie supply 
represents 30 % of the total calorie uptake in Asia (IRRI 2009). The rice grain is 
available either as a polished grain (white rice) or as a whole grain (brown rice). 
Brown rice is made up of the endosperm, the embryo, and the bran of the grain, 
whereas white rice is restricted to the endosperm. Unfortunately, most of the con-
sumed rice is white rice that is less interesting from a nutritional point of view. Most 
of the rice nutritional compounds beneficial to human health are present in the em-
bryo and bran, which are removed by polishing (Fig. 23.2). For instance, the remov-
al of the bran layers eliminates γ-oryzanol (a group of esters of trans-ferulic acid 
and phytosterols) that has beneficial effects on cholesterol rates and also possesses 
anti-inflammatory properties (Miller and Engel 2006). Still, the brown rice seed 
in the dry state is hard to cook and contains phytates, a storage form of phosphate 
that cannot be assimilated in the human tractus (Hurrell 2003). Phytates are also 
known to significantly lower the assimilation of several important trace elements, 
in particular, iron and zinc (Hurrell 2003). As mentioned above, one proposed way 
to lower the rice seed phytate content is germination (Hurrell 2003).

The seed protein quality is also a critical determinant in the nutritional value of 
rice. Proteomics constitute an appropriate tool to investigate rice features (see for 
reviews, Rakwal and Agrawal 2003; Agrawal and Rakwal 2006, 2011; Agrawal 
et al. 2009). Proteomics approaches have allowed deciphering endosperm protein 
variations among various rice varieties. The granule-bound starch synthase (Waxy 
locus) has been proposed as a useful marker to identify differences between ja-
ponica and indica cultivars and associated to the organoleptic properties of cooked 
rice (Abe et al. 1996). Similarly, a seed bran proteomics study has suggested several 
proteins as effective biomarkers for aromatic rice (Trisiriroj et al. 2004).

Gene expressed in the rice seed embryo during germination has been document-
ed since a long time (Bhat and Padayatty 1975). During germination, a dramatic 
gene reprogramming occurs as 67 % of the transcripts change in abundance as com-
pared to transcripts in the dry seed (Howell et al. 2009). More precisely, the major 
transcript variations occurred between 3 h and 12 h and to a lesser extent between 
1 h and 3 h of seed imbibition (Howell et al. 2009). For example, transcripts related 
to amino acid biosynthesis are strongly accumulated between 3 h and 12 h of ger-
mination (Fig. 23.3b). In contrast, the transcript profiles related to amino acid bio-
synthesis between 0 h and 3h of germination hardly show any change (Fig. 23.3a). 
Therefore, at the transcriptome level, a major shift occurs at 3 h of germination for 
genes related to amino acid biosynthesis. In accordance with this hypothesis, me-
tabolome analysis demonstrated that several amino acids strongly accumulate in the 
embryo of germinating rice seeds during the first 24 h of germination (Fig. 23.3b; 
Howell et al. 2009). Valine, leucine, and phenylalanine, three indispensable ami-
no acids for human nutrition were among the most accumulated (Fig. 23.3b). It is 
noteworthy that amino acid accumulation is delayed by a few hours as compared to 
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the amino acid biosynthesis related transcript accumulation (Fig. 23.3). In countries 
where rice is the main staple food, it is then conceivable that the germination of a 
small part of that rice could improve the amino acid nutritional value of rice meals.

Iron deficiency is an important health issue in countries where white rice com-
poses most of the daily meals. Indeed, white rice has a poor Fe content in contrast to 
brown rice. During germination, it was shown that almost half of the Fe-deficiency 
related genes are expressed at high levels in the rice seed (Nozoye et al. 2007). It 
is also interesting to observe that strong modifications in Fe metabolism occur in 
the germinating rice seed. In the rice genome, three genes ( OsNAS1, OsNAS2, and 
OsNAS3) code for the nicotianamide synthase, an enzyme responsible for nicoti-
anamide biosynthesis from AdoMet (Inoue et al. 2003). Nicotianamide plays an 
important role in metallic ion transport within developing tobacco seeds (Takahashi 
et al. 2003). The three OsNAS transcripts are either present in high-abundance or 
strongly accumulated during rice seed germination (Nozoye et al. 2007). More pre-
cisely, gene-reporter experiments also showed that expression of the three OsNAS 
genes is strongly induced in the embryo of germinating rice seeds (Nozoye et al. 
2007). Strikingly, during germination, the OsNAS1 gene expression is also highly 
induced in the endosperm tissue. If nicotianamide is accumulated in the endosperm 

Fig. 23.2  High compartmentalization of some nutritional compounds within the rice seed. Fla-
vonoids were localized by confocal microscopy in the albumen (a), and in the rice embryo (b, c) 
using DPBA ( red channel). Scale bars represent 100 μm. (d) Lipids were localized in the albumen 
(d) and in the scutellum/albumen region (e) by confocal microscopy using Nile Red ( red channel). 
In (a, b, c, d, e), cell walls were visualized ( green channel) using calcofluor fluorescence. Scale 
bars represent 10 μm. (f) Protein bodies ( blue) and complex sugars (including starch) were visual-
ized using an APS-Napthol Blue Black coloration on 5 μm thick-sections visualized by optical 
microscopy. Scale bar represents 100 μm
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during germination, it could help to Fe transport and other metallic ions. As stated 
above, phytic acid is the main storage form of cations (including Fe) and the ger-
mination process lowers phytic acid content. Therefore, nicotianamide could subse-
quently transport the Fe and other cations originating from phytic acid degradation. 
Thereby, it is reasonable to propose that germinating rice seeds could help to attenu-
ate trace elements malnutrition due to favored white rice consumption.

M. Galland et al.

Fig. 23.3  Transcriptome and metabolome survey of rice seed germination highlights major 
changes in amino acid metabolism. a MapMan metabolism overview showing fold-change com-
parisons of rice embryo amino acid-related transcriptome at different time points. Red color indi-
cates transcripts that are upaccumulated (i.e. more abundant at 3 h than 0 h) while blue color 
indicates downaccumulated transcripts. b Selected amino acid raw abundance that shows accu-
mulation as a function of the rice embryo germination time. Presented data come from the work 
of Howell et al. (2009)
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Induction of rice seed germination seems a promising perspective to improve 
rice nutritional value. Nevertheless, seed germination vigor and capacity is highly 
dependent on storage conditions (Rajjou and Debeaujon 2008). In developing coun-
tries, rice seeds are often stored in ambient air temperature and humidity, which 
can be high in main-rice producing countries, such as Vietnam and Thailand. High 
temperature and humidity are known to cause seed aging that severely impairs seed 
germination because of the loss of function of protein translation, DNA repair, and 
detoxifying apparatus (Rajjou et al. 2008; Waterworth et al. 2010). Therefore, in 
aged rice seeds, the nutritional benefits of germination will be reduced. Concern-
ing seed quality, bad storage conditions increase the seed oxidative status that in 
turn causes the accumulation of lipid peroxides (Rajjou and Debeaujon 2008). As 
a consequence, reactive aldehydes can be produced, altering seed nutritional valor 
(Murthy and Sun 2000; Shin et al. 2009). A comprehensive study of rice seed aging 
by omics technologies will certainly help to assess the impact of aging on rice seed 
nutritional value.

23.5  Concluding Remarks

The improvement of seed-based nutrition can be seen as equally important as the 
increase of the raw agricultural production. To do so, plant biologists need to fuel 
plant breeders with candidate genes for several key traits, such as seed protein, oil, 
and vitamin, low phytate, and high germination vigor. To this end, omics technolo-
gies can help plant biologists to select the important genes for a trait of interest. 
Then, functional genomics will be needed to demonstrate the importance of the 
selected candidate genes. Concerning Arabidopsis, the wealth of genetic and tech-
nical resources will continue to serve rapeseed and other Brassicaceae knowledge 
transfer. Concerning cereals, several emerging plant models in addition to rice are 
barley and Brachypodium distachyon (Opanowicz et al. 2008; The International 
Brachypodium Initiative 2010). Thus, the cereal plant biologist community seems 
far less unified under a single plant model. While this can be seen as a limiting fac-
tor for cereal science, comparative genomics will also certainly bring functional 
information on each single cereal species.
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Abstract In this chapter, we discuss how genome-enabled technologies have im-
proved identification of legume seed allergens and are contributing to the develop-
ment of hypoallergenic legume crops. We show how proteomic identification of 
allergens will be driven by the availability of plant genomes. The expression of the 
major allergens can be reduced or eliminated by gene silencing, mutation, or ge-
nome editing. The limitation of these technologies to agricultural performance and 
food quality, and the clinical consequences of modified food products are described.

Keywords Legumes · Seed allergens · Food allergy · Hypoallergenic · Gene 
silencing · Mutagenesis

24.1  Introduction

24.1.1  Legume Seeds as Food

Legume seeds are an important source of protein in many regions of the world 
(Duranti 2006). They are becoming an increasingly popular food, particularly in de-
veloped countries, due to the benefits associated with low meat consumption (Du-
ranti and Scarafoni 1999). Legume seeds, common as human foods, are peas, soy-
bean, peanuts, lentils, beans, and chickpeas, while other legumes (such as lupin) are 
gradually being introduced to the consumer (Magni et al. 2004). Legume seeds are 
known to be beneficial to health when incorporated into human diets (Chassaigne 
et al. 2007; Trinidad et al. 2010; Venn and Mann 2004) both for their protein and 
other components. Besides protein, legume seeds contain trace nutrients that have 
been linked to disease prevention. Isoflavones, a plant defence compound found 
prevalently in legumes, has estrogenic, antiangiogenic, antioxidant, and anticancer 
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properties (Dixon 1999; Dixon and Ferreira 2002). A link has been proposed be-
tween consumption of soy isoflavones and the reduced risk of breast and prostate 
cancer (Adlercreutz 1998; Lamartiniere 2000; Setchell and Cassidy 1999). Tocoph-
erols, which are phytochemicals found in grain legumes, are involved in the preven-
tion of cardiovascular and eye pathologies (Boschin and Arnoldi 2011).

24.1.2  Allergy to Legume Seeds

Despite their benefits, some components of legume seeds cause allergenic reactions 
in susceptible people. Peanut and soybean are included in the ‘Big 8’ food allergens, 
which are responsible for 90 % of all food allergies in USA (Krska et al. 2004). 
Peanut, together with tree nut, affect more than 1 % of the US population, i.e., ap-
proximately 3 million people (Sicherer et al. 2010). A study conducted in 2010 has 
reported the prevalence for peanut allergy in US to be rising, particularly among 
children (Sicherer et al. 2010). Peanut allergy has significantly increased with a 
prevalence of 2.1 % reported for subjects under 18 years old in 2010, compared to 
1.2 % in 2002 and 0.6 % in 1997.

Regional dietary habits also play an important role in the prevalence of legume 
allergy or any type of food allergy (Dalal et al. 2002; San Ireneo et al. 2008). For 
example, in Spain, allergy to lentils is more common than allergy to peanut (Pas-
cual et al. 1999), and in France, lupin allergy is becoming more common since the 
introduction of lupin seed flour used in a mix with wheat flour (Campbell and Yates 
2010). A study comparing Israeli and UK Jewish children showed that peanut al-
lergy affected only 0.17 % of the children raised in Israel, while it is ten-fold higher 
(1.85 %) in the UK (Du Toit et al. 2008). In India, lentils and chickpeas are the ma-
jor legumes that cause allergy (San Ireneo et al. 2008; Sánchez-Monge et al. 2000b).

Mechanism of Allergy Reaction An allergy is an adverse reaction by the immune 
system to an allergen. Allergens can be either chemicals or proteins, with the lat-
ter being more common as food allergens. Food allergy includes several immune 
mechanisms but the most common is IgE-mediated food allergy, also classified as 
a type I hypersensitivity reaction. An IgE-mediated food reaction involves a three-
step process. The first step is known as a sensitization. When an atopic individual 
is exposed to an allergen for the first time, the helper T cells present in the immune 
system direct B cells to produce an antibody, called IgE antibodies. The allergen-
specific antibodies then bind to high-affinity receptors present on the surface of 
mast cells and these IgE primed mast cells are circulated and remain in the immune 
system. At this stage, the subject will not display any visible allergic reaction. How-
ever, when this individual is subsequently exposed to the same allergen, elicitation 
will occur. In this process, the allergen binding to the IgE-produced from previous 
exposure will stimulate the attached mast cells to release histamine and cytokines. 
These substances cause clinical symptoms including swelling, hives and rashes, 
and rhinitis, but also more severe clinical conditions such as asthma and anaphy-
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laxis that can be life threatening. The severity of the reaction depends largely on 
the amount of IgE produced in response to the allergen. If the IgE being produced 
does not exceed the threshold point, no clinical reaction is observed. However, 
the individual will be regarded as sensitized to the food allergen. For some people 
with peanut allergy, the threshold value to elicit a reaction can be as low as 100 µg 
(Wichers et al. 2004).

Allergies to legumes are common in atopic patients, who are sensitive to foods. 
Severe reactions, such as asthma and anaphylaxis, have been reported for peanut 
(Sampson 1990) and soybean allergy (Sicherer et al. 2000), with less aggressive 
reactions reported for other legumes.

For peanut allergy, once sensitivity is acquired, it may continue into adulthood. 
However, approximately 20 % of young infants, who are allergic to peanuts, are 
likely to outgrow their allergy, particularly those with lower peanut-IgE level (Skol-
nick et al. 2001). Factors contributing to legume allergy are not clear. One study has 
linked mutations in the Filaggrin gene, which causes epithelial barrier dysfunction 
as a significant risk factor for peanut allergy (Brown et al. 2011).

24.1.3  Legume Seed Allergens

Legume allergens identified to date are represented by 13 protein families (Rias-
cos et al. 2010). Among them, four protein families and superfamilies include the 
majority of legume allergens: cupins (including the 7S and 11S globulins); the pro-
lamin superfamily (including the nonspecific (ns)-LTPs and 2S storage albumins); 
profilins; and the larger group of PR proteins (mostly composed of homologues of 
the major birch pollen allergen, Bet v1) (Riascos et al. 2010). Other protein families, 
such as the oleosins, cysteine proteases, Kunitz trypsin inhibitors, calcium-binding 
proteins, and the seed biotinylated proteins, account for the remaining allergenic 
proteins in leguminous crops. Table 24.1 shows the legume allergens identified and 
their protein families’ classification.

At present, the most effective way to manage food allergy is by avoidance. How-
ever, biotechnological engineering enhanced by genome-enabled technologies may 
give a better understanding of allergy. Furthermore biotechnological engineering 
can be used in attempts to reduce the allergenicity of plants.

