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Preface

The biological function of endosperm is to support the developing and ger-
minating embryo, and as such is believed to have played an important role for
the evolutionary success of angiosperms. The ontogeny of the endosperm re-
mained an enigma until the discovery of double fertilization a little more than
a hundred years ago. Soon thereafter, plant anatomists revealed an unusual pat-
tern of development: many types of endosperm go through a syncytial phase
before becoming cellular. The mechanism underlying the cellularization pro-
cess of these so-called nuclear endosperms was discovered only recently, and
most of the molecular and developmental biological insight into endosperms
has been gained only in the last two decades. To my knowledge, this book is
the first comprehensive treaty dedicated in its entirety to endosperm develop-
mental and molecular biology.

Cellularization of nuclear endosperm occurs through an unusual series of
events in which all microtubular structures known to exist in plants are in-
volved. This book details the structure, cell biology and molecular aspects
of this process in cereals as well as in Arabidopsis thaliana. After cellular-
ization, the cereal endosperm consists of four distinct cell types: the starchy
endosperm, the aleurone layer, the basal transfer cell layer and the cells of
the embryo surrounding region. The developmental and molecular biology of
each of these cell types are described in separate chapters. Genetic studies of
endosperm traits revealed unusual patterns of inheritance that also occur in
animal systems known as maternal imprinting, which is described in a chapter
summarizing recent findings in maize as well as in Arabidopsis thaliana. Due
to its importance as a source for food, feed and as an industrial raw material,
much knowledge has accumulated about the synthesis of starch and storage
proteins in the cereals, topics that are covered in separate chapters in this book.
Anthocyanins give rise to the colorful seeds of maize and played an essential
role in the discovery of transposons, the first plant transcription factors and
gene structure–function relationships. One chapter is therefore dedicated to
anthocyanin synthesis. Efforts to cultivate maize endosperm in vitro are desir-
able for several reasons and efforts have been ongoing for more than 60 years.
One chapter in the book summarizes past and recent efforts in this area.

Plant biotechnology is now established commercially, and is likely to have
an impact on efforts to enhance the value of cereal grains. It is expected that
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the combination of advances in endosperm cell and molecular biology as well
as the biotechnology reviewed in this book will lead to further advances in
improving cereals for food, feed and industrial applications.

January 2007 Odd-Arne Olsen
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Abstract This chapter summarizes the current understanding of structural aspects of cereal
endosperm development with emphasis on the cytoskeleton and its role in morphogen-
esis. The developmental pathway of nuclear-type endosperm includes unusual cell and
microtubule cycles and methods of wall placement. After double fertilization, the primary
endosperm nucleus divides repeatedly without cytokinesis resulting in a large syncytium
that lines the periphery and surrounds the central vacuole. During interphase this “li-
quid” endosperm is elegantly organized into functional units termed nuclear cytoplasmic
domains (NCDs) by radial microtubule systems (RMSs) emanating from the nuclei. Cellu-
larization is driven by the RMS microtubule cycle in which hoop-like cortical microtubules
and preprophase microtubule bands (PPBs) are absent. It comprises alternation of two
stages: deposition of anticlinal walls without mitosis leading to formation of alveoli, and
periclinal walls following mitosis in the alveoli. Following centripetal cellularization, three
principal tissues are differentiated: the central endosperm in which food reserves are stored,
a transfer region specialized for uptake of metabolites, and the peripheral aleurone that re-
leases enzymes to mobilize reserves at germination. The PPB microtubule cycle typical of
meristematic growth replaces the RMS cycle when cell divisions associated with aleurone
expansion and grain enlargement occur in the peripheral layers.

1
Introduction

The nutritive endosperm of seeds is a unique feature of angiosperms that is
initiated by double fertilization. Although double fertilization does occur in
gymnosperms, it results in competing embryos rather than in a new nutritive
tissue. The nutritive tissue in seeds of gymnosperms is female gametophyte,
which develops without fertilization. However, as in ginkgo, the nutritive ga-
metophyte does not develop unless pollination occurs. This limits investment
of maternal resources to infertile seeds. In angiosperms the much reduced fe-
male gametophyte does not serve a nutritive function and development of en-
dosperm is delayed until fertilization. Recent studies have suggested that the
female gametophytes of stem angiosperms consists of a module of four cells
(Williams and Friedman 2002), whereas the majority of angiosperms have an
eight nucleate embryo sac that can be interpreted as two such modules with
opposite polarity. Two polar nuclei, one from each of the two modules, occupy
a single central cell.
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Development of the nutritive endosperm is launched by fertilization of
the single polar nucleus in the four nucleate embryo sac resulting in diploid
endosperm or the fused polar nuclei in the eight nucleate embryo sac re-
sulting in a triploid endosperm. About 70% of flowering plants have triploid
endosperm, suggesting that the higher level of ploidy is advantageous. En-
dosperm develops rapidly compared to the embryo. It is often partially
or fully resorbed by the embryo early in development resulting in seeds
that are exalbuminous, or it may persist until germination resulting in al-
buminous seeds. Both types of seeds may contain reserves of agricultural
importance.

The endosperm, which is essential for reproduction but which leaves no
descendants, plays the vital role of gatekeeper in the angiosperm life cycle by
mediating nutrient transfer from mother to offspring; serving as a major site
of gene imprinting; and detecting inappropriate hybridizations/polyploidy,
thus preventing a futile investment in unfit seeds. As will be seen (Penterman
et al., in this volume), the transcriptional control of endosperm development
is complex and can be subjected to parental conflict, which modulates the
investment in endosperm and ultimately determines the perpetuation of the
successful genome in the next generation.

Endosperm has long been considered to develop in three general patterns:
(1) ab initio cellular, in which cytokinesis follows the first division of the
primary endosperm nucleus; (2) nuclear, in which a multicellular cytoplasm
(syncytium) occurs before cellularization; and (3) helobial, in which the first
cytokinesis is transverse and results in micropylar and chalazal chambers that
develop independently. Recent studies have recognized many variants of these
patterns based on the type of founder gametophyte, modality, apical/basal
(micropylar/chalazal) polarity, extent of development, storage products, and
other criteria (Floyd and Friedman 2000). Because the model plants, cereals
and crucifers, both have nuclear type endosperm development, the chapters
in this book will emphasize this pattern and will serve as an introduction to
the biology of this fascinating plant generation.

Even though the endosperm is determinate and short-lived, the develop-
mental processes are varied and complex. Endosperm development can be
visualized as a hierarchy of domains: nuclear-cytoplasmic domains in the
syncytial stage, early micropylar and chalazal developmental domains, and
later developmental domains manifested in differentiation of endosperm into
embryo surrounding region (ESR), basal endosperm transfer layer (BETL),
aleurone, and the central storage tissue consisting of cells with nutrient re-
serves. Chapters in this book review developmental processes and their con-
trols, details of the structure and function of the specialized tissue types,
and the synthesis and utilization of storage compounds in the central en-
dosperm.