24.2  Identification of Allergens

24.2.1  IgE, the Key to Food Allergen Identification

The identification of allergens of type I hypersensitivity (IgE-mediated) is based 
on the ability of these allergens to bind IgE. The use of IgE from serum as a diag-

24 Using Genome-Enabled Technologies to Address Allergens …
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nostic indicator can be complicated by the fact that not all individuals having IgE 
against a particular protein in their sera react clinically to that protein. Thus, before 
allergen identification can be attempted, sera from clinically reactive patients must 
be collected. Defining clinical reaction can be problematic. The best method is to 
test all patients with a double-blind placebo-controlled food challenge (DBPCFC). 
However, for seriously allergic individuals this may risk anaphylaxis, and hence, 
the case history of allergic reactions and skin prick tests are often as an alternative. 
Skin prick tests involve the pricking of the skin with an allergen extract (or purified 
allergen) and assessment of the size of the wheal that develops around the point of 
contact. It is possible to have a skin prick reaction but not react clinically to the al-
lergen; therefore, results must be treated with caution. However, a large wheal after 
a skin prick test is often indicative of a clinical reaction to the protein. In addition, 
as each atopic individual has a unique spectrum of proteins that they react to and 
there are groups of individuals that react to different sets of allergens from the same 
source, serum should be collected from as many individuals as possible if the full 
spectrum of allergens in a seed is to be determined. It is important that sera from as 
many individuals as possible is tested with an allergen source in order to determine 
a clear picture of the allergenicity of different seed components. Identification of 
allergens can utilize different kinds of techniques, but the principal behind the tech-
niques used to identify an allergen is generally the same (Fig. 24.1). In most cases, 
the protein (allergen) is extracted, purified, and separated, and its allergenic poten-
tial is tested by inducing specific binding to IgE and finally identification. For less 
complicated proteins, extraction and purification may be done with conventional 
protein isolation methods, such as anion-exchange chromatography. However, in 
the case of legumes in which the protein contents are far more complex, recombi-
nant protein techniques are sometimes utilized to enable isolation, particularly in 
the case where a protein presents isoforms. After it is clear that a protein binds IgE, 
it is further dissected into smaller fragments to identify the particular region on the 
protein that is the active binding site of IgE (epitope).

                  
Fig. 24.1  General approach 
in allergen identification. 
(Modified from González-
Buitrago et al. 2007)

Crude Protein Extracts

Extractions and purifications

Protein Separation

Allergen Detection

Allergen Protein Identification
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Mass Spectrometry
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The efficiency in allergen identification is parallel with the amount of sequences 
(protein or gene) available. Unless the respective sequences are in database, the 
identification process can be long and laborious, especially with SSPs where it is 
further complicated by the presence of PTM and multigene families. However, ad-
vanced progress in genome-based techniques has enabled whole genome of a spe-
cies to be sequenced rapidly. Soybean is the only legume plant important in terms 
of allergy that has had its genome sequenced. This could provide a platform to study 
other legume allergens.

24.2.2  Genome-Enabled Technologies in Allergen Identification

Initial studies trying to identify allergens were done long before the advent of ge-
nome sequencing. Progress was relatively slow and studies tended to concentrate on 
a single allergen. With the increase in genome sequencing in recent years, and the 
availability of genomes for nonmodel plants, the ability to identify allergens quickly 
and consistently has been enhanced. Proteomics analysis based on the IgE-binding 
properties of allergens, combined with the availability of a complete genome al-
lows fast analysis of the allergen profile of a seed. This is particularly important 
where a particular allergen has a number of different isoforms. Using traditional 
methods, one isoform may be identified, but the presence of others with similar 
characteristics may have taken much longer to establish. With the availability of 
genome sequence, it is possible to predict proteins that are likely to be isoforms 
of an allergen and target these for investigation. It is important to characterize all 
isoforms and determine their capacity to bind IgE as any approach to reducing al-
lergenicity needs to take the isoforms into account (see subsection, Gene Silencing 
for Allergen Reduction).

Identification of the peanut allergen Ara h2 is a good example of the traditional 
approach to allergen identification. Ara h2 is a 2S albumin protein (SSP) and is one 
of the major and earliest characterized legume allergens (Burks et al. 1992). Crude 
seed protein was first fractionated with anion-exchange chromatography and the 
fractions screened with serum of peanut allergic patients to identify proteins that 
bound IgE. The amino acid sequence of a doublet of approximately 17 kDa that 
bound IgE was determined and later identified as Ara h2. Oligonucleotides based on 
the amino acid sequence were used to identify cDNA clones from a peanut cDNA 
library (Stanley et al. 1997). Once the amino acid sequence was deduced from the 
cDNA, it was possible to show that the other band of the original doublet was a 
second isoform of Ara h2 (Chatel et al. 2003), which was later reported to have a 
different IgE-binding capacity (Hales et al. 2004).

Identification of Lupinus angustifolius allergens, although not relying on ge-
nome information, illustrates the value of DNA sequence resources for the plant 
under study. Proteomics analysis of a whole protein extract directed the identifica-
tion of a particular class of protein as allergenic. A whole protein extract of lupin 
seed was separated via 2-DGE, followed by immunoblotting to determine which 
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proteins bound IgE from the sera of lupin allergic individuals (Goggin et al. 2008). 
Proteins that bound IgE were identified by MS with peptides matched to the avail-
able cDNA sequences from lupin seeds. Due to the lack of a genome sequence, 
many IgE-binding spots could not be identified. The identity of β-conglutin as a 
potential allergen was confirmed after purification of this protein, and it was named 
Lup an1 (Goggin et al. 2008). However, although it was clear that the analyzed 
spots represented more than one isoform of β-conglutin, it was not possible to de-
termine how many forms were present in the seed. The study used serum from in-
dividuals allergic only to lupin (not peanut), and hence it is possible that with other 
sera (e.g., of individuals allergic to both lupin and peanut) other proteins would be 
identified as allergens as suggested by other studies of lupin allergy (Holden et al. 
2008). Subsequent sequencing of large numbers of lupin seed ESTs followed by 
the isolation of full-length clones for all SSPs provided the data to allow the initial 
proteomics data (Goggin et al. 2008) to be reassessed (Foley et al. 2011). Seven 
genes encoding β-conglutin were identified and many of the spots of the original 
2-D gel could be defined as being expressed from one of these genes. At least six of 
the seven β-conglutin proteins bound IgE from individuals allergic to lupin but not 
peanut (Foley et al. 2011). Additionally, cDNAs encoding multiple forms of each of 
the other lupin SSPs were identified and used to pinpoint some of these proteins on 
the 2-D gel of L. angustifolius seed proteins, forming the basis of a reference map 
for lupin proteome. This illustrates how the availability of DNA sequence analysis 
for an allergenic plant can drive allergen identification. Without a complete genome 
sequence of L. angustifolius, it is not possible to be sure there are not other genes 
encoding β-conglutin and that there are no allergens that are not SSPs. The genome 
sequence will also assist in identifying isoforms of allergenic proteins that may 
share common peptides after digestion with trypsin. At present, the only sequenced 
genome of an allergenic legume is soybean. Table 24.2 shows the number of genes 
likely to encode isoform of particular soybean allergens based on the soybean ge-
nome sequence.

With the availability of the gene sequence encoding allergens, it is possible to 
generate recombinant proteins. Recombinant proteins may be useful for confirma-

Table 24.2  BLAST search results for proteins similar to each soybean allergen. Genes that are 
likely to code for isoforms of the allergen for identical copies of gene (isoform) based on soybean 
genome database (Phytozome). Identical copies of gene are mostly obtained for soy allergen that 
are of seed storage proteins origin (e.g., the Kunitz protease inhibitor allergen, Gly m TI, returned 
with 0 hit), indicating the complexity of seed storage proteins
Allergen Number of genes Ontology
Gly m 1   4 Prolamin nsLTPs
Gly m 3   7 Profilins
Gly m 4 > 10 PR protein PR-10
Gly m 5 (Beta subunit)   3 Cupin 7S globulins
Gly m Bd 28 k   2 Cupin 7S globulins
Gly m 2S albumin   2 Prolamin 2S albumins
Gly m 39 k   2 Soybean plant specific protein

L. Y. C. Soo et al.
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tion of allergenicity, although the possibility that recombinant allergens do not fold 
in the same manner as native allergens should be taken into account. Recombinant 
allergens are especially useful when the purification of the allergen is challenging 
or where many protein isoforms of the allergen exist. It is difficult or impossible 
to obtain the isoforms by standard purification methods due to the high degree of 
homogeneity, but the allergenicity of these isoforms can be tested via its recom-
binant proteins. Recombinant proteins can also be used for identification of IgE 
epitopes by subjecting the gene to mutagenesis to induce amino acid changes in the 
recombinant protein and analyzing the difference of IgE binding before and after 
the alteration.

A more apparent use of recombinant allergen is in allergy diagnosis and immu-
notherapy. Natural allergen extracts have problems, such as the difficulty of stan-
dardization, poor representation of allergens, and presence of contaminants (Valenta 
et al. 2011), which can be overcome by using recombinant proteins. However, the 
efficacy of recombinant allergens in diagnosis and treatment of allergy remains 
questionable, as the recombinant protein must exactly mimic the native allergen 
structure, which may be important for IgE-binding assays used in diagnosis. None-
theless, these recombinant proteins are useful in providing a predictive platform for 
allergy diagnosis as well as studies.

24.2.3  Detection of Allergens in Food

Besides identifying allergen, a paper published recently has successfully utilized 
genomic tools for detecting the presence of legume allergens in a food product 
(Galan et al. 2011). This work has described the development of a real time-PCR 
method to allow the simultaneous detection of traces of lupin and soya in processed 
food by using mitochondrial DNA (mtDNA) as markers. It was reported that the 
sensitivity of the method was suitable to detect allergenic ingredients in the low 
milligram per kilogram range of food prepared at high temperature. The method 
was successfully applied to bakery (e.g., bread) and vegetarian (e.g., nonmeat sau-
sages) food products that contain or may contain soya and/or lupin as ingredient or 
contaminant (Galan et al. 2011).

24.3  Genome-Enabled Technologies to Create Low 
Allergen Seeds

The availability of a complete genome gives advantages for identifying allergens 
through proteomics analysis, but also opens the way for approaches to lower aller-
genicity and create hypoallergenic crops. These approaches rely on the availability 
of DNA sequence for the allergens and the efficacy is enhanced, if the sequences 
of all genes encoding similar allergens (isoforms) are known. Various approaches 
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have been used to suppress or eliminate the expression of allergens in crops and new 
methods for genome editing offer much promise for directly targeting the allergens 
genes. Ideally the aim would be to change the IgE epitopes of the protein without af-
fecting the expression and overall physiological function of the allergens. However, 
because there are often multiple epitopes on the same protein and different patients 
react to different group of epitopes on the same protein it is not currently practically 
or economically feasible to modify all allergenic epitopes in an allergen to create a 
hypoallergenic plant.

24.3.1  Gene Silencing for Allergen Reduction

Posttranscriptional gene silencing is a naturally occurring pathway in plants, used 
for defence against viral infection and for developmental gene regulation (Baul-
combe 2004; Chapman and Carrington 2007). It is initiated by the introduction of 
a transgene, viral infection, or the formation of dsRNA. An efficient approach is 
to induce production of small interfering RNAs (siRNA), which target the aller-
gen transcript of interest for cleavage (Dodo et al. 2005; Ozias-Akins et al. 2010; 
Song et al. 2004). Using this pathway, the expression of specific allergens can be 
selectively suppressed. This approach has been used in a number of plants through 
expression of antisense constructs or cosuppression. These methods have produced 
reductions in allergenic proteins (see below), but the methods for inducing produc-
tion of siRNAs have now been refined and are termed RNAi. RNAi can be induced 
through introduction of hairpin constructs, producing a transcript that will fold to 
form a dsRNA (Smith et al. 2000). Inclusion of an intron between the two comple-
mentary regions enhances the efficiency of silencing (Smith et al. 2000; Waterhouse 
et al. 1998). The transgenes can be introduced into the plant through biolistic or 
Agrobacterium tumefaciens-mediated genetic transformation. After incorporation 
into the plant genome, the transgene dsRNA is processed into a series of small 
21–24-nucleotides siRNAs by an endogenous RNase III enzyme called ‘DICER’ 
(Bernstein et al. 2001; Hamilton and Baulcombe 1999). The siRNA associates with 
the RNA-induced silencing complex (RISC) in the cytoplasm directing it to the tar-
get gene. Argonaute proteins within the RISC cleave the target mRNAs within the 
sequence complementary to the siRNA or translation of the target gene is inhibited 
(Song et al. 2004).

RNAi is based on the homology of sequences, and therefore, has the potential 
to silence simultaneously all genes in a gene-family. This is particularly important 
for allergens, as they are commonly encoded by members of multigene families 
(Table 24.1). All isoforms can consequently be targeted to ensure an efficient sup-
pression of the allergens. Additionally, allergenic crops can contain multiple aller-
genic proteins, which might exhibit high sequence homology and often belong to 
the same protein families. However, suppressing all allergens of one protein family 
might strongly influence the viability of the transgenic plant, due to the loss of their 
biological function. In general, only the allergens to which the majority of patients 
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react and that do not fulfil an essential role in the seed can be potential candidates 
for this type of suppression. Furthermore, it is essential to use sequence fragments 
having least homology to other genes in plants to lower the allergenicity of a plant 
in order to reduce the collateral effect (Ozias-Akins et al. 2010).

An alternative approach uses a second type of small RNA, called miRNA, to 
induce silencing. The miRNAs are a similar size RNA molecule to siRNAs, but 
are produced from a specific transcript, and that once transcribed, forms a hairpin, 
which is cleaved by DICER to produce a single miRNA product. The miRNA acts 
in a similar manner to a siRNA, binding to the target gene transcript and marking it 
for cleavage or inhibition of translation. Methods to design artificial miRNAs have 
been developed based on the characteristics of binding of native miRNAs to their 
targets (Schwab et al. 2006). A sequence complementary to the gene of interest is 
used to replace the natural miRNA in a miRNA gene. This method has not been 
used to reduce allergen expression, but is useful in that a miRNA that targets a par-
ticular member of a gene family can be designed. The sequence used in the artificial 
miRNA construct is only 21-nucleotide long compared to the 100–300 bp sequenc-
es used in hairpin RNAi constructs (Smith et al. 2000), making it a more specific 
method for silencing. Conversely, if all members of a gene family share an identical 
21-nucleotide sequence, they can all be targeted by a single artificial miRNA.