The cereal grain is one of evolution’s most intriguing and ultimately im-
portant accomplishments. Members of the grass family (Poaceae) produce
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a unique fruit, the grain, in which a single seed is tightly encased within a per-
sistent pericarp. The seed contains a highly structured embryo surrounded
by a copious nutritive endosperm that will be utilized at germination. These
traits, which adapt grains for dispersal, storage, and seedling establishment,
make cereals the principal source of food upon which civilization depends.
Recognition of the agricultural preeminence and the potential for bioengi-
neering of this unique and renewable source of energy and material has lead
to a resurgence of interest in the biology of the endosperm (Becraft et al. 2001;
Brown et al. 2002a; Costa et al. 2004; Olsen 2004).

Endosperm undergoes a brief, determinant, and highly specialized pat-
tern of development involving differences in cell and microtubule cycles, and
methods of wall placement. In cereals, as in most plants, endosperm de-
velopment is of the nuclear type. This is an unusual type of development
characterized by a long period of nuclear divisions without cytokinesis, re-
sulting in a large multinucleate cytoplasm (syncytium) before cellularization
occurs. Importantly for plant research, nuclear endosperm development also
occurs in the model plant Arabidopsis and other members of the Brassi-
caceae (Berger 1999; Brown et al. 1999; Nguyen et al. 2001). Although there
are differences in the later stages of differentiation and maturation, the early
syncytial stage and the process of cellularization appear virtually identical
in cereals and mustards. The emphasis of this review is on developmental
chronology and mechanisms involving the cytoskeleton. The cytoskeleton
plays a fundamental role in plant morphogenesis at the cellular level, in-
cluding cell division and the control of placement and subsequent expansion
of walls.

Endosperm development is initiated by double fertilization. In cereals, one
sperm fertilizes the egg to produce the diploid zygote and the other fertilizes
the diploid central cell nucleus, or joins with the two polar nuclei in triple fu-
sion, to produce the triploid primary endosperm nucleus. Although the two
fusion products are alike genetically (except for ploidy) and in a like envi-
ronment, they develop into totally different structures. The zygote enters the
developmental pattern typical of meristematic plant growth and gives rise to
the embryo. The primary endosperm nucleus enters the pathway leading to
the highly specialized nutritive endosperm. From the first divisions of the
zygote and primary endosperm nucleus, the microtubule cycles that drive
the developmental pathways are different (Brown and Lemmon 2001). The
interphase microtubules of endosperm are nuclear-based RMSs rather than
hoop-like cortical arrays and preprophase bands of microtubules (PPBs).
Whereas the embryo quickly organizes meristems, the endosperm is essen-
tially without meristems and matures into a short-lived, terminal structure
specialized for food storage.
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2
Nuclear Endosperm Development

Genes involved in the initiation of endosperm were discovered as gain-of-
function mutations in which the unfertilized central cell nucleus begins syn-
cytial development (Kiyosue et al. 1999; Ohad et al. 1999; Sorensen et al.
2001). This suggests that the wild-type genes function in the normal suppres-
sion of central cell proliferation until release by fertilization. It is possible that
this suppression was a critical step in the evolution of endosperm, which de-
velops after fertilization, as distinct from the development of gametophytic
food storage tissues in gymnosperms, which occurs before fertilization. De-
tails of these genes and their role(s) in the regulation of endosperm develop-
ment is discussed by Penterman et al., in this volume.

Four stages occur in cereal endosperm development (Bosnes et al. 1992):
(1) syncytial, a period of nuclear divisions without cytokinesis resulting in
a large syncytium that lines the periphery of the central cell; (2) cellular-
ization, a period during which cytokinesis results in discrete cells filling the
central cell; (3) growth and differentiation, which results in distinct tissues;
and (4) maturation, an important process characterized by engorgement of
tissues with storage reserves and the development of desiccation tolerance
and dormancy.

2.1
Syncytial

The behavior of nuclei during early development of the endosperm in maize
has been deduced from analyses of color sectors in mature kernels (for sum-
mary see Walbot 1994). Anthocyanin pigmentation in the aleurone and iodine
staining of starchy endosperm in the interior of the grain provide clonal evi-
dence that sectors stem from the first three mitoses. When viewed from the
top, kernels with two half-sector hemispheres result from the first mitosis,
which places a nucleus to the right and left of the zygote. The next mitosis
results in quarter-sectors and the third mitosis results in eight sectors. At the
eight nucleate stage, the nuclei are in the peripheral layer of syncytial cyto-
plasm surrounding the central vacuole. It is generally assumed that nuclei
migrate to the specific positions to initiate the characteristic sectors in the
mature kernel, but the pattern could as well result from precise spindle orien-
tations. The nuclei continue to proliferate synchronously until there are about
256–512 nuclei in the syncytial cytoplasm before the onset of cellularization
in maize.

The initial rounds of nuclear division in endosperm of Arabidopsis (Webb
and Gunning 1991; Brown et al. 2003) provide evidence that the precise place-
ment of syncytial nuclei can be accomplished by spindle orientation and
vacuolation. Following double fertilization, the primary endosperm nucleus
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begins to divide almost immediately and there are at least 16 endosperm nu-
clei before the first division of the zygote. Each of the nuclei resulting from
the first mitosis develops a radial microtubule system (RMS) and the sister
nuclei are displaced toward the poles with a large vacuole between them.
Spindles for the next round of division are oriented oblique to the long axis
of the central cell and one spindle places a nucleus near the zygote at the
micropylar pole while the other places one near the chalazal pole, the other
two nuclei occupying the central portion of the central cell. Following the
third round of nuclear division, two nuclei reside in the common chalazal
cytoplasm. Subsequently, the syncytium is subtly differentiated into micropy-
lar and chalazal poles, a general feature of nuclear endosperm development
(Maheshwari 1950; Floyd and Friedman 2000). Bipolarity leading to different
developmental domains establishes conditions for differentiation of the en-
dosperm for nutrient uptake, storage, and release. In cereals, the micropylar
region is usually termed the embryo-surrounding region (ESR) and the op-
posite pole develops into the basal endosperm transfer layer (BETL), a highly
specialized region of nutrient uptake.

Following the first few rounds of synchronous divisions, the syncytium
containing a single layer of nuclei is restricted to the periphery of the cen-
tral cell by a large central vacuole. The syncytium is organized into nuclear
cytoplasmic domains (NCDs) by radial microtubule systems (RMSs) emanat-
ing from the nuclei (Figs. 1 and 2). This fundamental organization is similar
in cereals (Olsen 2004), crucifers (Brown et al. 1999; Nguyen et al. 2001;
Berger et al., in this volume) and the megagametophytes of gymnosperms,
e.g., ginkgo (Brown et al. 2002b). The RMSs serve to position the single layer
of NCDs equidistantly into a regular polygonal (usually hexagonal) pattern.
Thus, the syncytium, once thought to be simply a “liquid” containing nuclei,
is now known to be elegantly organized by the cytoskeleton. The syncytial
endosperm can be viewed as an unusual plant system in which structural
units comparable to cells are organized by the cytoskeleton into a “tissue”
that remains wall-less.

The NCD model supposes that the radial microtubules are nucleated with –
ends at the γ -tubulin microtubule organizing centers (MTOCs) surrounding
nuclei (Fig. 2). The free + ends of the dynamically unstable radial micro-
tubules contact and sense + ends of opposing microtubules radiating from
adjacent nuclei. Dynamic interaction continues until there is a balance among
nuclei as reflected in more or less uniform RMSs with zones of + end inter-
action marking boundaries of NCDs. The biochemistry of this interaction is
not known but an ever increasing number of molecules are being discovered
at the + ends of microtubules (e.g., Yang et al. 2003; Dhonukshe et al. 2005).

During nuclear proliferation by rapid rounds of mitosis, the RMSs un-
dergo disassembly in prophase and are absent in metaphase/anaphase. After
mitosis, the interzonal arrays between sister nuclei disappear without orga-
nizing a functional phragmoplast. RMSs reassemble around new nuclei and
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Fig. 1 Portion of the syncytial cytoplasm of maize viewed from the top showing organi-
zation of the common cytoplasm into NCDs by RMSs

Fig. 2 RMSs that evenly space nuclei in the syncytium (seen here in face view) emanate
from γ -tubulin surrounding the nuclear envelopes. Left panel microtubules. Right panel
γ -tubulin

re-establish the network of interacting RMSs that define NCDs. This micro-
tubule cycle is repeated throughout the syncytial phase.

An interesting feature of syncytial development in the endosperm of
both cereals and mustards is that the nuclear divisions tend to occur syn-
chronously early on and as coordinated waves of mitosis that move through
the syncytium during the later stages of nuclear proliferation. In the small
grains barley (Brown et al. 1994) and rice (Brown et al. 1996a), where the
developing seed has vascular tissue adjacent to the long central chamber,
developmental waves start at the vascular crease and move in both direc-
tions around the central chamber. These observations would seem to argue
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for factors in addition to the embryo as a source of signals in endosperm
development.

The coordination of syncytial development appears to be a function of
its organization into NCDs. Developmental cues coordinating mitosis and
eventually cellularization are transmitted from one to another in an orderly
manner. Thus, it appears that the interphase RMSs serve several interrelated
functions in cytoplasmic organization: (1) they define and space the NCDs
into a hexagonal pattern, (2) they establish a fabric providing integrity to
the “liquid” endosperm, and (3) they somehow function in communicating
developmental signals.

3
Cellularization

The filling of the central cell with walled cells is a multistage process compris-
ing the initial deposition of walls among nuclei in the common cytoplasm at
the periphery, and centripetal addition of new layers of cells until closure in
the center (Fig. 3).

3.1
Initial Anticlinal Walls

The initial development of cell plates among non-sister nuclei in the absence
of mitosis was one of the more intractable problems in understanding the
developmental biology of endosperm. However, when the results of inten-
sive studies on cereal grains (barley, rice, wheat, and maize) and mustards
are combined, a clear picture emerges. After a certain number of nuclear
divisions has populated the cytoplasm with nuclei, nuclear divisions cease
and the syncytial cytoplasm again becomes organized into NCDs by nuclear-
based RMSs (Brown et al. 1994; Olsen et al. 1995). At this time, there is an
abrupt change to cellularization of the syncytium that is initiated in the ab-
sence of mitosis.

Anticlinal walls (perpendicular to the central cell wall) are initiated at mul-
tiple sites where RMSs interact along boundaries of the monolayer of NCDs
(Fig. 3). The cell plate patches consolidate and spread to form the initial walls
between adjacent NCDs. The outer edges join to the central cell wall in a fash-
ion similar to somatic cell plate fusion with a parental wall, but the interior
edges remain free in the cytoplasm adjacent to the central vacuole. Unfor-
tunately, these unusual anticlinal walls have been termed “free-growing” in
the literature (reviewed by Olsen et al. 1995). This term has led to much con-
fusion, particularly since some workers (e.g., Morrison and O’Brien 1976;
Mansfield and Briarty 1990) interpreted the origin of these walls as ingrowths
of the central cell wall. Other investigators (Brown et al. 1994, 1999; Olsen
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Fig. 3 Major events in endosperm cellularization. A During the syncytial stage, nuclei
are equidistantly positioned in the peripheral cytoplasm by RMSs. B Cellularization is
initiated by deposition of cell plate vesicles between adjacent NCDs. Vesicle coalescence
results in anticlinal walls that join with the surrounding central cell wall at the periphery
and continue to grow into the interior resulting in open-ended compartments (alveoli).
C–D. Adventitious phragmoplasts mediate continued alveolar wall growth. E Nuclei in
alveoli undergo periclinal mitosis followed by cytokinesis mediated by interzonal phrag-
moplasts. F The interior nuclei polarize and re-enter the alveolar growth pattern. The
peripheral daughter cells, which will become aleurone, enter a different pathway with cor-
tical hoop-like microtubules. G Periclinal divisions again occur in alveoli. PPBs mark the
future division plane only in peripheral cells. H Periclinal divisions cut off the first com-
plete cells of the starchy endosperm and a second interior layer of alveoli. Anticlinal wall
growth is resumed in the alveoli and this two-step method of cellularization continues
until closure in the center. Anticlinal divisions occur in the periphery to accommodate
enlargement of the developing grain. In cereals with multiple aleurone layers (e.g., barley)
divisions occur in both planes

et al. 1995; Otegui and Staehelin 2000) found no evidence whatsoever that the
initial anticlinal walls begin as ingrowths. Another explanation, that the anti-
clinal walls are deposited in interzonal phragmoplasts after mitosis (Fineran
et al. 1982), was questioned (van Lammeren 1988) and later proven to be in-
correct as there is a hiatus between the cessation of mitosis and the onset of
cellularization. Even if a mitosis followed by cytokinesis does occur, it cannot
account for walls deposited between non-sister nuclei, which would be as nu-
merous as sister nuclei. The origin of anticlinal walls either as ingrowths or
as occurring in interzonal phragmoplasts has been discounted in favor of the
NCD model.