The RNAi approach has been used to reduce the allergenicity of soybean (Her-
man et al. 2003) and peanut (Chu et al. 2008; Dodo et al. 2008), but also rice (Tada 
et al. 1996), apple (Gilissen et al. 2005), tomato (Lien et al. 2006), and carrot (Peters 
et al. 2011). In peanut, two independent studies (Chu et al. 2008; Dodo et al. 2008) 
have selected the major allergen Ara h2 for RNAi silencing experiments. As a type 
of trypsin inhibitor (Maleki et al. 2003), Ara h2 is thought act as a defence protein 
against pathogens in the seeds and in contrast to SSPs not essential for plant devel-
opment making Ara h2 a good target gene for silencing. Silencing was achieved 
using a hairpin construct based on the coding region of Ara h2 gene driven by an 
enhanced cauliflower mosaic virus (CaMV) 35S constitutive promoter. There was 
no obvious difference in plant performance of the transgenic plants compared to 
wild type. A specific sandwich enzyme-linked immunosorbent assay (ELISA) with 
monoclonal Ara h2-mAbs and western blotting revealed that the protein abundance 
of Ara h 2 in crude protein extract was decreased by 21–25 % compared to the wild 
type in several seeds. Furthermore, ELISA using the patient’s sera showed reduced 
IgE binding when compared to IgE binding to a nontransgenic seed (Dodo et al. 
2008). However, none of the patient sera revealed a complete elimination of IgE 
binding, which illustrates the limitations of this method. Analysis of later genera-
tions was not completed; hence, the stability of reduction in allergen could not be 
determined.

By selecting a sequence region that is highly conserved between peanut aller-
gens Ara h2 and 6, Chu et al. (2008) produced an RNAi construct that effectively 
silenced both allergens simultaneously. Ara h6 has an overall homology of 59 % 
to Ara h2 and is a major allergen (Koppelman et al. 2005), which makes this ap-
proach very useful. The plants did not show any significant phenotypic differences 
compared to wild type. Even though the defence protein Ara h2 is suppressed, the 
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transgenic lines did not show an increase in its susceptibility to the common Asper-
gillus flavus fungal infection. It is important to note that, the susceptibility was high 
in both transformed and wild type plants. This may suggest that Ara h2 is usually 
involved in the defence for pathogens other than A. flavus. By using immunoblot-
ting, Chu et al. (2008) demonstrated decreased IgE recognition to both allergens 
in the transgenic seeds with sera from three different patients with peanut allergy. 
Other major allergens, such as Ara h1 and 3, did not show any notable differences. 
Nevertheless, a separate analysis by Stevenson et al. (2009) observed besides other 
changes, an increase in minor allergen Ara h10 (oleosin 1) in one of the three men-
tioned transformed lines. Independently generated Ara h2-silenced lines showed 
surprisingly large variations in protein profiles in addition to reduced Ara h2 expres-
sion (Dodo et al. 2008; Ozias-Akins et al. 2010).

In soybean, cosuppression was used to silence the major allergen Gly m Bd 30K, 
also known as P34 (Herman et al. 2003). Although it is a relatively minor seed con-
stituent (less than 1 % of total seed protein), P34 is regarded as the major or immu-
nodominant soybean allergen (see, Table 24.1). Soybean embryos were transformed 
using a vector containing a specific promoter and the entire ORF of P34 in sense 
direction. It was demonstrated that P34 was absent via comparison by 2-DGE and 
MS. Furthermore, the IgE immunoreactivity for P34 polypeptide was absent in P34-
suppressed seed protein extracts, when using a serum pool from six soy-allergic 
individuals. Proteomics analysis of extracts from transgenic plants could not detect 
any other significant changes in polypeptide pattern. Seeds of the transgenic lines 
did not show any compositional, developmental, structural, or ultrastructural phe-
notypic differences when compared with control plants (Herman et al. 2003). The 
P34 elimination was maintained over three generations (Gallo and Sayre 2009). The 
commercial success of this approach will depend on the long-term stability of the 
gene suppressing expression of P34 construct.

24.3.2  Mutation of Allergen Genes

A second approach to creating a hypoallergenic crop is the use of mutagenesis to 
modify the genome of an allergenic plant. It can then be screen for expression of 
the eliminated gene. Theoretically, some mutation may modify the amino acid se-
quence of the protein, and hence that protein is no longer an allergen. However, this 
process is likely to be a much rare event. Screening methods (such as TILLING) 
relying on the availability of the genome sequence are important in screening of the 
mutated allergen genes.

There are different approaches to mutation of an allergen gene. These included 
induced mutations (such as those caused by EMS or radiation) or insertional muta-
genesis via T-DNA or transposable elements.

Mutagenesis Using Radiation Radiation induces moderate to large-scale chromo-
somal changes, often resulting in deletion or rearrangement of large portions of the 
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genome. This can be an advantage, since this treatment can have an effect on many 
allergen genes at once. Conversely, it may result in lethal modifications or have 
harmful effects on the overall phenotype of the plant.

Several soybean lines have been created that lack allergens by employing γ-ray 
mutagenesis. The breeding line EnB1 lacks all five subunits of the SSP glycinin, 
also known as Gly m6 (Odanaka and Kaizuma 1989; Teraishi et al. 2001). The mu-
tant breeding line must therefore either contain several independent glycinin gene 
mutations (glycinin genes are known to be located on multiple chromosomes) or 
more likely a single mutation in a transacting modifier gene that controls expression 
of the whole gene family (Ozias-Akins et al. 2010).

The breeding line ‘Kari-kei 434’, which lacks the α′- subunit of β-conglycinin, 
was treated with γ-radiation. In this experiment, a line known as ‘Tohoku 124’ or 
‘Yumeminori’ was obtained, which further lacks the α- and α′-subunits of the al-
lergen β-conglycinin, and has reduced levels of the β-subunit (collectively Gly m5, 
a vicilin) (Takahashi et al. 1994). Furthermore, this line does not contain Gly m 
Bd28K, another vicilin allergen (Samoto et al. 1997). Samoto et al. (1997) was 
also able to remove 99.8 % of another allergen Gly m Bd30K (P34) from soymilk 
through processing (Ozias-Akins et al. 2010).

Upon elimination of both β-conglutin subunits in soybean after γ-radiation, le-
thal chlorosis occurred in the plants, which might have resulted from a large chro-
mosomal deletion (Phan et al. 1996). This finding shows that a more targeted ap-
proach for the elimination of allergens is useful.

The γ-radiation was used to develop three mutants, which lacked the A3 subunit 
of allergenic glycinin (Manjaya et al. 2007). Among the three, two mutants were 
lacking α and α′-subunits of β-conglycinin (vicilin). Plant growth and physiological 
abnormalities were not detected. However, the allergenicity of the mutant lines was 
not determined.

A fast neutron mutant population has recently been described for soybean. The 
population consists of 23,000 independent M2 lines (Bolon et al. 2011) and prom-
ises to be an important resource for screening for low-allergen soybeans.

Chemical Mutagenesis One of the most common chemicals used for mutagenesis 
is EMS. Chemical mutagens tend to induce very small changes to DNA sequences: 
SNPs or very small insertions (Ozias-Akins et al. 2010). In some cases, this process 
can have an effect on the gene function and protein expression. If the result is a 
premature stop codon, this may lead to elimination of expression of the affected 
allergen. Nevertheless, it can leave the functional allergens intact, but disrupt key 
epitopes (Ramos et al. 2009; Riascos et al. 2010). Single amino acid substitutions 
in characterized allergen epitopes can have a dramatic effect on IgE recognition and 
binding (Helm et al. 2000; Rabjohn et al. 2002; Shin et al. 1998; Stanley et al. 1997). 
Since these mutations tend to be distributed randomly throughout the genome, and 
the resulting phenotype is not easily observed, it is important to be able to screen 
for the presence of mutations in the gene of interest. This is even more relevant 
for polyploidy crops (such as tetraploid peanuts), where duplicate genes frequently 
mask mutant phenotypes.
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TILLING for Identification of Mutations A common screening technique for the 
small sequence differences induced by chemical mutagens is TILLING (McCal-
lum et al. 2000)—a technique that is simplified by the availability of a genome 
sequence. TILLING is a high-throughput screening technique based on the PCR 
technique (Henikoff and Comai 2003; McCallum et al. 2000). With this technique, 
individuals carrying mutations in the genes of interest can be identified by recog-
nizing SNPs in an induced mutant population (McCallum et al. 2000). The target 
gene sequence is thus required for this type of mutant screen. The process of deter-
mining the pool size and evaluation of the rate of mutation throughout the genome 
can be facilitated, if the genomic sequence of the allergenic plant is known. The 
developed TILLING populations serve as a valuable genetic resource for identify-
ing changes to allergen genes. Nevertheless, this technique presents challenges for 
discriminating between homologous genes in an allotetraploid, such as peanut. To 
overcome this, genomic sequence of the targeted crop would give very valuable 
information.

A peanut TILLING population has been developed and screened for variations 
in the major allergens Ara h1 and Ara h2 (Knoll et al. 2011). Using EMS as a 
mutagen, a number of mutations in the target genes were generated. Some of the 
mutants for Ara h2 resulted in amino acid substitutions within allergenic epitopes. 
As homozygous mutant lines are not yet available, they have not been tested to see 
if this reduces the IgE-binding to the protein. A mutant Ara h2 gene with a modi-
fied start codon has resulted in elimination of expression of one of the two Ara h2 
genes, but again the reduction in IgE binding as a result of this change has not been 
assessed. An Ara h1 gene with a premature stop codon was also identified and ap-
pears to result in a reduction in the protein level for one Ara h1 spot when assessed 
by 2-DGE.

In soybean, several TILLING populations have already been developed after 
mutagenesis and can be accessed easily via online platforms, such as http://www.
soybeantilling.org/. These platforms, however, concentrate on plant performance 
and functional genomics. To date, no work was published on soy allergen gene 
mutations.

EcoTILLING for Identifying Natural Variation in Allergenic Proteins A variation 
of TILLING, EcoTILLING enables the determination of polymorphisms of target 
genes in untreated populations and has been adapted to find natural cultivars con-
taining allergen-isoforms with lowered allergenicity (Comai et al. 2004; Henikoff 
and Comai 2003). In peanut, EcoTILLING has been used to find polymorphisms of 
Ara h2.01 in 30 Arachis duranensis accessions (a wild relative of Arachis hypogaea 
with a richer source of variation), available from the US germplasm collection. 
None of the identified polymorphisms induced major conformational changes, and 
were therefore thought to be neutral for their function in the plant. Nevertheless, 
in terms of allergenicity, one allele showed a 56–99 % reduction in IgE-binding 
activity. Furthermore, none of the mutations occurred within the T-cell epitopes 
characterized for Ara h2.01. Therefore, the potential use of this natural hypoaller-
genic variant for the purpose of immunotherapy was suggested (Ramos et al. 2009).
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24.3.3  Genome Editing to Modify Allergenicity

The ability to target a site in specific genes for cleavage is a huge step forward for 
plant breeding, allowing precise engineering of the plant genome. Techniques, us-
ing zinc-finger nucleases (ZFN) (reviewed in Urnov et al. 2010) or transcription 
activator-like effector nucleases (TALEN) (Miller et al. 2011), have been developed 
specifically for this purpose. The techniques rely on the induction of double-strand-
ed breaks at specific sites in the target gene inducing repair mechanisms that often 
introduce modifications to the gene. DNA-binding proteins, such as zinc-finger pro-
teins and transcription activator-like effectors, are used to target specific sites in the 
genome. By fusing these proteins to a nuclease, such as the cleavage domain of the 
FokI restriction enzyme, the nuclease can be targeted to the region of the genome at 
which the protein binds. The binding proteins have been engineered to modify their 
DNA-binding specificity and increase the range of sites they target (Miller et al. 
2011). On-line resources are available to aid in the development of ZFN or TALEN 
that target particular genes. Once engineered, the constructs can be introduced using 
standard plant transformation methods and mutants in the gene of interest selected 
from the transformants.

Genome editing with ZFN has been demonstrated for some plant species (Sander 
et al. 2011) including soybean (Curtin et al. 2011), and it is likely to provide an ef-
ficient method to target mutations to allergen genes.

24.3.4  Limitations and Challenges When Creating  
Low Allergen Seeds

Most crops contain various allergens with essential physiological functions, whose 
elimination may have effects on the physiology and agricultural performance of 
the plant. The SSPs are generally degraded to provide energy for seed germination, 
hence care would need to be taken that this was not affected in reduced allergen 
seeds. Also since the allergenic SSPs are often major components of the seed, it is 
possible that properties like taste may be affected in plants with reduced allergen 
(Krause et al. 2010).

With RNAi, it is rare to have complete suppression of expression, and therefore, 
it is unlikely the allergen will be completely eliminated. For peanuts, even trace 
amount of residual allergens can elicit reactions in a very atopic patient (Hourihane 
et al. 1997), which is underlined by the fact that the IgE in patients’ sera still de-
tected the allergens in Ara h2- and 6-silenced peanuts (Chu et al. 2008; Dodo et al. 
2008). The transformed peanuts therefore still present a risk for patients allergic to 
the allergens. However, for some allergenic proteins, a reduction of allergen may 
provide some benefit.

It is also possible that reduction in the expression of one SSP may lead to an 
increase in another allergenic SSP to compensate. An example is in lines with natu-
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rally low Ara h1 composition, where mediator release assay of rat basophilic leu-
kaemia sensitized with IgE from peanut allergic individuals showed no reduction 
in allergenicity for these lines. It was proposed that other proteins had compensated 
for the lack of Ara h1 and the implication was that these were also allergens (Krause 
et al. 2010).

What these limitations mean is that each plant that is produced where an allergen 
has been suppressed or eliminated must be carefully assessed, taking into account 
the range of allergens different patients react to and the possibility of unexpected 
compensatory effects on the seed metabolism or allergenicity.

To date, it is not sufficiently practicable to determine the overall allergenicity of 
a hypoallergenic crop the product. The presence of multiple allergens in one food 
source makes the collection of allergenicity data in a clinical setting via the gold 
standard DBPCFC (Peeters et al. 2007) test risky for allergic patients. Therefore, 
it has not been used for evaluation of any allergen reduced transgenic lines (Ozias-
Akins et al. 2010). Additionally, animal models have not been satisfactorily cor-
related with diverse human allergic sensitization (Goodman et al. 2008). Therefore, 
the analysis of the allergenicity of crops is mostly done on protein level, utiliz-
ing proteomics techniques (Ozias-Akins et al. 2010; Stevenson et al. 2009; Thelen 
2009), and tests involving IgE binding using sera from allergic patients, in-vitro 
histamine release from sensitized human or humanized basophils (Goodman et al. 
2008). Although individuals who react to an allergen produce IgE antibodies against 
the allergen, the presence of IgE to a particular allergen is not an absolute predictor 
of a clinical reaction. It has been suggested that where allergic patients generate IgE 
to glycans on an allergen, these IgE molecules are less likely to elicit a clinical reac-
tion to the allergen (Altmann 2007). Together, the findings and discussion illustrate 
the need for careful characterization of sera (IgE) used to assess allergenicity of 
proteins.

Banks of sera have IgE against a range of protein epitopes (Altmann 2007; 
Goodman et al. 2008), and that will be a useful tool to assess changes of allergenic-
ity as a result of manipulation of allergen gene expression and modification. This 
information can be obtained using protein array assays, such as immuno solid-phase 
allergen chip (ISAC). Furthermore many of the methods mentioned are not stan-
dardized, although efforts have been made to standardize commercial assays, such 
as ELISA (van Ree et al. 2008). Importantly, it must be recognized that there are 
no absolute thresholds of serum IgE binding that provide absolute measurement of 
safety or risk (Goodman et al. 2008).