The NCD model (Brown and Lemmon 1992, reviewed by Pickett-Heaps
et al. 1999) provides the most plausible explanation for the unusual phe-
nomenon of cell plate initiation in the absence of mitosis and prominent
interzonal phragmoplasts. This model holds that wall placement occurs at the
boundaries of NCDs and is a function of + end interaction of the opposing
RMSs. A summary diagram (Fig. 2A in Olsen et al. 1995) illustrated the an-
ticlinal wall starting at multiple sites along shared boundaries of NCDs and
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not yet fused with each other or with the central cell wall. As fusion occurs,
the new wall joins with the nearby central cell wall producing wall flanges that
can easily be mistaken for ingrowths.

Ultrastructural details of wall initiation in rice (Brown and Lemmon
1996a) and Arabidopsis (Otegui and Staehelin 2000) substantiate the NCD
model. In the micropylar syncytium of Arabidopsis, cell plates are initiated in
individual phragmoplast units of 4–12 microtubules (“mini-phragmoplasts”)
at the perimeter of NCDs (Otegui and Staehelin 2000; Otegui, in this volume).
Thus, the initial anticlinal walls originate in a patchwork fashion among the
interacting RMSs defining adjacent NCDs and spread to merge with each
other, forming an interconnected network of walls that completes cellulariza-
tion in this narrow chamber (Otegui and Staehelin 2000; Nguyen et al. 2001).
Similar events may account for the precocious cellularization in the ESR of
cereals.

In the large central chamber, junction of the initial anticlinal walls with
the central cell wall is immediately followed by unidirectional growth into the
interior of the central cell (Fig. 3). Phragmoplasts that form adventitiously
at the interfaces of RMSs mediate continued growth of the anticlinal walls
leading to the phenomenon of alveolation, which partially compartmental-
izes the cytoplasm leaving a thin layer of syncytium adjacent to the tonoplast.
The NCDs become polarized in axes perpendicular to the central cell wall
and continued anticlinal wall formation results in elongated alveoli. Numer-
ous works (e.g., Olsen et al. 1995; XuHan 1995, Brown et al. 1996a,b, 1999;
Nguyen et al. 2001) have demonstrated that alveolation is the typical mech-
anism for cellularization of a syncytium peripheral to a large central vacuole.
In the elongate cereal grains (e.g., rice, barley, wheat) this is a very large re-
gion and the process of alveolation dominates cellularization. It is even more
prominent in the large megagametophytes of gymnosperms, where in some
cases the entire process of initial cellularization is attributable to a single pe-
ripheral layer of alveoli that elongate centripetally until meeting in the center
to effect closure (Singh 1978).

Two phenomena contribute to alveolation, polarization and vacuolation.
Each NCD becomes polarized in an axis perpendicular to the central cell wall
and vacuoles accumulate around the nucleate column of cytoplasm (Brown
and Lemmon 1996a,b; Nguyen et al. 2001). The vacuoles serve to isolate a thin
layer of shared cytoplasm between adjacent NCDs in which the anticlinal
walls are formed. Little is known of either process but it seems likely that
vacuolation is important in driving the elongation of NCDs. Certainly vac-
uolation is conspicuous as anticlinal walls continue to grow centripetally.
A mutant (mangled) of Arabidopsis that causes defects in endosperm devel-
opment shows sequence and structural similarity to a yeast protein required
for vacuole protein sorting and vacuole biogenesis (Rojo et al. 2000).

Concomitant with elongation of alveoli is a dramatic reorganization of
the nuclear-based radial microtubules into highly polar systems. As seen
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from the side, the microtubule system in an alveolus resembles a tree with
axially aligned microtubules in the trunk of cytoplasm containing the nu-
cleus, root-like processes at the base adjacent to the central cell wall, and
a canopy extending into the syncytial cytoplasm adjacent to the central vac-
uole and overtopping the anticlinal walls (Brown et al. 1994; Brown and Lem-
mon 2001). Phragmoplasts form adventitiously (not in interzones between
telophase nuclei) at the interfaces of opposing microtubule systems emanat-
ing from adjacent NCDs. In face view, as seen from the central vacuole, the
alveoli are arranged in a honeycomb-like pattern. The arboreal configuration,
which is a consistent and conspicuous feature of alveoli in both cereals and
mustards, is unlike any other cytoskeletal configuration known in plant cells.

The adventitious phragmoplasts guiding unidirectional wall deposition in
the syncytial cytoplasm remain tethered to adjacent nuclei which themselves
advance centripetally in the vacuolate cytoplasm within the alveoli. The com-
plex of merged alveolar phragmoplasts and the syncytial front of cytoplasm
in which they are formed is continuously elevated as the six walls surrounding
each alveolar NCD grow into the center of the central cell.

Descriptions of centripetally growing alveolar walls based on TEM are re-
markably consistent (Brown et al. 1996a, 1997; Olsen et al. 1995; Wilson et al.
2006). The phragmoplast microtubules are at right angles to the forming wall
at its leading edge. The leading edge, which ends blindly in the cytoplasm,
is often enlarged and bulb-shaped, and associated with ER cisternae, dic-
tyosomes, and vesicles. Flattened ER cisternae are appressed to the sides of
the developing walls. The contribution of this distinctive ER system to the
process of alveolar wall construction remains to be resolved. The abundant
ER cisternae have been suggested to function in trapping of dictyosome vesi-
cles (Gori 1987) or formation of plasmodesmata (Dute and Peterson 1992).
An alternative hypothesis is that the entire secretory apparatus is transported
to the region of wall advancement in the polarized alveoli. The forming walls
exhibit a distinct gradation with terminus of fusing vesicles, a lamellar zone,
and a continuous zone (Brown et al. 1997). (1 : 3)-β-d-Glucan (callose) is first
detected when walls become lamellar and the walls remain callosic for a pro-
longed period (Brown et al. 1994, 1997; Otegui and Staehelin 2000).

The mature cell walls of the aleurone and starchy endosperm in cereal
grains contain significant quantities of (1 : 3,1 : 4)-β-d-glucans and low levels
of cellulose (Bacic and Stone 1981; Shibuya and Iwasaki 1985; Otegui, in this
volume). Although the composition of walls in the mature grains of various
cereals is well known from biochemical studies, the pattern of deposition of
cell wall polysaccharides during the cellularization phase of endosperm de-
velopment has only recently been studied (Brown et al. 1997; Wilson et al.
2006). Callose and cellulose appear in the first formed cell walls between 3 and
4 DAP. By 6 DAP, callose remains only in collars surrounding plasmodesmata.
(1 : 3,1 : 4)-β-d-glucan is deposited in the developing cell walls at approxi-
mately 5 DAP followed by hetero-(1 : 4)-β-d-mannans at 6 DAP. Deposition of
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arabinogalactan-proteins and arabinoxylan in the wall begins at 7 and 8 DAP,
respectively.

An important aspect of nuclear endosperm development is the temporal
relationship of alveolar wall formation to the mitotic cycle. A long interval, up
to 48 h in barley, may occur between cessation of mitosis and the wave of an-
ticlinal wall deposition that initiates alveoli (Brown et al. 1994). However, it is
more usual for the hiatus to be shorter as it is in rice (Brown et al. 1996a) and
maize (Randolph 1936; Walbot 1994).

3.2
Periclinal Division

Each alveolus, starting with only one wall (the central cell wall) and grow-
ing usually six merged anticlinal walls, remains open-ended until it is divided
periclinally by cytokinesis following mitosis. Prior to the wave of periclinal
divisions, the alveolar phragmoplasts are disassembled and nuclei become
more centrally located in the alveoli. This has been observed in both cere-
als (e.g., Brown et al. 1994, 1996a) and mustards (e.g., Nguyen et al. 2001).
The factors involved in positioning nuclei are not known. Alveoli are of nearly
uniform length and the prophase nuclei are suspended in rafts of cytoplasm
(phragmosomes) nearly equidistant from the central cell wall. Phragmo-
somes predict the plane of the future division as is typical of vacuolate cells
(Sinnott and Bloch 1941; Lloyd et al. 1992) but no PPBs are formed in alve-
oli (Brown et al. 1994, 1999) and no specific arrangement of actin appears
to indicate division site selection (Nguyen et al. 2001). After mitosis, inter-
zonal phragmoplasts/cell plates expand to junction with the anticlinal walls
of the alveoli (Fig. 3). In this manner, the peripheral portion of each alveolus
receives its final wall and becomes a cell while the inner portion remains an
alveolus. Following the wave of periclinal divisions, microtubules again em-
anate from the tips of interphase nuclei in the inner alveolar layer, interact at
their interfaces and organize adventitious phragmoplasts that direct renewed
growth of the anticlinal walls between the non-sister nuclei.

The second layer of alveolar growth in endosperm is identical to the first
and is again followed by periclinal division. This repeated cycle of anti-
clinal wall formation between non-sister nuclei followed by periclinal wall
formation between sister nuclei completes centripetal cellularization of the
endosperm. The alternating cycles are conspicuous in rice where orderly files
of several cells are produced (Brown et al. 1996a). Nuclei of any given file are
sister nuclei and the periclinal walls between them are the result of interzonal
phragmoplast activity following mitosis. The anticlinal walls between adja-
cent cell files are all formed in association with adventitious phragmoplasts
between non-sister nuclei. This regular pattern of centripetal cellularization
in cereals may be obscured by later divisions that expand the starchy en-
dosperm.
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4
Growth and Differentiation

The fully differentiated endosperm of grasses is structurally simple, consist-
ing of three principal cell types: (1) an inner mass of starchy endosperm
cells with distinct embryo surrounding region (2) a basal endosperm transfer
region (BETL) adjacent to the main maternal vasculature, and (3) a spe-
cialized epidermis (aleurone) of one to three cell layers. The following text
describes the developmental basis for each cell type. For more in-depth de-
scriptions, please see individual chapters in this volume describing each cell
type.

4.1
Central or Starchy Endosperm

After closure, additional cell divisions occur in the endosperm. These later di-
visions depart from the RMS-driven NCD developmental pathway of initial
cellularization. Cells of the central endosperm develop cortical microtubules
but no PPBs (Brown et al. 1994; Clore et al. 1996) and no set pattern of divi-
sion plane has been discerned. These cells in the interior become multifaceted
and greatly enlarged, differentiating into cells specialized for the storage of
food. Whereas most plants store reserves as proteins and oils, the cereals store
large quantities of starch in amyloplasts (see Hannah, in this volume). This
unique tissue, known as the starchy endosperm, comprises the bulk of the
endosperm in cereal grains.

The starchy endosperm of cereals also contains storage proteins (Lopes
and Larkins 1993; Halford and Shewry, in this volume), which are deposited
either in protein bodies sequestered from the ER or in protein storage vac-
uoles (Müntz 1998; Kumamuru et al., in this volume). A small amount of oil
bodies similar to those present in high concentration in the aleurone layer are
found in the starchy endosperm of wheat (Hargin and Morrison 1980), and
probably other cereals as well.

Endoreduplication resulting in extremely high levels of DNA appears to
play an important role in endosperm development (Lopes and Larkins 1993;
Nguyen, Sabelli and Larkins, in this volume). In the starchy endosperm of
maize, the DNA content may reach 96C (Grafi and Larkins 1995). Endoredu-
plication begins during the differentiation stage (10–12 DAP) after cellular-
ization has been completed. It requires the induction of S-phase kinase and
the inhibition of M-phase promoting factors.

The starchy endosperm of cereals is generally thought to be dead at ma-
turity and recent studies have shown that programmed cell death is linked
to the ethylene pathway. In the maize mutant shrunken2 that overproduces
ethylene, cell death is accelerated (Young et al. 1997; Nguyen et al., in
this volume). During seed germination in cereals, a rush of enzymes pro-
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duced by the aleurone degrades the starchy endosperm. In albuminous seeds
with living endosperm such as celery (Jacobsen et al. 1976) and tomato
(Nonogaki et al. 2000), the breakdown of endosperm is due to hydro-
lases produced in the endosperm itself as a response to embryo-generated
gibberellin.

Rapidly accumulating evidence indicates that the embryo-surrounding re-
gion (ESR), a pocket within the starchy endosperm in which the embryo
develops, is a distinct developmental domain. In maize, the ESR is at first
a restricted region of dense endosperm that surrounds the entire embryo at
5 DAP, the suspensor at 7 DAP, and only the lower part of the suspensor at
9 DAP (Schel et al. 1984; Opsahl-Ferstad et al. 1997; Cosségal et al., in this vol-
ume). Several genes are specifically expressed in the ESR (Bonello et al. 2000).
The absence of gene expression in spontaneously occurring embryoless en-
dosperms suggests a dependence on signaling from the embryo for ESR gene
expression (Opsahl-Ferstad et al. 1997). The gene products may play a role in
embryo nutrition and/or in establishing an interface between the embryo and
the endosperm, leading to creation of an embryonic cavity.

4.2
Basal Endosperm Transfer Layer

The transfer cells of endosperm (see Royo et al., in this volume), which are
characterized by heavy secondary wall ingrowths, are located adjacent to the
maternal vasculature. All metabolites must enter the endosperm by loading
from the maternal tissue as there are no direct connections to the maternal
vascular tissue. Wall protuberances and labyrinthine structures are generally
accepted as evidence of transfer cells in which amplification of the plasma
membrane is associated with an increased capacity for uptake of assimilate
into the cell (Gunning and Pate 1969). Transfer cells at the interface between
gametophyte and sporophyte constitute a placental region recently recog-
nized as one of the key anatomical features defining land plants (Graham et al.
2000). It is very interesting that the interface between the maternal sporo-
phyte generation and the intercalated endosperm generation found only in
angiosperms has placental characteristics.