Additionally, a range of publications on peanuts have shown that the allergenic 
potential of a crop can change during processing, e.g., by roasting or boiling (Maleki 
et al. 2000, 2003; Mondoulet et al. 2003, 2005; Pomes et al. 2006). For example, the 
IgE-binding capacity of purified Ara h1 and Ara h2 was observed to be increased 
in roasted peanuts and decreased in boiled peanuts, compared to raw samples. Al-
though considering these secondary effects can be difficult, its needs to be taken in 
account to ensure the safety of the consumers, since there is no standardization on 
the manufacturing process such as on roasting temperatures.
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Despite strict safety assessment and control of GM crops, there is a great public 
resistance against GM food and it is not known wether the acceptance by consumers 
will rise by providing possible recovery from allergy.

24.4  Concluding Remarks

As the genomes of more crop plants become available, it will become easier and 
faster to identify allergens and characterize their allergenic epitopes. Genome-
enabled technologies will also allow more efficient modification of plants to re-
duce allergenicity. However, many of the current techniques do not allow complete 
elimination of allergenic proteins and the foods produced will still remain a risk to 
allergic individuals. Modifications could create new allergenic epitopes or changes 
in expression of other allergens. Hence, screening of the resulting plants must take 
into account all allergens, not just those modified. This will require development of 
more sophisticated strategies for clinically evaluating allergenicity. Nevertheless, 
these studies while illustrating the challenges for eliminating allergens show that at 
least reduction of allergenicity is attainable. For some foods, this will make a major 
difference for allergenic individuals. The utilization of genome-enabled methods 
is a basis for advancing research in this area, especially identification and charac-
terization of allergenic molecules. Genomic tools that improve our knowledge of 
allergens and their structure will help us address the central question: why some 
protein are allergens while others are not?
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Abstract Plant oils are the major sources for human nutrition. There is increas-
ing interest in the use of plant oils as renewable sources of industrial feedstocks. 
In order to alleviate the increasing demand for plant oils, omics approaches have 
been adopted to facilitate modification of the fatty acid composition in order to 
improve the nutritional properties and to generate specific physiochemical proper-
ties for industrial uses. An overview of the application of omics to aid progress in 
the engineering of oil quality and seed yield is presented in this chapter.

Keywords Lipid metabolic pathways · Seed and yield improvement · Transcription 
factors · Industrial applications · Human nutrition

25.1  Introduction

Seed oils have always been used for nutrition and are now increasingly used as in-
dustrial feedstocks. Today, increasing the seed oil content and oil yield per unit area 
of land are of paramount importance in supplying oil for food and non food applica-
tions. Most oleaginous plants characteristically accumulate oil in seeds (rapeseed, 
sunflower) or in fruit (palm, olive). Most of these oilseed crops are growing in 
temperate climate, need only limited amounts of fertilizers and present a high yield. 
Moreover, harvesting conditions and oil extraction process are well controlled along 
with readily availability of their processing facilities.

More than 85 % of the vegetable oil production is used for human nutrition 
(Drexler et al. 2003). The nutritional quality of vegetable oils is related to its FA 
composition, which influences the preservation (oxidation of the unsaturated FAs 
should be avoided), and the ratio between monounsaturated/saturated FAs should 
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be high to prevent cardiac diseases (Damude and Kinney 2008b; Kinney 1996). For 
example, cooking oils generally contain a higher proportion of monounsaturated 
FAs (such as oleic acid), which are more stable under high temperature, while mar-
garines and spreads are often rich in saturated FAs (e.g., palmitic and stearic acids). 
Other oils, such as salad oils, contain more polyunsaturated FAs (e.g., linoleic and 
α-linolenic acids). Issues of oil quality and stability have been solved by breeding 
and recombining of desired traits. However, one important challenge is to increase 
the yield of oilseeds in order to anticipate the increasing demand due to the ever 
increasing world population (Damude and Kinney 2007, 2008a; Domergue et al. 
2005a; Kinney 1996; Napier 2007; Napier et al. 2004; Napier and Graham 2010).

Vegetable oils mainly consist of TAGs, resulting from the esterification of 
three FAs to a glycerol molecule. These FAs, characterized by the generic formula 
CH3(CH2)nCOOH, are chemically close to fossil hydrocarbons (gas and petroleum) 
as described by a CH3(CH2)nCH3 formula. For this reason, oilseed crops, which are 
generally rich in FAs, are considered as an alternative source to fossil energy, which 
after minor modifications could be submitted to a cracking process using the same 
equipment as petroleum chemistry (Abbadi et al. 2004; Broun et al. 1999; Dyer 
et al. 2008; Nikolau et al. 2008; Ohlrogge 1994; Ohlrogge et al. 2009).

On other hand, in the plant kingdom more than 200 different FAs structures ex-
ist, which differ by the C chain length, linear, and cyclic configurations. Diverse 
functional groups are introduced by hydroxylation, unsaturation, and epoxidation, 
which could be used as synthons for the chemical industry. In recent years, plant 
omics biology has advanced rapidly, allowing the development of new projects in 
agricultural production including metabolic engineering (Drexler et al. 2003; Dyer 
et al. 2008; Ohlrogge 1994). Among these, the modification of FA composition and 
oil content of oilseeds aims to improve oil quality for nutrition and to design new 
oils for industrial uses (Cahoon et al. 2007; Ohlrogge 1994; Somerville and Bonetta 
2001).

25.2  Seed Lipid Composition and Metabolic Pathways

The largest part of plant oil production from the major oilseed crops is consumed 
as food. The oils used in these markets contain various proportions of the five com-
mon and nutritionally important FAs: palmitic (16:0); stearic (18:0); oleic (18:1∆9); 
linoleic (18:2∆9,12); and linolenic (18:3∆9,12,15) acids (Table 25.1). The proper-
ties and value of oils depend on their FA composition, and certain compositions are 
desirable for specific end uses (Ohlrogge 1994). Besides the usual FA composi-
tion, exotic plants may accumulate unusual FAs with short C chain length (C8:0 
to C14:0, Cuphea), long C chain length (C22:1, rape, Crambe), or hydroxyl FA 
(C18:0-OH, castor bean) (Table 25.2), which could be used as feedstocks for indus-
trial applications (bio lubricants, plasticizers, inks, and paints) (Dyer et al. 2008). 
These exotic plants have a particular interest since they possess alternative path-
ways for the synthesis of diverse FAs in addition to the pathways controlling the 
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ubiquitous FAs. As such, they represent a potential source of genes available for the 
modification of storage lipids in cultivated oilseeds (Cahoon et al. 2007; Somerville 
and Bonetta 2001).

The biosynthesis of lipids containing the five major FAs involves three subcel-
lular compartments (Fig. 25.1). In plastids, palmitic (16:0) and stearic (18:0) acids 
are de novo synthesized from acetyl-CoA and malonyl-ACP with the nascent FAs 
esterified to ACP. Stearoyl-ACP is subsequently desaturated to oleic acid (18:1∆9). 
A fraction of these three FAs is then exported to the cytosol to enter into the  
acyl-CoA and acyl-lipid pools. In the ER, oleic acid from these pools is incorpo-
rated into phosphatidylcholine and may be converted to linoleic (18:2∆9,12) and 
to α-linolenic (18:3∆9,12,15) acids by the sequential action of substrate-specific 
desaturases. A part of these modified fatty acyl products is incorporated as structural 
components of cellular membranes and in seeds, the remaining proportion may: 
(i) enter the acyl-CoA pool to be esterified to all three positions of TAG by the 

Table 25.1  Fatty acid composition of oils from major and minor oil plants
Major oil plants Fatty acids (%)

8:00 10:00 12:00 14:00 16:00 18:00 18:01 18:02 18:03 20:01
Palm  5 36 2 50  8
Soybean 11 4 23 54  8
Canola  4 2 60 21 10 1
Sunflower  7 5 19 68
Linseed  6 2 19 24 47
Coconut 7 7 48 18  9 3  6  2
Palm kernel 3 4 48 16  8 2 15  2
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Fig. 25.1  Lipid synthesis pathway in Crucifer oilseeds. ACCase acetyl-CoA carboxylase, ACS 
acyl-CoA synthetase, DAGAT Diacylglycerol acyltransferase, DES Desaturase, DG Diacylg-
lycerol, Elo Elongase, ER Endoplasmic reticulum, FAS Fatty acid synthase, G3PAT Glycerol-3-
phosphate acyltransferase, KAS Ketoacyl-ACP synthase, LPA Lysophosphatitic acid, LPAAT Lyso 
phosphatidic acid acyltransferase, PA Phosophatidic acid, PDAGT Phospholipd diacykglyceride 
acyltransferase, PC Phosphatidylcholine, PE Phosphatidylethanolamine, TAGs triacylglycerides, 
and TE Acyl-ACP thiolase
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consecutive actions of glycerol-3-P acyltransferase (GPAT), lysophosphatidic acid 
acyltransferase (LPAAT), and DAGAT via the ‘Kennedy pathway’; (ii) alternatively 
be directly transferred from phospholipids to TAGs by phospholipid:diacylglycerol 
(DG) acyltransferase (PDAT); or (iii) remove the phospholipid head group form 
DG (Dahlqvist et al. 2000), which can subsequently be utilized by DGAT or PDAT 
to form TAGs. Seeds synthesize TAGs with unusual FAs. The acyl-CoA pool com-
position is modified by diverse enzymes, such as ∆12 or ∆15 desaturases, acety-
lenases, conjugases, epoxydases, and hydroxylases, leading to TAGs containing 
polyunsaturated or hydroxyl FAs. In Cuphea, the plastidial acyl-ACP thioesterase 
selectively hydrolyzes the short chain acyl-ACP before their export to the cytosol 
(Dehesh et al. 1996a). Alternatively, for example in B. napus, the ER-located acyl-
CoA elongase catalyzes to the formation of VLCFA from a oleoyl-CoA primer by 
the condensation of C2 units from malonyl-CoA, which may then be esterified to 
glycerol-3-P (Bao et al. 1998). Most of the genes coding for the different enzymes 
involved in the TAG biosynthesis are now well characterized and metabolic en-
gineering approach has been undertaken to produce improved vegetable oils for 
industrial usage or human nutrition (Broun et al. 1999).

25.3  Manipulation of Oil Seed Composition Using Omics

Since the entire genome of Arabidopsis thaliana (a model for oilseeds) has been 
sequenced, an enormous quantity of DNA sequence data-derived from plants can be 
found in public databases. These databases and additional resources, such as tran-
scriptomics data and mutant collections, constitute major tools for studying the dif-
ferent aspects of lipid metabolism. This abundance of sequence data has been rapid-
ly exploited to identify genes and their probable function using homology searches 
and coexpression studies and, to reveal the presence of candidate genes encoding 
new proteins involved in lipid biosynthesis and regulation. It has been demonstrated 

Table 25.2  Unusual fatty acids in minor crops and transgenic plants
Unusual FA Wild Plants Transgenic plants

Content (%) Content (%)
γ Linolenic Borago officinalis 23 Brassica napus 43
Caprylic (C8:0) Cuphea hookeriana 50 Brassica napus 11
Capric (C10:0) Cuphea lanceolata 83 Brassica napus 27
Ricinoleic (∆12-OH, C18:1 ∆9) Ricinus communis 89 Arabidopsis thaliana 42

Brassica napus 16
ω7 fatty acids (C16:1, ∆9) Asclepias syriaca 25 Arabidopsis thaliana
and cis C:18:1,∆11) Doxantha unguis-cati 72 71
Vernolic (epoxy 12,13 C18:1∆9) Vernolia galamensis 67 Arabidopsis thaliana 15
Eleostearic (C18:3, trans ∆9, ∆11, ∆13) Momordica charantia 57 Glycine max 18
Erucic (C22:1 ∆13) Crambe abyssinica 56 Brassica napus 60
Waxes Simmondsia chinensis 60 Arabidopsis thaliana 70
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that most of the genes encoding enzymes of lipid biosynthesis are represented by 
gene families frequently reflecting a diversification of isoform functions. Moreover, 
the development of microarrays, allowing the simultaneous expression profiling of 
thousands of genes, have led to better understanding of the mechanisms controlling 
lipid metabolism in seeds. With such omics tools in place, plant lipid metabolism 
has become increasingly accessible to investigation and subsequent manipulation of 
FA composition through genetic modification.

25.3.1  Seed Oil Composition Modifications for Industrial 
Applications

Medium chain FAs C8-C14 (MCF) are an important source for the industry, since 
they are used as cosmetics, soaps, and detergents (Dyer et al. 2008; Somerville and 
Bonetta 2001; Thelen and Ohlrogge 2002b). They are produced from coconut and 
palm kernel oils, and are also found in high proportion in the different species of 
Cuphea (Voelker et al. 1992; Voelker 1996), coconut, and California bay ( Umbel-
lularia californica). Lauric acid is the main product of the seed oil of California 
bay and it has been shown that a plastidial C12-specific acyl-ACP thioesterase was 
responsible for the enrichment of this FA in TAGs (Pollard et al. 1991). The acyl-
ACP thioesterase was purified and a partial amino acid sequence was obtained, 
allowing the cloning the corresponding gene. The seed-specific expression of the 
cDNA of lauroyl-ACP thioesterase from California bay was resulted in 50–63 % 
C12:0 in transgenic canola (Voelker 1996; Voelker et al. 1992). Similar approaches 
have been made using genes coding from different Cuphea species with specifici-
ties for C8:0, C10:0, or C14:0, but no transgenic canola plants expressing one of 
these genes with a high content of MCFhave been generated to date (Dehesh et al. 
1996a, b).

The identification of enzymes, which catalyze diverse modifications of the acyl 
moeties as hydroxylation, epoxydation, and double-bound conjugation (Cahoon 
et al. 1999; Nikolau et al. 2008) in seeds of cultivated plants, has formed the basis 
of the production of unusual FAs for novel industrial oils by engineering of oilseed 
crops (Cahoon et al. 2007; Voelker and Kinney 2001). It has been shown that all these 
enzymes are divergent forms of the ∆12 oleic desaturases, which catalyze the intro-
duction of a cis∆12 double bond in oleic acid to produce linoleic acid (van de Loo 
et al. 1995). By example, transgenic Arabidopsis and soybean mutants expressing 
the castor bean hydroxylase (FAH12) produce oil containing 20 % of ricinoleic acid 
(∆12-OH oleic acid) (Broun and Somerville 1997; Lu et al. 2006; Smith et al. 2003).
Coexpression the R. communis (castor) type-2 acyl-coenzyme A:DG acyltransferase 
(RcDGAT2) in FAH12 transgenic plants revealed that ricinoleic acid could increase 
nearly 30 % (Burgal et al. 2008). This oil enriched in ricinoleic acid has properties 
desirable in nylon production and for soaps and resins (Cahoon et al. 2007).