BETL develops at the base of large grains such as maize and along the
ventral side of small grains. In maize, aleurone transfer cells are located at
the broad region overlying the hilar pad (Davis et al. 1990). In addition to
the basal-most cell layer, two or three adjacent layers of endosperm cells
possess wall ingrowths in a gradient decreasing towards the interior of the
endosperm (Schel et al. 1984). In the small cereal grains the vascular tissue
extends the length of the ventral surface of the elongated grain. Nucellar cells
in the ventral crease develop into the nucellar projection, a specialized region
of elongate cells with extensive wall infoldings between the vascular bundle
and the endosperm. The adjacent endosperm exhibits transfer cell type walls
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grading from the aleurone to the subaleurone (Wang et al. 1994; Linnestad
et al. 1998).

Genetic imbalance provides evidence for an essential role for the en-
dosperm transfer layer in nutrient loading in cereals. Ultrastructural studies
of seeds with an atypical genomic ratio of two maternal to two paternal re-
vealed that the transfer layer was almost completely suppressed (Charlton
et al. 1995). Another factor promoting differentiation of the transfer layer is
proper uptake of nutrients. An invertase-deficient mutant (miniature-1) of
maize results in aberrant endosperm development. Development is normal
until 9 DAP but soon thereafter a gap occurs between the endosperm and
the maternal pedicel tissues. The hilar pad disintegrates and aleurone transfer
cells do not differentiate (Miller and Chourey 1992). Thus, the wild-type allele
is required for normal development of both endosperm and maternal cells,
emphasizing the complex interplay of various tissues in seed development
(Cheng et al. 1996). This is further demonstrated by the fact that endosperm
grown in vitro never develops transfer cells although the differentiation of the
starchy and aleurone tissues appears to follow a normal time course (Gruis
et al. 2006; Gruis et al., in this volume).

4.3
Aleurone

Following cellularization, the peripheral layer enters a specialized pathway
that leads to the differentiation of aleurone. In the cereal grains, the aleurone
layer is the only layer of the endosperm that may be pigmented, as in maize
and rice. The aleurone consists of a single layer of cells in maize (Walbot 1994)
and wheat (Morrison et al. 1975), from one to several layers in rice depend-
ing upon anatomical position and growing conditions (Bechtel and Pomeranz
1980), and three layers in barley (Jones 1969). Mutants of maize with altered
numbers of aleurone layers are known (Wolf et al. 1972; Shen et al. 2003).

The persistent aleurone, which has evolved important functions in regu-
lation of dormancy, is a central component in the biology of cereal grains.
Agriculture is dependent upon a balance between dormancy at harvest (pre-
venting preharvest sprouting) and high rates of germination upon planting.
In general, abscisic acid and gibberellin act antagonistically to control dor-
mancy breakage and germination (Kermode 2005). Abscisic acid promotes
maturation including protein synthesis and suppresses precocious germina-
tion. Gibberellin acts as a transcriptional activator of genes encoding amy-
lases and proteases in the aleurone. Following gene expression, the aleurone
cells undergo programmed cell death involving DNA fragmentation and wall
degradation (Wang et al. 1998) releasing the hydrolytic enzymes. Starchy en-
dosperm is degraded into sugars and other simple molecules that support
embryo growth during germination. Mature aleurone cells are characterized
by thick, highly autofluorescent walls, prominent nuclei, and aleurone grains
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(protein storage bodies). The aleurone grains produced in protein storing
vacuoles (PSVs) are very complex, consisting of a protein matrix in which
globoid inclusions (phytin, niacin, and phenolics) or carbohydrates are em-
bedded (Bethke et al. 1998). Both types may develop in the same PSV (Ja-
cobsen et al. 1971). Lipid droplets surround the aleurone grains (Jones 1969;
Morrison et al. 1975; Kyle and Styles 1977). In addition to the PSV, a second
kind of vacuole, the lytic vacuole, occurs in the aleurone cells of barley (Swan-
son et al. 1998). Additionally, the aleurone may develop pigmentation caused
by accumulation of anthocyanins (see Kone, in this volume).

The regulation and mechanism of aleurone cell differentiation has long
been a key topic in endosperm biology because of its importance and the
obvious mosacism described in early genetic studies. Molecular studies have
opened the door to in-depth analysis of the controls of this key pathway and
are discussed by Becraft, in this volume.

The first sign of aleurone formation is a preponderance of anticlinal cell
divisions in the peripheral layer, resulting in tabular cells. After the establish-
ment of aleurone cell shape, small vacuoles accumulate and the cytoplasm
becomes dense. Differentiation begins at 4 DAP in rice (Juliano and Bechtel
1985; Brown et al. 1996a), 6–8 DAP in wheat (Morrison et al. 1975), 8 DAP
in barley (Bosnes et al. 1992; Brown et al. 1994), and 10–15 DAP in maize
(Kyle and Styles 1977). This variation may be due in part to different criteria
for determination of the onset of differentiation (e.g., anticlinal divisions vs.
onset of aleurone grain accumulation). In the multilayered aleurone of bar-
ley, the peripheral cells are the first to differentiate with the second and third
layers differentiating sequentially afterward. The earliest aleurone-specific
transcript known in barley is Ltp2, which is detectable at about 8 DAP, i.e.,
simultaneously with the first morphological signs of aleurone cell differen-
tiation (Kalla et al. 1994). The aleurone specificity of this gene has been
confirmed in both transgenic rice (Kalla et al. 1994) and maize (Shen et al.
2003) expressing the Ltp2 promotor::GUS construct.

The morphogenetic pathway of aleurone has been shown to include hoop-
like cortical microtubules and PPBs in barley (Brown et al. 1994) and maize
(unpublished observations). It is significant that the switch to the PPB mi-
crotubule cycle typical of vegetative growth occurs only in the later stages
of endosperm development when cells are added in an orderly fashion to
the growing aleurone. In maize, PPBs occur in division of derivatives of the
peripheral cambium-like zone as well as in the aleurone proper. Randolph
(1936) recognized that meristematic activity at the periphery after cellular-
ization is a developmental feature peculiar to the large grains that gives rise
to files of cells that contribute significantly to the increase in grain size.
The genetic/epigenetic factors that control switching between RMS and PPB
microtubule cycles are unknown. Early nuclear endosperm development is
unique in that it is driven in large part by the RMS cycle, typically found
only in cells of the reproductive lineage (Brown and Lemmon 2001). The ex-
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istence of a genetic mechanisms for division plane control in the aleurone
is supported by mutants in maize such as xcl1 (extra cell layer1), in which
the aleurone layer possesses one extra cell layer as a result of aberrant per-
iclinal divisions (Kessler and Sinha 2000), and dal1 and dal2 (disorganized
aleurone layer 1 and 2), which have relaxed control over aleurone division
plane determination (Lid et al. 2004).