The enrichment in the content of calendulic acid (C18:3 ∆8 trans, 10 trans, 13 
cis), which improves drying properties of the oil for paint, ink, and other coating 
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applications, has been achieved by transferring the gene from Calendula offiinalis 
in Arabidopsis (Cahoon et al. 2006). Oilseeds with 5–18 % of α-eleostearic and 
α-parinaric acids were obtained by transferring the genes of two different ∆12 con-
jugases from Momordica charantia and Impatiens balsamine (Cahoon et al. 1999, 
2001).

Plant oil with a high content of ω-7 FAs would present a new and sustainable 
feedstock as 1-octene could be obtained by ethenolytic metathesis. Heterologous 
expression of ∆9-C16:0-ACP desaturases genes responsible for the production of 
ω-7 FAs from milkweed ( Asclepias syriaca) and cat’s claw ( Doxantha unguis-cati) 
failed (Cahoon et al. 1997, 1998). Recently, the expression of engineered plastidial 
C16:0-ACP desaturase in Arabidopsis seeds increased accumulation of ω-7 FAs 
up to 71 %, which is equivalent to levels found in Doxiantha seeds (Nguyen et al. 
2010).

Another strategic goal in oilseed modification is to genetically increase the 
content of erucic acid (C22:1, Δ12) in rapeseed. Erucic acid and its derivatives are 
feedstocks in manufacturing slip-promoting agents, surfactants, plasticizers nylon 
1313, and wax coatings. Erucic acid results from the elongation of oleoyl-CoA by 
the acyl-CoA elongase (KCS) (Domergue et al. 2000; Puyaubert et al. 2001). A B. 
napus able to synthesize an oil containing 80 % of erucic acid would comprise an 
economically viable and renewable feedstock, which would significantly reduce 
the production cost and could meet the increasing demand. The first attempt to 
increase erucic acid content was genetic manipulations with the LPAAT, since in 
B. napus it had been demonstrated that this enzyme does not allow esterification of 
the sn-2 position of the glycerol backbone by erucoyl-CoA (Berneth and Frentzen 
1990). Contrary to expectation, the content of erucic acid of transgenic rapeseed 
expressing the LPAAT from Limnanthes alba, which is able to esterify erucic acid 
at the sn-2 position, enabled the synthesis of trierucin but the total C22:1 content 
remained unchanged (Lassner et al. 1995). This result was interpreted as reflecting 
a low erucoyl-CoA pool available for TAG biosynthesis (Lassner et al. 1995) such 
that enhanced elongase activity (via KCS) was required. The condensing enzymes 
from the elongase complex from B. napus and LPAAT from Limnanthes douglasii 
have been coexpressed in high erucic acid rapeseed (HEAR), however the content 
of trierucin in the oil of transformants was modest (Lassner et al. 1995). In contrast, 
the seed-specific expression of KCS from garden nasturtium ( Tropaeolum majus) 
resulted in up to an eight-fold increase in erucic acid proportions in Arabidopsis 
seed oil (Mietkiewska et al. 2004). Surprisingly, the SLC1 gene coding for a puta-
tive yeast sn-2 acyltransferase gene (SLC1-1) was introduced into B. napus leading 
to substantial increase of 8–48 % in seed oil content and increasing amounts of 
VLCFA in seed TAGs. Furthermore, the proportion of VLCFA found at the sn-2 
position of TAGs was increased (Zou et al. 1997). Recently, increased levels of eru-
cic acid in B. carinata and B. napus were observed by cosuppression and antisense 
repression of the endogenous FAD2 gene (Jadhav et al. 2005; Nath et al. 2009).

Certain seeds, such as jojoba ( Simmondsia chinensis), store wax esters instead 
of TAGs led to attempts to develop cultivated oilseeds able to synthesize these com-
pounds. The jojoba oil is used as lubricant and cosmetics, a mixture of esters of 
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long-chain FAs and alcohols, which result from the reduction of FA to alcohol by 
an acyl-CoA reductase (Cases et al. 2001) and by the esterification of the resulting 
alcohol to a FA by a wax synthase (WS) (Metz et al. 2000). Both enzymes have been 
cloned from jojoba and coexpressed with a KCS from Lunaria annua in B. napus 
(Metz et al. 2000) and in Arabidopsis. In the seeds of some Arabidopsis transfor-
mants, 70 % of the oil was comprised of wax esters (Lardizabal et al. 2000).

In conclusion, omics technologies have been very useful in identifying and 
characterizing new genes responsible for the synthesis of unusual FAs. Moreover, 
growing evidence demonstrate that gene transfer from wild plants to usual crops is 
possible and leads to the modification of FA composition of oilseeds. Nevertheless, 
in most of cases the production of the desire FA remains lower than observed in the 
wild plant, suggesting possible differences in regulation and channelling mecha-
nisms involved in lipid metabolism in plants.

25.3.2  Improvement of Seed Oil Composition  
for Human Nutrition

Since higher animals lack the genes coding for the Δ12 and Δ15 desaturases, re-
sponsible for linoleic (18:2ω6) and α-linolenic (18:3ω3) acids biosynthesis, these 
polyunsaturated FAs (PUFAs) are obtained from their diet. This absolute dietary 
requirement explains the importance of plant oils in human nutrition. Nowadays, 
about 85 % of worldwide vegetable oils are used for food applications. For decades, 
breeding programs have been dedicated to improve the composition of plant oils in 
order to fulfil human nutrition requirements. Such a strategy led to the generation 
of HEAR varieties from which canola oil is produced. Canola oil contains very low 
proportions of the toxic compounds erucic acid (22:1) and glucosinolates as well as 
about 20 % linoleic (18:2ω6) and 10 % α-linolenic (18: 3ω3) acids, which results 
in an ω6 to ω3 ratio close to 2:1. Such a ratio is recommended by nutritionists, be-
cause numerous epidemiological studies have pointed out that inappropriate ω6 to 
ω3 balances result in various metabolic disorders, such as cardiovascular diseases, 
cancer, and autoimmune diseases (reviewed in Simopoulos 2002). Nevertheless, the 
human diets of most Western societies are characterized by their deficit in ω3 FAs 
and their consequent elevated ω6 to ω3 ratios (close to 10:1). In addition, the capac-
ity of mammals to convert linoleic (18:2ω6) and α-linolenic (18:3ω3) acids into the 
corresponding very long-chain polyunsaturated FAs (ω3-VLCPUFAs) is limited. 
Since numerous medical studies have in particular pointed to the importance of 
ω3-VLCPUFAs, such as eicosapentaenoic acid (EPA; 20:5) and docosahexaenoic 
acid (DHA; 22:6) in human metabolism (Tapiero et al. 2002), a regular intake of 
these w3-VLCPUFA by consuming oil fish two to three times a week is strongly 
recommended. Neither natural marine fish resources nor global fisheries will be able 
on the long term to fulfil the ever increasing demand of the human population. For 
these reasons, the production of ‘fish oil’ FAs in oilseed crops by genetic engineer-
ing has been undertaken (Domergue et al. 2005a, b; Venegas-Calerón et al. 2010).
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As marine microorganisms are the primary producers of ω3-VLCPUFAs, they 
have been used as gene sources in order to implement ω3-VLCPUFAs biosynthesis 
in plants. With the exception of an anaerobic polyketide-based pathway operating 
in few organisms, like Shewanella (Takeyama et al. 1997) or Shizochytrium (Metz 
et al. 2001), VLCPUFAs are usually made by successive aerobic desaturation and 
elongation steps using 18:2ω6 or 18:3ω3 acids as precursors (reviewed in Damude 
and Kinney 2007). Typically, in the so called ω6-pathway, 18:2ω6 is converted 
into 20:4ω6 by the successive action of a Δ6-desaturase, a Δ6-elongase, and a Δ5-
desaturase. In the ω3-pathway, the same sequence of enzymes convert 18:3ω3 
into 20:5ω3 EPA, while additional Δ5-elongase and Δ4-desaturase then convert 
EPA (20:5ω3) into DHA (22:6ω3). An alternative Δ8-pathway relaying on a Δ9-
elongase followed by a Δ8-desaturase (instead of the conventional Δ6-desaturase – 
Δ6-elongase sequence) was first described in Euglena gracilis (Wallis and Browse 
1999). In addition, ω3-desaturases were shown to interconnect the ω6-pathway 
together with the ω3-pathway by converting 18- and 20-C atoms ω6-PUFAs into 
the corresponding ω3. Finally, bifunctional proteins catalyzing two steps in VL-
CPUFAs biosynthesis, like for example Δ12/ω3-desaturase (Damude et al. 2006) or 
Δ5/Δ6-elongase (Meyer et al. 2004), were also identified. Over the last 15 years, 
using genomic databases and protein homologies, a vast catalog of sequences 
coding for these various activities has been created by gene-cloning from various 
sources (algae, fungi, mosses as well as plants and animals). Functional charac-
terization of the encoded proteins was then usually made by heterologous expres-
sion in yeast (Meyer et al. 2004). Subsequently the genes of interest were used by 
several groups to reverse-engineer the ω3-VLCPUFAs trait in transgenic plants, 
the first three reports appearing together in 2004 (Abbadi et al. 2004; Kinney et al. 
2004; Qi et al. 2004).

The alternative Δ8-pathway was reconstituted in Arabidopsis leaves (Qi et al. 
2004), yielding about 6.6 % of arachidonic acid (20:4ω6; ARA) and 3.0 % EPA 
(Table 25.3). Using seed-specific promoters and the classical ω6-pathway, Abbadi 
et al. (2004) reported the production of ARA in tobacco (1.5 %) as well as the pro-
duction of both ARA and EPA in linseed (1 and 0.8 %, respectively; Table 25.3). 
Finally, (Kinney et al. 2004) generated soybean seeds with about 2 % ARA but 
more than 19 % EPA by reconstituting the classical ω6-pathway and expressing 
simultaneously two additional ω3-desaturases (Table 25.3). Although all these strat-
egies relied on different combinations of genes and plant host systems, they all 
successfully led to the synthesis of the desired ω3-VLCPUFAs (‘proof of concept’). 
Nevertheless, the final levels of these FAs were in most cases relatively low and in-
depth lipid analyses revealed the highly complex biochemistry encountered when 
attempting to synthesize ω3-VLCPUFAs and to accumulate these non-native FAs 
in oilseed crops. First, several enzymes have shown in planta substrate specificities 
that were different from those observed when they have been functionally charac-
terized in yeast, especially when expressed in multiple combinations. Competitive 
and promiscuous activities resulted in the production of non-methylene-interrupted 
PUFAs (Qi et al. 2004). Second, the same gene (or combination of genes) expressed 
in different host plants led to different FA compositions, underlining the necessity 
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to test many different strategies and to perform iterative approaches together with 
lipidomic analyses in order to find the best combination for producing high levels 
of the desired FAs (trial and error approach) (Abbadi et al. 2004). Third, kinetic 
studies together with acyl-CoAs profiling analyses in yeast and plants demonstrated 
that the elongases used acyl-CoAs as substrates whereas most of the desaturases 
were active on glycerolipid-linked acyl-chains (Abbadi et al. 2004; Domergue et al. 
2003). This ‘substrate dichotomy’ led to inefficient channelling of intermediates 
between the different activities, the products of Δ6-desaturase being for example 
poorly transferred from glycerolipids to the acyl-CoA pool for further elongation. 
Fourth, the different strategies to implement ω3-VLCPUFAs in plants showed 
that the TAG assembling machineries of the different host plants were not optimal 
for the accumulation of the desired nonnative FAs, leading to the presence in the 
oil of relatively high amounts of metabolic intermediates, in contrast to the situa-
tion found in fish oils. Finally, coexpression of ω3-desaturases in addition to the 
classical enzymes required for ω3-VLCPUFAs biosynthesis (Δ6-desaturase + Δ6-
elongase + Δ5-desaturase) appeared crucial in order to boost the production of ω3-
VLCPUFAs (Kinney et al. 2004).

Since these pioneering works, many studies on the production of VLCPUFAs 
in plants have been reported (Chen 2010; Chen et al. 2006; Hoffmann et al. 2008; 
Kajikawa et al. 2008; Petrie et al. 2010b; Robert et al. 2005; Wu et al. 2005). These 
attempts differed in the targeted FA (ARA, EPA, or DHA), the metabolic route cho-
sen (conventional or acyl-CoA pathway), the set of genes used as well as in the host 
organism, and the promoters selected. If the use of Δ6-acyl-CoA desaturase allowed 
to circumvent the bottleneck resulting from ‘substrate dichotomy’ (Domergue et al. 
2005a, b), the reconstitution of an exclusively acyl-CoA dependant pathway in 
plants did not significantly improve the yields of ARA, EPA, or DHA for reasons 
which remain obscure (Hoffmann et al. 2008; Kajikawa et al. 2008; Petrie et al. 
2010b). In contrast, using the conventional Δ6-pathway together with Δ12- and ω3-
desaturases, (Cheng et al. 2010) succeeded very recently in producing up to 20 % 
EPA in zero-erucic B. caritana, confirming that the choice of the host organism as 
well as the use of additional ω3-desaturases are key factors for reaching high yields 
of ω3-VLCPUFAs in oleaginous crops. Finally, if the reported DHA levels in seeds 
are rather low [< 1.5 %: (Robert et al. 2005; Wu et al. 2005)], the recent develop-
ment of a rapid assay to test seed-specific multistep recombinant pathways in leaf 
tissue (Petrie et al. 2010a) should enable to characterize genes allowing efficient 
conversion of EPA to DHA. In addition, since PKS-dependent DHA synthesis was 
shown to function in plants, this alternative pathway may represent another solu-
tion to produce ω3-VLCPUFAs in oleaginous crops. Finally, it should be added that 
increasing the antioxidant seed oil content by enhancing Vitamin E biosynthesis, 
which prevents the oxidation of the stored oil (in particular that of ω3-PUFAs), is 
currently undertaken in parallel as a complementary strategy (Hunter and Cahoon 
2007).

In conclusion, genomic projects have been very useful for the identification of 
genes coding for the different activities involved in ω3-VLCPUFAs biosynthesis. 
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In a second step, iterative transgenic approaches together with lipidomic analyses 
of the engineered oils resulting from the different strategies allowed the identifica-
tion of the best gene combinations and host plants to produce these beneficial FAs 
in oilseed crops. Finally, the recent report on the production of around 20 % EPA 
in zero-erucic B. caritana (Cheng et al. 2010) suggests that the production of ω3-
VLCPUFAs in oilseed crops by transgenic metabolic engineering will very soon 
reach the production phase.