5
Conclusions

Life history of the endosperm is distinctly unplantlike. Growth is without
meristems and is determinate. The unique developmental pathway of cereal
endosperm includes a specific program of changes in the cell and micro-
tubule cycles leading to an assemblage of plant tissues specialized for uptake
of metabolites (transfer cells), storage of food reserves (starchy endosperm),
and enzyme synthesis (aleurone). Progress has been made in discovering the
genetic controls of endosperm initiation and aleurone differentiation. Little
is known of the signals involved in regulation of the underlying unique cell
and microtubule cycles nor the factors responsible for terminating growth.
The basic pattern of nuclear endosperm development is driven by a different
microtubule cycle than that of the typical vegetative growth plan via organiza-
tion of meristems. Yet, in the final developmental stages of complex aleurone,
the PPB method of wall placement replaces the RMS method and there is even
some evidence of meristematic activity at the periphery in large grains. These
fundamental aspects of structure and development provide a framework for
understanding the genetic/epigenetic controls of this unusual and important
plant system.
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Abstract Endoreduplication and programmed cell death are important processes during
the development and maturation of cereal endosperm. Endoreduplication results in the
formation of multiple copies of each chromosome in the nucleus, and it leads to cells
with ploidies of 24C to 96C, and sometimes even higher. Although it has generally been
thought that this process is associated with cell enlargement and increased levels of gene
expression, recent studies of maize endosperm development provided data that do not
support this hypothesis. Programmed cell death commences in starchy endosperm cells
around mid-development, and ultimately affects nearly all of the endosperm cells, except
for those in the aleurone layer. The progression of programmed cell death, which appears
to be mediated by increasing levels of ethylene and gibberellic acid, is mediated by cys-
teine proteases that appear to be similar to vacuolar processing enzymes. Presumably, the
loss of viability of starchy endosperm cells facilitates hydrolysis of stored nutrients and
their uptake by the embryo during seed germination.

1
Introduction

The cereal endosperm is important both economically and scientifically. It is
a major source of food and feed for human and animal nutrition, and therefore
is of great economic importance. Scientifically, the cereal endosperm makes
a good model system in several respects: (1) its genetics is well known; (2) it has
a determinente development with a short period of growth and maturation, so
it is ideal for developmental and cell biology studies; and (3) it is a simple tissue
composed of a few specialized cell types that produce large quantities of storage
metabolites, making the cereal endosperm a good model for biochemical and
molecular studies as well. Cereal endosperm undergoes the “nuclear” pattern
of development, which is the most common and best studied type of endosperm
formation (Olsen 2004; chapter by Brown and Lemmon, in this volume). This
developmental pathway consists of three distinct stages: syncytial, mitotic, and
differentiation. Following fertilization, the primary endosperm nucleus goes
through multiple rounds of division without cytokinesis, resulting in a syn-
cytium or multinucleate cytoplasm. Cell walls then form around individual
nuclei, so that the endosperm becomes multicellular. A mitotic stage follows
and creates the basic cell number for the body of the endosperm.
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Differentiation of the cereal endosperm results in four distinct cell types:
aleurone cells, starchy endosperm cells, transfer cells, and cells of the em-
bryo surrounding region (Becraft 2000; Olsen 2001; chapters by Becraft,
Royo, and Cossegal, in this volume). The bulk of the endosperm is com-
posed of starchy endosperm cells and their primary function is the synthesis
of starch and storage proteins. Concurrent with the accumulation of these
storage metabolites, starchy endosperm cells undergo several rounds of en-
doreduplication, a modified cell cycle that produces polyploid nuclei. The
final stage of starchy endosperm cell maturation involves programmed cell
death (PCD), which is the ordered disassembly of a cell through a geneti-
cally regulated program (Buckner et al. 2000). At maturity, all endosperm
cells, except those of the aleurone, undergo PCD. Endoreduplication and PCD
are not unique to cereal grains, but they are substantial processes in cereal
endosperm development.

In this review, we focus on two aspects of starchy endosperm development:
endoreduplication and PCD, and their regulation. Although these processes
have long been known, it is only in recent years that there have been sig-
nificant advances in our understanding of their mechanisms and functions
in plant cells in general, and in endosperm in particular. Endoreduplication
has generally been thought to be important for cell enlargement and increas-
ing the transcription of genes involved in the synthesis of stored metabolites;
however, recent data seem to be in contradiction with these hypotheses. PCD
presumably facilitates the hydrolysis and absorption of nutrients by the ger-
minating embryo. The pathway of PCD is well understood in animal cells, but
it is only beginning to be elucidated in plant cells. While PCD in plants has
many similarities to that of animals, there are also some differences between
the two.

2
Maize Endosperm Development

We primarily consider studies of maize endosperm in this review, as en-
doreduplication and PCD have been most extensively studied in this species.
Cellularization of the syncytial endosperm is complete by around 4 days
after pollination (DAP), and a period of active mitosis follows, peaking at 8–
10 DAP (Kowles and Phillips 1985). This phase determines the number of cells
in the endosperm and may be important for grain yield. During the mitotic
phase, endosperm cells manifest a standard cell cycle, and the newly formed
daughter cells maintain their initial triploid DNA content. The most rapid
period of growth in maize endosperm is between 8 and 12 DAP, due to cell di-
vision and cell enlargement. Thereafter, cell division is limited to peripheral
cell layers, i.e., aleurone and subaleurone, as cells in the central region cease
to divide (Kowles and Phillips 1985).
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Endoreduplication begins around 8 DAP, starting with cells in the cen-
ter of the endosperm and slowly spreading outward, so that at the peak of
endoreduplication, around 15 DAP, most starchy endosperm cells have gone
through at least one round of endoreduplication (Fig. 1a). The switch from
a mitotic to an endoreduplication cell cycle is gradual, so that by 15 DAP
the endosperm contains a heterogeneous population of polyploid nuclei with
DNA contents ranging from 3C to 96C, and sometimes higher (Fig. 1b)
(Kowles and Phillips 1985; Larkins et al. 2001).

Enlargement of starchy endosperm cells begins in the center of the en-
dosperm around 10–12 DAP, and coincides temporally and spatially with
the onset of endoreduplication. Coupled with the increase in cell size is an
increase of nuclear size. By measuring the size of endoreduplicated nuclei
purified by fluorescence-activated cell sorting (FACS), one can see a positive
correlation between DNA ploidy and nuclear size (Fig. 2a). At 18 DAP, central
endosperm cells, which have larger nuclei, are more highly endoreduplicated
than those in peripheral endosperm cells (Fig. 2b).