25.3.3  Bottlenecks of Oil Seed Composition Using Gene Transfer

Despite the success in modifying cultivated oilseeds to produce novel industrial 
oils in engineered plants, the amounts of unusual FAs are considerably lower than 
those found in seeds from wild plants (Table 25.2), implying the existence of ‘bot-
tlenecks’ in FA flux (Bach et al. 2008; Cahoon et al. 2007; Drexler et al. 2003). 
In the case of transgenic crop plants modified to synthesize unusual unsaturated 
or hydroxyl FAs, it has been shown that unusual FAs accumulate bound to PC 
(Cahoon et al. 2006) or in the acyl-CoA pool (Larson et al. 2002). This was not 
the case in the exotic plant of origin where the unusual FAs accumulate in large 
quantities in the oil, suggesting that efficient membrane editing and channelling of 
unusual FAs are apparently lacking in the engineered plants. Similarly, the intro-
duction of the sole gene of the ∆6 desaturase was not sufficient for the production 
of petroselenic FA in tobacco (Cahoon et al. 1992). It has been necessary to de-
crease the oleic acid biosynthesis and to transfer the gene of the specific enzymes 
(∆4 desaturase, ∆6 Acyl-ACP thiosterase, KAS 1) responsible for the synthesis of 
this unusual FA (Cahoon and Ohlrogge 1994; Cahoon et al. 1992). These results 
strongly indicate the existence of a selective channel for the synthesis of unusual 
FAs. An additional degree of complexity has become evident recently, since it has 
been reported that key enzymes in TAG biosynthesis, such as DAGAT 1 and 2 on 
one hand and GPAT 8 and 9 in other hand, are located in different ER subdomains 
(Shockey et al. 2006). In view of these results, it could be hypothesized that the en-
zymes belonging to distinct pathways are organized in a large metabolon complex 
and locate in different domains of the ER membrane. In order to improve the yield 
of the production of unusual FAs in seeds of transgenic plants: (i) the introduc-
tion of the genes controlling the complete biosynthesis pathway seems necessary; 
(ii) the encoded proteins should be also targeted in the appropriate membrane 
domain; and (iii) the competing activities of the endogenous enzymes involved 
in the synthesis of endogenous TAGs should be reduced. Another limitation of 
the overproduction of unusual FAs in engineering plants is the activation of futile 
cycling of unusual FAs through degradative pathways (i.e, β-oxidation) in peroxi-
somes, and that may lead to a decrease in the accumulation of the unusual FAs, 
which are not efficiently incorporated into TAGs (Eccleston and Ohlrogge 1998; 
Moire et al. 2004).
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25.4  Discovery-Driven Seed and Yield Improvement

25.4.1  Enhancing Seed Oil Content with Omics Technologies

Yield improvement in oilseeds can be addressed by increasing the quantity of oil 
per seed, by increasing the size of the seed, or by increasing the number of seeds per 
plant. Increases in seed oil content have been achieved principally through conven-
tional breeding aided by the identification of QTL and facilitated by marker-assisted 
selection of favourable alleles. Recent attempts to improve seed oil content have 
been made by transgenic approaches aimed at stimulating the provision of precur-
sors for lipid synthesis, such as glycerol-3-P (Vigeolas et al. 2007) and acetyl-CoA 
(Abbadi et al. 2004; Marillia et al. 2003), by increasing the rate of FA synthesis 
(Roesler et al. 1997) and by enhancing TAG assembly by stimulating glycerolipid 
acyltransferase activity (Jain et al. 2000; Maisonneuve et al. 2010; Taylor et al. 
2001; Weselake et al. 2008). Attempts have also been made to alter the flux of 
carbon to favor TAG synthesis by manipulating those TFs that exert developmental 
control over reserve accumulation (Mu et al. 2008) or factors that control sugar 
metabolism and FA biosynthesis (Shen et al. 2010). The application of transcrip-
tomics, proteomics, and metabolomics to this transgenic material is providing valu-
able insight into the gene regulatory networks and is revealing the importance of 
posttranscriptional and metabolic regulation.

25.4.2  Engineering Yield by Altering the Expression of Genes 
Related to the Control of Lipid Synthesis and Carbon 
Partitioning

Fatty acid (FA) Synthesis
ACCase The multisubunit form of ACCase, considered to be important in the reg-
ulation of FA synthesis in plants (Ohlrogge and Jaworski 1997), uses acetyl-CoA 
as a substrate for the synthesis of malonyl-CoA, the precursor for chain elongation 
during de novo FA synthesis in the plastid (Fig. 25.1). Overexpression of the cyto-
solic multifunctional form of ACCase in the plastids of rapeseed resulted in a modest 
increase in seed lipid content (Roesler et al. 1997). In contrast, overexpression of the 
gene encoding the biotin carboxyl carrier protein 2 (BCCP2) subunit of the plastidial 
ACCase resulted in a lower seed oil content, elevated sugar, and protein contents 
(Thelen and Ohlrogge 2002a). This phenotype was associated with an incomplete 
biotinylation of BCCP2, resulting in the formation of nonfunctional ACCase com-
plexes and, in consequence, a severely reduced ACCase activity. Chen et al. (2009) 
conducted a combined transcriptome and proteome analysis of what constitutes a 
unique dominant-negative mutant in de novo FA synthesis. These analyses revealed 
the complexity of interactions among components of the glycolytic pathway, pyru-
vate dehydrogenase, FA synthase, and lipid biosynthetic enzymes, highlighting the 
importance of both transcriptional and posttranscriptional control mediated by feed-
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back and feed-forward regulation. The study provides insight into the regulation of 
carbon partitioning between oil and protein, since the analyses revealed an increased 
synthesis of certain amino acids and an enhanced SP content in seeds deficient in 
de novo FA synthesis. This finding confirms that oil and protein synthesis pathways 
share common carbon precursors, and that reducing malonyl-CoA flow into FAs 
increases the availability of C for amino acid and protein synthesis.

Fatty acid (FA) Utilization
LPAAT and DAGAT TAGs are assembled in the ER via the sequential acylation of 
glycerol-3-P under the control of membrane bound glycerolipid acyltransferases. 
LPAAT controls the conversion of 1-acyl-glycerol-3-P to phosphatidic acid, which 
will be dephosphorylated to form DG. The transformation of Arabidopsis and B. napus 
with a variant yeast LPAAT altered the stereochemical composition at sn-2 of the TAG 
and resulted in an unexpected increase in seed oil content and size (Taylor et al. 2001; 
Zou et al. 1997). Similarly, the expression of B. napus genes encoding microsomal 
LPAAT isoforms in seeds of Arabidopsis resulted in an unanticipated enhancement 
of seed total FA content and an increase in seed weight (Maisonneuve et al. 2010). In 
parallel studies, overexpression of the gene encoding DAGAT1, thought to represent 
a limiting step in acyl-CoA dependent TAG synthesis, led to an enhanced DAGAT 
activity and resulted in an increase in seed oil content and size (Jako et al. 2001). 
Each of these reports argued that an increased flux through the Kennedy pathway 
enhanced the sink size for storage lipid synthesis and depleted pathway intermediates, 
which induced feedback stimulation of FA synthesis. This hypothesis was validated 
in part by the work of Sharma et al. (2008), who conducted transcript and hormone 
metabolite profiling of microspore derived embryos isolated from rapeseed lines over-
expressing DAGAT1 and differing in seed oil content. The objective was to obtain 
insight into the regulation and synthesis of TAG based on the prediction that a greater 
DAGAT1 activity would induce secondary metabolic or regulatory effects which con-
tribute to the phenotype. Despite a partially representative seed array, this expectation 
was justified since transcriptional changes in seed-expressed genes were observed in 
the transgenic embryos, including those encoding other Kennedy pathway enzymes 
which were upregulated. Relatively few genes were altered in expression. These 
included genes encoding enzymes controlling FA and lipid synthesis, transport, stor-
age, and metabolism but also included the genes associated with acetyl-CoA produc-
tion, mitochondrial PDC, and cytosolic isocitrate lyase which were upregulated. Of 
the lipid metabolism related genes present on the microarray, approximately one-fifth 
were regulated in the DAGAT1 overexpressing lines. At least one quarter of the regu-
lated genes were of unknown identity or function and these constitute genes whose 
potential to influence or optimise TAG accumulation merits further investigation.

25.4.3  Transcription Factors (TFs) Related to the Seed 
Maturation Program

Regulation of Lipid Synthesis in Seeds
TFs Transcriptional regulation is an important component in the control of stor-
age lipid synthesis in seeds as evidenced by the coordinate expression of groups of 
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genes and proteins involved in carbon mobilization, FA synthesis, and TAG assem-
bly during seed development as revealed using transcriptomics analyses (Ruuska 
et al. 2002). It has been argued that TFs may control several or all of the genes in a 
pathway and thereby constitute the most effective means to manipulate carbon flow 
towards TAG synthesis. Transcriptomics analyses have provided insight as to the 
nature of the gene regulatory networks that coordinate changes in metabolism dur-
ing seed development and have led to the identification of regulatory factors whose 
expressions are correlated with changes in gene expression and metabolism. Such 
factors represent candidates for altering carbon flow into lipid synthesis in seeds. 
TFs regulating storage lipid synthesis have also been identified: (i) as genetic loci 
controlling diverse aspects of seed maturation; (ii) by screens for altered lipid com-
position or content in mutagenesis programs; or (iii) by extrapolation from inferred 
functional homologies.

LEAFY COTYLEDON1 (LEC1) The LEC1 encodes a homolog of the HAP3 sub-
unit of the CCAAT box binding factor. LEC1 is a transcriptional regulator that is 
involved in determination of cotyledon identity and is required for embryo mat-
uration. Ectopic expression of LEC1 induces the expression of embryo-specific 
genes, including those controlling the synthesis of seed reserves in vegetative cells 
(Lotan et al. 1998). Transcriptomic analysis of germinating seeds overexpressing 
LEC1, and characterized by elevated FA and lipid contents, revealed that genes 
related to FA metabolism represented a significant proportion of the upregulated 
genes, including approximately two-thirds of the genes encoding plastidial FA 
synthesis enzymes, as were genes encoding seed SP and oleosin (Mu et al. 2008). 
The study also showed that LEC1 enhancement of lipid synthesis was partially 
dependent on ABI3 and WRI1 and that, FUSCA3 may be essential for the stimula-
tion of FA synthesis by LEC1. The maize ZmLEC1 gene was shown to enhance 
maize seed oil content primarily by enhancing accumulation in the embryo and 
accompanied by an increase in embryo size, however negative effects on seed 
germination and leaf growth compromise the use of LEC1 to enhance seed yield 
(Shen et al. 2010).

B3 Domain TFs LEC2, FUSCA3,and ABI3 contain a B3 DNA-binding domain 
and are recognized as major regulators of seed maturation. Transcriptome analyses 
of seedlings ectopically expressing LEC2 revealed the expression of transcripts 
characteristic of the maturation phase of seed development, including seed SPs 
and OB proteins, indicating that LEC2 controls a transcriptional network of genes 
expressed during seed development (Braybrook et al. 2006). Furthermore, the 
promoters of these maturation genes contain RY motifs that are directly bound 
by LEC2 (Braybrook et al. 2006). FA- and lipid synthesis-related genes (with the 
exception of OB proteins) were not identified as regulated genes in the LEC2 tran-
scriptome, yet ectopic expression of LEC2 induced TAG accumulation in leaves, 
which was argued to be a consequence of the regulation of WRI1 by LEC2 (Baud 
et al. 2007).

A delay (Wang et al. 2007) or reduction (Chiron et al. 2007) in the FUSCA3 
expression is associated with lower seed total FA contents, implying that FUSCA3 
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is a transcriptional activator of FA or lipid biosynthetic genes. Mining of Arabidop-
sis seed transcriptome databases revealed that the expression of most of the genes 
controlling plastidial FA biosynthesis was coincident with that of FUSCA3 (Wang 
et al. 2007). Induction of FA synthesis genes after stable and transient expression of 
FUSCA3 in plants and protoplasts confirmed FUSCA3 as a major regulator of seed 
lipid synthesis.

The total FA content in seeds of the abi3 mutant was reduced as was the quantity 
of VLCFAs (Chiron et al. 2007). The constitutive expression of VP1, a homolog 
of ABI3, in an Arabidopsisabi3 mutant followed by microarray analyses led to the 
identification of a large number of VP1/ABI3-regulated genes (Suzuki et al. 2003). 
Results showed the ectopic expression of many seed-specific genes, including 
SSPs, oleosins, and LEAs, confirming that these factors are regulators of seed-spe-
cific gene expression (Suzuki et al. 2003), although ABI3 may act as a coregulator 
of certain FA- and storage lipid-related genes.

WRINKLED1 (WRI1) Seeds of the wri1 mutant are characterized by a severe 
reduction in TAG, an unchanged protein content, a greater content of starch and 
sugars, a consequence of lower activities of several glycolytic pathway enzymes 
(Focks and Benning 1998). An early transcriptomics analysis of the effect of wri1 
mutation during seed development revealed regulation of relatively few genes, the 
majority of which were expressed at a lower level in wri1 compared to wild type. 
Few of the regulated genes encoding enzymes of plastidial glycolysis and de novo 
FA biosynthesis were downregulated, implying the importance of metabolic regula-
tion of these pathways (Ruuska et al. 2002). WRI1 was subsequently identified as 
an AP2/ERBP class TF and constitutive expression led to an increase in seed oil and 
the accumulation of TAG in leaves (Cernac and Benning 2004). Transcriptomics 
analyses of WRI1 overexpression plants during seedling growth confirm that the 
regulated genes include those controlling de novo FA synthesis in plastids, uptake of 
glycolytic intermediates conversion to acetyl-CoA and malonyl-CoA, and synthesis 
of cofactors lipoic acid and biotin required respectively for ACCase and the pyru-
vate dehydrogenase complex (Maeo et al. 2009). Overexpression of B. napus genes 
encoding WRI1 isoforms in Arabidopsis seeds resulted in increased oil content, 
seed weight, and seed size, a consequence of increased cell size. Polymorphisms 
in WRI1 correlated with rapeseed lines that vary in oil content (Liu et al. 2010). 
Similarly, overexpression of maize ZmWRI1 greatly increased the oil content in the 
embryo without affecting protein content, whereas starch content was reduced by 
60 % (Shen et al. 2010). This finding suggests that WRI1 may constitute a way in 
which to regulate C flux between starch and oil in maize embryos and, in combina-
tion with overexpression of genes (such as DAGAT1) may lead to enhanced yields 
at the crop level (Shen et al. 2010).

GLABRA2 GLABRA2 ( GL2) is a homeobox gene necessary for trichome and root 
hair development. GL2 was identified as a regulator of seed oil accumulation in a 
screen of mutants affected in seed oil content. Loss of GL2 enhances seed oil con-
tent up to 8 % but does not affect seed size (Shen et al. 2006). The overexpression 
of Brassica GL2 homolog in Arabidopsis seeds resulted in enhanced oil content in 

25 Improving Quality and Content of Oils in Seeds …



542

seeds exhibiting a GL2 suppression phenotype (Chai et al. 2010). The manner in 
which GL2 exerts over seed oil content remains obscure, however, it is not mediated 
through the control of seed expressed phospholipase D zeta isoforms by GL2 (Shi 
et al. 2010).

DOF-type factors A DOF TF has been implicated in the regulation of maize endo-
sperm SPs by binding to the prolamin box and by interaction with the O2 tran-
scription regulator (Vicente-Carbajosa et al. 1997). Expression of the soybean 
DOF4 and DOF11 factors were reported to increase total seed FA and lipid con-
tent, accompanied by increase in seed size and weight in Arabidopsis (Wang et al. 
2007). Transcriptomic analyses revealed that a large proportion of the regulated 
genes are of unknown function. The DOF4 and DOF11 were shown to transactivate 
the β-subunit of ACCase and a long chain acyl-CoA synthetase gene and to repress 
a seed SP gene CRA1. Furthermore, whereas DOF11 increased all classes of FAs, 
DOF4 increased selectively C18:3 and C20:1 FAs.

In conclusion, DNA microarrays have been used to examine changes in gene ex-
pression associated with transgenesis or to correlate changes in phenotype after mu-
tagenesis. Such analyses provide information as to the effect of altered expression 
of a gene on its direct targets and indirect insight into the existence of an extended 
regulatory network. Individual and combined omics analyses have been performed 
on seed coat, endosperm, and embryo during seed development, revealing coor-
dinated changes in lipid and SP biosynthesis and the activation of specific path-
ways. Comparative omics now allows access into the nature and description of gene 
regulatory networks that underlie the metabolic pathways in the different tissues 
of seeds and fruits. Omics technologies will constitute an increasingly important 
platform to facilitate the application of systems biology to the processes governing 
seed development. Together, omics technologies will lead to an understanding of 
how the seeds of diverse species synthesize their characteristic components and 
will allow new tools to be developed to facilitate the development and selection of 
new crops.

25.4.4  Enhancing Seed Oil Content by Increasing Seed Size

Above, we have illustrated how omics approaches are leading to an understand-
ing of the regulation of lipid biosynthesis and to the partitioning of carbon to oil 
reserves. The manipulation of the expression of genes encoding enzymes of FA 
synthesis or utilization or altering the expression of regulatory genes may result in 
increases in seed oil content and that, this is frequently accompanied by increases 
in seed size. Thus, the final seed size can be determined by the amount of reserves 
accumulated. Alternatively, the size of the embryo sac, which is established during 
early development and is genetically controlled, can also influence the final seed 
size and may constitute a determinant of seed filling, leading to an increase of seed 
reserves by providing a larger ‘container’ for storage.
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25.4.5  Determinants of Seed Size and Seed Mass

The seed of flowering plants is composed of three main components: the embryo 
embedded in the nutritive endosperm and protected by the seed coat (Fig. 25.2). 
The formation of a viable seed requires the coordinate development of these three 
compartments from distinct genetic origins. Although embryo and endosperm both 
result from fertilization, the embryo is diploid with one maternal and one paternal 
copy of the genome, whereas the endosperm is triploid with an additional maternal 
copy. The integuments of the ovule will give rise to the seed coat after fertilization, 
and therefore, they are essentially composed of diploid maternal tissues. Genetic 
approaches have identified several loci involved in the control of seed size and their 
recent molecular characterization has helped to unravel some of the developmental 
relationships between the different seed compartments (Nowack et al. 2010). Since 
increasing seed size, and possibly as a consequence seed weight, may influence the 
yield of the crop, the results and perspective arising from the genetic manipulation 
of seed size in Arabidopsis has gained interest among plant breeders. However, if 
seed filling is limited by the amount of assimilate available for the seeds, an in-
crease of seed weight could only be achieved by a decrease in seed numbers. Such 
a relation is not strict, since reduced fertility (resulting in a reduced seed number) 
does not dramatically influence seed size and seed weight in Arabidopsis (Alonso-
Blanco et al. 1999). Additionally, efforts to improve agronomic traits like seed 
protein or seed oil content in Brassica and soybean have shown that changes in 
total seed protein levels are often inversely proportional to changes in seed oil levels 

Fig. 25.2  Determinants of seed size and seed mass
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in presence of fixed supply of assimilates. Therefore an increase in seed oil content 
and yield could be achieved by a combination of an increase in seed size without 
affecting seed number together with the increase of the ratio between oil and protein 
by favoring the partitioning of C towards lipids.

Several developmental processes influence the final size of a seed (Sun et al. 
2010). One process involves the parent-of-origin effects. Balanced maternal and 
paternal genome contributions are a requirement for successful seed development 
(Jullien and Berger 2010). This parental conflict takes place principally in the en-
dosperm involves DNA methylation (Xiao et al. 2006) and results in the formation 
of either smaller or larger seeds in Arabidopsis (Scott et al. 1998). Indeed, it was 
proposed that imprinted expression of genes of the polycomb complex (PcG) is an 
evolutionary conserved mechanism used to balance parental genome contributions 
in the embryo nourishing tissues (Erilova et al. 2009). However, the relationship be-
tween imprinting (for glossary see Box 25.1) and dosage imbalance is more complex 
than predicted (Jullien and Berger 2010). The control of parental contribution con-
stitutes the basis of heterosis or hybrid vigour. Maize F1 hybrids and allopolyploids, 
such as oil seed rape, grow bigger and stronger than their parents. Heterosis and 
hybrid vigour result from genome-wide changes and interactions between paternal 
and maternal genomes involving epigenetic regulation established during early seed 
development and during further vegetative growth, such as the control of circadian 
clock (Chen 2010). A greater understanding of genes and regulatory mechanisms 
for polyploids and hybrid vigour will aid the selection of the best combination of 
parents for the increased production of seeds, fruits, biomass, and metabolites, such 
as lipids and carbohydrates for the growing demand of food and biofuels.

Box 25.1 Glossary

Genomic imprinting: Epigenetic process that involves methylation and his-
tone modifications in order to achieve a selective monoallelic (monoparental) 
gene expression without altering the DNA sequence.

Parental conflict: This hypothesis states that the inequality between parental 
genomes due to imprinting is a result of the differing interests of each parent 
in terms of the evolutionary fitness of their genes.

Epigenetics: Alteration of gene expression without changes in the DNA se-
quence which is maintained during cell division.

Polycomb complex (PcG): A group of repressive chromatin proteins that 
maintain states of gene expression throughout development.

Heterosis or hybrid vigour: The occurrence of a genetically superior off-
spring from mixing the genes of its parents.

Harvest Index (HI): The ratio of grain yield to biological yield or biomass.
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A second mechanism of controlling endosperm development is independent of 
parent-of-origin. It involves HAIKU (IKU1 and IKU2) and MINISEED3, which 
are TFs expressed in the endosperm (Garcia et al. 2003; Luo et al. 2005; Wang et al. 
2010). These mutations are sporophytic recessive and the mutated plants produce 
seeds smaller than wild type. A fourth gene SHORT HYPOCOTYL UNDER BLUE 
1 ( SHB1), initially characterized as a gain-of-function allele increasing seed size 
(Zhou et al. 2009), has been shown to bind to the promoter of IKU2 and MINI3 in 
order to regulate endosperm development during early seed development and sub-
sequently embryo cell division and elongation. These two processes demonstrate 
the importance of the development of the nourishing tissues in the final seed size 
and that, the development of the integuments is controlled by signaling originating 
in the endosperm.

A third pathway involves genes that act principally in the maternal sporophyte 
(integuments, nucellus), such as APETALA2 ( AP2), TRANSPARANT TESTA GLA-
BROUS 2 (TTG2), and ARF2 and the cytochrome P450 KLUH/CYP78A5. Loss-
of-function of AP2 and ARF2 increase seed size, whereas mutation in TTG2 and 
KLUH/CYP78A5 produces a reverse effect (Adamski et al. 2009; Garcia et al. 2005; 
Jofuku et al. 2005; Ohto et al. 2005, 2009; Schruff et al. 2006). This third pathway 
indicates that signals originating in the seed coat can influence endosperm nuclei 
proliferation and embryo size, and illustrates the existence of reciprocal cross-talk 
between these three seed compartments.

Whereas heterosis and hybrid vigour are well utilized by plant breeders for seed 
yield improvement, only a limited number of studies has addressed the potential of 
storage lipid and protein content in seed size mutants. Comprehensive studies of the 
quantity and quality of seed reserves have been performed essentially with ap2 and 
arf2 mutant lines, since loss-of-function of these genes results in larger seeds than 
those of wild type plants (Hughes et al. 2008; Jofuku et al. 2005; Ohto et al. 2005, 
2009).

AP2 encodes a TF and was initially characterized as an homeotic gene involved 
in the specification of flower organ identity (Jofuku et al. 1994). The seeds of the 
ap2 mutant are larger than wild type seeds as a result of an increase in the elonga-
tion of integument cells and of the division rate of endosperm nuclei and embryo 
cells (Ohto et al. 2009). Remarkably, the large seed phenotype was accompanied 
by an increase in seed weight without a compensatory decrease in total seed yield. 
Furthermore, the increase in seed weight is due in part to an increase in both total 
protein and oil content without significant qualitative changes in FA composition 
(Jofuku et al. 2005). These results indicate that AP2 activity affects source-sink 
relations. Although AP2 transcripts have been detected at all stages of develop-
ment in every organ and tissue examined, reciprocal crosses have demonstrated that 
seed size is predominantly maternally controlled by AP2. To explain how AP2 can 
maternally influence embryo size and endosperm development, it was proposed 
that AP2 could activate an integument CW bound invertase, which can regulate 
sugar levels in the syncytial endosperm (Ohto et al. 2005, 2009). The altered H/S 
ratio measured in ap2 seeds during seed development may promote an extended 
period of cell division, which could account for the increase in cell number of ap2 
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embryos. Similarly, in WRI1 (another member of the AP2/EREP family), a modi-
fied sugar metabolism may influence seed size although by acting through different 
mechanisms (Liu et al. 2010).

ARF2 is a member of a family of TFs, mediating gene expression in response 
to auxin. ARF2 is a repressor of cell division and elongation and organ growth. 
Mutation of ARF2 results in extra cell divisions in the integuments before fertiliza-
tion leading to the formation of an enlarged seed cavity and a dramatic increase 
of both seed size and seed weight (Schruff et al. 2006). As in the case of ap2 
seeds, arf2 seeds contain more oil than the seeds of wild type plants without ma-
jor differences in FA composition. The conserved FA composition in a seed size 
mutant is important for technology transfer to crop plants, such as B. napus. The 
main obstacle for the direct utilization of these seed-size mutants in agronomy 
is that ap2 and arf2 plants display undesirable pleiotropic effects, in particular a 
reduced fertility, which counteracts the advantage of the enlarged seed phenotype. 
Although AP2 and ARF2 act maternally from the integuments, they are expressed 
in most plant organs and tissues. To circumvent this problem, Hughes et al. (2008) 
have supplemented arf2 plants with a wild type copy only in sepals and petals to 
restore a fairly normal flower morphology and hence, fertility. The analysis of this 
transgenic material allows estimating contribution of increased seed size due to 
a reduced fertility and the contribution of the arf2 mutation alone. Their results 
unambiguously demonstrate that arf2 seeds were larger and contained more oil 
than those of wild type when seed set was constant. Furthermore, to fully assess 
the performance of the partially complemented arf2 plants, the authors have ap-
plied the concept of harvest index (HI) to Arabidopsis. HI is defined as the ratio 
of grain yield to biomass (dry mass of aerial organs). The HI value of the partially 
complemented arf2 plants was dramatically increased compared to that of the arf 2 
mutant since more seeds were produced; the HI, however, remained lower than 
that of wild type. One reason was that the restoration of fertility was greatly im-
proved but was not complete. The second reason is that arf2 mutation causes the 
over growth of many organs in addition to seeds and as a consequence arf2 plants 
partially complemented or not, produce a higher biomass than wild type. However, 
with the increased demand for biofuels production, the partially complemented 
arf2 plants may represent a good compromise for increasing both oil yield and 
biomass (Hughes et al. 2008).

In conclusion, the seed is complex sink structure. The most important factor that 
influences seed size in dicots is the initial volume of the seed cavity at early seed de-
velopment determined by (i) the growth of the integuments, and (ii) the endosperm 
nuclei proliferation and timing of its cellularization. Once established, the embryo 
will grow to fill the space and may modify its final size by the control of cell divi-
sion and elongation as well as the level of storage compounds. The manipulation of 
the development of this structure by genetic and epigenetic mechanisms combined 
with the control of the metabolism of storage compounds may constitute a powerful 
means to increase TAG accumulation in oilseed crops.
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25.5  Concluding Remarks

Genetic engineering using omics has contributed substantial progress to the knowl-
edge of plant lipid metabolism. New genes, encoding enzymes responsible for the 
synthesis of unusual FAs and regulatory factors controlling the maturation as well 
the size and the mass of the seed, have been characterized. All these data have al-
lowed substantial progress in the modification of the FA composition of oilseeds 
using genomic engineering. Although transgenic plants producing FAs for indus-
trial purposes have been obtained, they can be considered as renewable sources 
of feedstocks since in most cases the contents of valuable FAs are not sufficient to 
compete economically with mineral oil derivatives. Additional progress for improv-
ing storage product accumulation and yield should be made. As a first approach, 
a better knowledge of the biosynthesis pathway regulation should be undertaken. 
For example, the substrate specificity of the different acyltransacylases could be 
determined more precisely using new tools such as lipidomics based on MS/MS. As 
it has been recently demonstrated that a single base mutation in the encoding gene 
could lead to enhancement of the activity of DAGAT 1 and DAGAT 2 (Köhler et al. 
2010; Lardizabal et al. 2008; Snyder et al. 2009; Weselake et al. 2009), a strategy of 
TILLING seems to be promising and could be also useful for increasing oil content 
by a modification of promoters regulating the expression of genes encoding for 
these enzymes. The carbon flow into the seed oil is also a major factor and studies 
are undertaken to understand the mechanisms, which are responsible for the orienta-
tion of this flow to the storage lipid pathway over other reserves. The aim of these 
studies will be to identify genes controlling the balance between carbohydrate and 
lipid pathways in order by genetic engineering to enhance the carbon flow towards 
seed oil synthesis.

The combination of these approaches and manipulation of the seed development 
by genetic and epigenetic mechanisms may be expected to lead in the coming years 
to tailor-made oilseeds in which very high amounts of oil may constitute alternative 
source of energy or industrial precursors or which could also constitute a benefit for 
human nutrition.
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Abstract A concise overview is provided on the use, and potential for further 
development of omics approaches in crop improvement, food safety assessment, 
and in nutrigenomics research with specific emphasis on crop plant-based dietary 
components.

Keywords Food · Human health · Nutrigenomics · Omics technology · Safety · 
Seed

26.1  Introduction

26.1.1  The Rationale for Safe, High Quality,  
and Nutritious Products from Seeds

Agricultural production and food delivery chains are facing difficult and challeng-
ing times as evidenced by major fluctuations in the prices of major world seed 
commodities, such as wheat, rice, and maize, and the resulting political and social 
ramifications. Between the years 2007 and 2008, the price of rice grain increased 
3 fold, and wheat and maize more than doubled (FAO 2010a). FAO’s (2011) lat-
est cereal production forecast stands at 2302 million tonnes. At this revised level, 
world cereal production would now be slightly below overall utilization, leading to 
a further decline in world stocks. Whilst international cereal prices subsequently de-
clined after 2008, reflecting ample global cereal supplies, in 2009/10 food prices in 
most low-income food-deficit countries remained above the precrisis level of early 
2008, negatively affecting access to food by vulnerable populations. More recently, 
the international market prices of wheat and maize have again doubled from the 
low experienced in 2009.It is not surprising therefore that food security has moved 
up the political agenda as we face burgeoning population growth coupled with in-
creases in fuel and fertilizer prices and crop losses in certain parts of the world due 
to extreme climatic conditions (FAO 2010b). This, together with pressures to farm 
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sustainably whilst protecting biodiversity and nonrenewable natural resources will 
require a significant rethink of how we value and maintain food supplies and how 
we reduce food wastage. Research and development initiatives to improve agricul-
tural productivity and the delivery of next generation crops and production systems 
fit for purpose are important drivers of a successful food security platform, but 
must complement a broader range of scientific as well as political issues. A sober-
ing thought is that the United Nations has predicted that farms will need to produce 
70 % more food over the next 40 years.

Improving yields, and even maintaining yield, under conditions where climate 
change and extreme environmental events will have major adverse impacts through 
biotic and abiotic stresses, are now major crop improvement targets. Water and nu-
trient efficiencies are high on the agenda but the continued demand for high quality, 
safe, and more nutritious plant-based foods means that plant breeders face a particu-
larly challenging time. However, due to on-going advances in molecular genetics 
and associated technologies we are living through paradigm shifts in the potential 
for advanced, knowledge-based plant breeding. Discovery and isolation of impor-
tant genes, and analysis of their functions underpins this potential, where all omics 
approaches have a role to play in the meeting this challenge (Langridge and Fleury 
2011).

26.2  Linking Omics to the Improvement of Seed Quality 
and Nutritional Value

There are many articles, which cover the principles of omics technologies, their 
strengths and weaknesses (see for example, Davies 2009; HESI 2010, and refer-
ences therein). Omics technologies provide coverage of gene, protein, and metab-
olite analysis that is unsurpassed compared with traditional targeted approaches. 
Indeed, a growing number of examples indicate that profiling approaches can be 
used to expose significant sources of variation, e.g., in the composition of plants 
caused by genetic background, breeding method, growing environment (site, sea-
son), genotype-environment interactions, and crop cultural practices. The variabil-
ity in composition of harvested seed and grain is unsurprising given the plasticity of 
the plant genome and diverse environmental influences on development (Harrigan 
et al. 2010). Whilst breeders have long been aware of such variation from tried and 
tested targeted analytical approaches, the broad-scale, so called ‘unbiased’ analysis 
offered by omics provides new insights into our understanding of the true extent of 
variation in biological expression parameters relevant to human and animal health 
and nutrition.

Metabolomics, as a case study, is helping to provide targets for plant breeding 
by linking gene expression and allelic variation to variation in metabolite comple-
ment (functional genomics), and is also being deployed to better assess the po-
tential impacts of climate change and reduced input agricultural systems on crop 
composition. Skogerson et al. (2010) used metabolomics to reveal genotype-related 
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diversity in maize with mean values of identified metabolites covering the range of 
1.5–93 folds. Similarly, Anttonen et al. (2010) revealed significant effects of geno-
type, location, and season on the maize proteome, independent of genotype. The 
use of omics in evaluating biological variation in crops is well covered by articles 
published from an ILSI (HESI) workshop (HESI 2010).

Major advancements in crop improvement programs will derive from a systems-
based understanding of biological processes driving yield, seed quality, and nutri-
tional value. The components of a successful strategy include:

1. Available genome sequences, EST, and full-length enriched cDNA libraries (for 
glossary see Box 26.1). Genome sequences are available for a growing number 
of crop species (Mochida and Shinozaki 2010).

2. High-throughput genotyping, cloning, transformation, and gene tagging 
approaches (forward and reverse genetics).

3. High-throughput/broad scale omics (transcriptomic, proteomic, and metabolo-
mic) platforms to integrate gene structure with function.

4. Extensive biological resources (e.g., mapping and mutation populations) required 
to associate gene and allelic diversity with omics and trait data.

5. High-throughput phenotyping platforms.
6. Strong bioinformatics and other computational biology capabilities.

Box 26.1 Glossary

AFLP (Amplified Fragment Length Polymorphism): A PCR based tool 
used in molecular biology research to detect polymorphisms in DNA. Ge-
nomic DNA is digested using restriction enzymes, and a subset of DNA frag-
ments amplified using PCR.

cDNA Library: A pool of cloned cDNA (complementary DNA) fragments 
cloned into host cells.

EST (Expressed Sequence Tag): A short sub-sequence of a cDNA sequence 
used in the identification of genes being expressed in a particular tissue.

DNA Marker: A gene or DNA sequence with a known physical location on 
the chromosome, and whose pattern of inheritance can be followed. Used to 
trace or identify specific regions of a gene on a chromosome.

Biomarker: A biological measurement that facilitates the prediction or real-
ity of specific parameters, e.g. resistance or susceptibility to disease, agro-
nomic performance, system resilience.

Interactome: The whole set of molecular interactions in cells.

QTL (Quantitative Trait Locus): A region of DNA, associated with a par-
ticular phenotypic trait, that can be located on one or more chromosomes.

26 Integrating Omics in Food Quality and Safety Assessment
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SNP (Single Nucleotide Polymorphism): Variations that occur as a result of 
a single nucleotide base (A, T, C or G) change in a DNA sequence, and result 
in different alleles.

SSR (Simple Sequence Repeat): SSRs, also known as microsatellites or 
short-tandem repeats (STRs), are repeating sequences of 1–6 base pairs of 
DNA, and can be used as markers.

The review of Mochida and Shinozaki (2010) provides comprehensive and con-
temporary information on the inter-relationships between omics and their potential 
deployment in crop and seed improvement.

26.3  Omics and Food Safety Assessment

A fuller evaluation of the compositional variation of raw agricultural commodi-
ties and downstream products will emerge through the development of comparative 
metabolomics databases that can be expanded and modified by the international 
community. This information can be used to benchmark any measured differences 
between a particular crop and the extent of ‘acceptable’ variation within the frame-
work of a history of safe use of the crop species in question. There is an on-going 
debate over the potential value of much broader scale, more unbiased approaches 
in evaluating the safety of food. In recent years, the major controversy over the 
safety of plant-derived foods has undoubtedly focused on GM crops, leading to 
scientific and political tensions (Davies 2009). This has stimulated the development 
of risk assessment procedures for GM crops at European and international levels. 
Central to these procedures are comparative analyses of the GM seeds and crops 
with appropriate non GM comparators that have a history of safe use. Whilst there 
is currently no indication of a breach of safety concerning commercially grown 
GM crops, arguments have been developed for the use of omics approaches within 
the risk assessment process. The objective would be to broaden the comparative 
analysis and thereby reduce the level of any uncertainties. This has stimulated a 
growing number of publications on the subject many of which are summarised in 
Table 26.1 on a plant/crop specific basis. One of the most comprehensive uses of 
the omics technologies in the analysis of GM crops comes from Barros et al. (2010), 
who used a transcriptomics, proteomics, and metabolomics to analyze three maize 
lines (a control and two transgenic lines modified with two different genes). All 
plants were grown at a single location over three years, allowing assessment of the 
variation caused by year of harvest and genotype. All three omics analyses clearly 
differentiated seed grown over the three growing seasons for all samples, indicat-
ing once again that environment has a strong effect on gene, protein, and metabo-
lite expression. Indeed, the data generated showed that the growing season had a 
stronger overall effect on the transcriptome, proteome, and metabolome of the three 
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maize genotypes than the genetic modification. Similar results have been reported 
by Baudo et al. (2006) and Batista et al. (2008) for wheat and rice, respectively.

To date, omics technologies have not been formally applied to the food safety as-
sessment of transgenic crops but this does not preclude their inclusion in the future, 
despite some strong arguments as to why they should not be used (Chassy 2010). 
The requirements and current status of omics applied to food safety assessment 
have been previously discussed (Davies 2009; HESI 2010; ILSI 2004, 2008).

26.4  Omics and Biomarkers

26.4.1  Plant Breeding

Biomarkers are essentially qualitative or quantitative agents measurements made 
on biological systems that can predict the properties of such systems before specific 
features become evident. Thus, in molecular plant breeding DNA markers (such 
as SSRs, AFLPs, and SNPs; for glossary see Box 26.1) can be used to predict the 
inheritance of traits without the need for phenotyping. However, such technologies 
are successful in cases where monogenetic traits or dominant genes predominate. 
For polygenetic traits, polyploidy, and epistatically or environmentally influenced 
traits, such approaches are far more limited in their success. It has already been stat-
ed that omics approaches can be used to assess the sources and extents of composi-
tional variability in crop plants and that a combination of omics approaches can add 
value to plant improvement programs by identifying the genes and genetic control 
mechanisms regulating phytochemical composition. The use of metabolomics as a 
biomarker platform in plant breeding is not yet a reality but indications are promis-
ing. For example, Meyer et al. (2007) assessed the effect of metabolic composition 
on the biomass of recombinant inbred lines of Arabidopsis under controlled condi-
tions. The data reveal a strong relationship between the expression of plant pheno-
types and metabolic composition. Schauer et al. (2006) correlated, in a set of in-
trogression lines, metabolite QTLs from tomato fruit derived from a commercial × 
exotic cross to phenotypic traits such as yield, harvest index, seed number, and total 
soluble solids content of tomato. The study confirmed known correlations, such as 
those between sugars, organic acids, and total soluble solids, establishing the appli-
cability of this approach and its utility for identifying novel relationships.

Steinfath et al. (2010) have taken this approach one step further in demonstrat-
ing that established metabolomics techniques can be used to predict agronomically 
important quality phenotypes independent of environmental variables. This may be 
particularly useful where genome sequences are not available for the crop in ques-
tion or when marker-assisted breeding becomes limited. Initial trials indicate that a 
prediction model could be used for a wide variety of genotypes. Ideally, a specific 
biomarker would relate to a single, highly predictive metabolite, but metabolite fin-
gerprinting (an overall profile/pattern of metabolites/proteins such as that derived 
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via MS or NMR spectroscopy) would also be valuable even if the underpinning 
components could not be identified. Steinfath et al. (2010) consider that a success-
ful biomarker will most likely comprise a range of compounds between two and 
100, but would most likely have a predictability of less than 100 %. When databases 
are developed using metabolite profiles from breeding populations and cultivars, 
it would be also possible to screen for novel phenotypes in existing datasets once 
those relationships are identified. Therefore, biomarker discovery for new and im-
proved traits in plant breeding has real promise and a combination of metabolic and 
genetic markers may prove to be extremely powerful combination in cases of more 
complex traits (Gartner et al. 2009).

26.4.2  Human Health

It is well accepted that specific plant metabolites (e.g., certain polyphenols, vita-
mins, isoflavones, carotenoids, and terpenoids) have significant impacts on human 
health (Hall et al. 2008). This has stimulated the science of nutrigenomics, which 
aims to comprehensively understand the response of the body to dietary and food 
factors through various omics technologies. Ultimately, through the development of 
appropriate suites of human gene, protein, and metabolite biomarkers linked to food 
intake, it may be possible to tailor the diet of individuals with known or predicted 
genetic susceptibility to certain diseases (Davis and Hord 2005; Ovensá et al. 2008; 
Rezzi et al. 2007).

The Human Metabolome Database (HMDB; http://www.hmdb.ca/; accessed 
on July 13th 2011) is a freely available electronic database housing detailed in-
formation on small molecule metabolites found in the human body. The database 
currently contains over 7,900 metabolite entries, including both water-soluble and 
lipid-soluble metabolites, and ~7,200 proteins (and DNA) sequences are linked to 
the metabolite entries. Four additional databases contain equivalent information 
on ~1,500 drugs, 2,900 common toxins and environmental pollutants, pathway 
diagrams for 350 human metabolic and disease pathways. Importantly, the FooDB 
website (http://foodbs.org/; accessed on July 13th 2011) contains equivalent infor-
mation on ~2,000 food components and food additives. This will be an increasingly 
important tool for applications in biomarker development linking food and health 
as food contains not only staple ingredients, but also a multitude of less preva-
lent components representing potentially physiologically relevant bioactives (Long 
et al. 2006). Examples of the application of omics technologies in nutrition and 
phytomedical research are provided by Zhang et al. (2007), Shyur and Yang (2008), 
Kato (2008), Kussmann et al. (2008). However, studies are not confined to humans 
with Ametaj et al. (2010) using metabolomics to show that feeding large amounts 
of barley grain to dairy cattle resulted in major increases in a number of potentially 
harmful rumen metabolites. Their study suggests that metabolomics could be used 
as a reliable tool to study the interactions between nutrition and health in dairy 
cows.
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Omics approaches can also be used to assess adverse as well as positive ef-
fects as evidenced by links between conventional toxicological analysis and gene, 
protein, and metabolite expression. The expectations raised by toxicogenomics ap-
proaches are earlier and more sensitive detection of toxicity. Furthermore, toxi-
cogenomics will provide a better understanding of the mechanism of toxicity and 
may facilitate the prediction of toxicity of unknown compounds found in foods 
(Stierum et al. 2005). This might include, for example, safety issues surrounding 
the plant material used in botanical dietary supplements, which could arise from 
misidentification of a botanical, substitution of a different species, and use of incor-
rect parts of a plant.

26.5  Concluding Remarks

Omics approaches offer unprecedented opportunities to unravel the complexities 
of the genetic regulation of plant form, compositional and function, bridging the 
boundaries between DNA sequence variation, gene expression, translation into 
functional proteins, and metabolite fluxes. The technologies continue to advance 
allowing deeper and more rapid coverage, which in turn requires smarter computa-
tional and biological approaches to establish the interactive networks, giving rise to 
the phenotype and phenotypic plasticity. In the area of crop improvement, and given 
the investment to date, the challenge now is to exploit the continuing advances in 
genomics with ‘post genomics’ approaches to deliver a stream of crop improvement 
stories based on the most advanced plant breeding approaches, which can encom-
pass many types of omics data. As this article has illustrated, the uses of omics ap-
proaches are multifactorial and not only related to plant genetic improvement, but to 
many issues where knowledge can be extracted from large datasets encompassing 
gene, protein, and metabolite networks. Successful biomarkers, capable of associ-
ating plant components with agronomic performance, specific health benefits or 
safety risks may well be delivered by only one of the omics technologies. However, 
a more systems based understanding of the “interactome” is the bigger challenge 
with arguably the biggest rewards at the end.
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