Shortly after the onset of endoreduplication and cell enlargement, starchy
endosperm cells begin to accumulate large quantities of storage metabo-
lites, such as starch and a variety of storage proteins, including prolamins

Fig. 1 Physiological and cell cycle factors that influence maize endosperm development.
a Timeline of maize endosperm development. Endosperm cells begin to engage in mito-
sis from around 4 DAP and reach a peak between 8 and 10 DAP. Subsequently, starchy
endosperm cells begin to engage in endoreduplication, resulting in polyploid nuclei. PCD
begins after 16 DAP. At the top are listed factors that affect the different phases of en-
dosperm development. Mutations are shown in italics. b Flow cytometric profiles showing
DNA content of nuclei at different stages of maize endosperm development. At 7 DAP,
endosperm cells are primarily mitotic, with nuclei in either G1 (3C DNA content) or G2
(6C). Later developmental stages are characterized by the presence of endoreduplicating
cells, as shown by nuclei with increasing ploidy levels (indicated above the peaks)
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Fig. 2 The endoreduplication cycle creates polyploid nuclei of increasing size. a Endo-
sperm nuclei purified by fluorescence-activated cell sorting. There is a positive correla-
tion between nuclear size and the ploidy level. b Spatial distribution of endoreduplicated
nuclei in 18-DAP endosperm. Nuclei in the central starchy endosperm cells (SE) are larger
and, therefore, more highly endoreduplicated than those of the aleurone (al) cells. Peri-
carp, pc. c Diagram showing the key cell cycle regulators active during the mitotic and
endoreduplication cycle in maize endosperm. CDKA is constitutively expressed in both
types of cell cycle, and it associates with different cyclins during cell cycle progression.
During the cell cycle, many S-phase genes are regulated by the E2F/DP family of tran-
scription factors, which are repressed by RBR proteins in early G1. During late G1, the
G1/S transition, and throughout S-phase, RBR becomes phosphorylated and inhibited
by CycD/ and CycA/CDKA complexes, so that E2F/DP-responsive genes are transcribed.
These CDK complexes can be inhibited by the maize CDK inhibitor, KRP. CycB/CDKB
activity peaks during G2/M; its kinase component is inhibited by Wee1 and activated by
CDC25-related proteins. During endoreduplication (gray arrow), cells alternate between
G- and S-phases, bypassing M-phase. Endoreduplication is regulated by CDKA bound to
an unidentified cyclin. This cyclin/CDKA complex is inhibited by KRP. As in the mitotic
cycle, E2F/DP is repressed by RBR during G-phase and activated during S-phase, when
RBR is phosphorylated by the kinase complex. Regulators of the endoreduplication cycle
are shaded gray
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(zeins), an 18-kD alpha-globulin, and an 11S legumin (Kodrzycki et al. 1989;
Dolfini et al. 1992; Woo et al. 2001; Yamagata et al. 2003; chapter by Hal-
ford and Shrewry, in this volume). Transcripts encoding these proteins start
to appear at around 10 DAP and peak at 14–18 DAP (Dolfini et al. 1992; Ya-
magata et al. 2003). The predominant storage proteins, the zein family of
prolamins, associate with each other to form protein bodies and account
for at least half the protein content at seed maturity (Lending and Larkins
1989; Shrewry and Tatham 1999). Starch also starts to accumulate around
10–12 DAP (Ingle et al. 1965; chapter by Hannah, in this volume), and at
maturity the central endosperm cells are packed with starch granules and
protein bodies.

PCD begins around 16 DAP in the starchy endosperm (Young and Gallie
2000a). Like endoreduplication, the onset of PCD is gradual and starts with
cells in the center of the endosperm. It then slowly spreads to neighboring
cells and progresses until all the starchy endosperm cells are dead. At seed
maturity, only the aleurone cells are viable in the endosperm.

3
Endoreduplication

Endoreduplication is a widespread phenomenon in the plant kingdom that
has been found in many differentiated and specialized cells, such as those
of the hypocotyl (Gendreau et al. 1997), epidermis (Kudo and Kimura 2002),
and trichomes (Schnittger et al. 2002), and storage cells such as those of the
endosperm (Lopes and Larkins 1993; Larkins et al. 2001), cotyledons, and
mesocarp of fruits (Sugimoto-Shirasu and Roberts 2003). Endoreduplication
is correlated with an increased metabolic rate, high levels of gene transcrip-
tion, and terminal differentiation (Kowles and Phillips 1985; Brunori et al.
1993), but its precise role is unknown. Transcriptional and translational activ-
ity are thought to increase proportionately with each doubling of the genome,
so the metabolic activity of a highly polyploid cell could be functionally
equivalent to that of many diploid cells (D’Amato 1984).

In cereal endosperm, endoreduplication is usually restricted to starchy en-
dosperm cells, with the exception of barley, which shows polyploid aleurone
cells (Keown et al. 1977). The extent of endoreduplication in the endosperm
varies depending on the cereal species. Wheat endosperm goes through only
about three rounds of endoreduplication, resulting in a ploidy of 24C (Cho-
jecki et al. 1986), whereas in rice, ploidy levels can be as high as 74C (Ra-
machandran and Raghavan 1989), and in sorghum, 96C (Kladnik et al. 2006).
Maize endosperm is by far the best studied system, and cells can achieve ploi-
dies of 96C and higher (Kowles and Phillips 1985; Larkins et al. 2001; Dilkes
et al. 2002; Leiva-Neto et al. 2004).
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3.1
Cell Cycle Overview

3.1.1
The Mitotic Cell Cycle

The standard mitotic cell cycle consists of periods of DNA synthesis (S-
phase) and chromosome separation (M-phase), preceded by gaps G1 and
G2, respectively (Fig. 2c). During this cycle, the orderly progression of events
that cause chromosomes to duplicate and separate is largely controlled by
cyclin-dependent protein kinases (CDKs), which consist of two components:
a serine/threonine protein kinase and a cyclin regulatory subunit. The activ-
ity of CDKs is controlled by changes in cyclins, the phosphorylation state of
the CDK complex, and its association with inhibitors (Morgan 1997; Sherr
and Roberts 1995). Protein kinases related to Wee1 (Parker et al. 1992; Sun
et al. 1999b; Sorrell et al. 2002) inactivate CDKs by phosphorylating tyrosine-
15 and threonine-14 on the kinase component. Conversely, CDC25-related
phosphatases activate CDKs by dephosphorylating these residues (Kuma-
gai and Dunphy 1991; Landrieu et al. 2004). Cyclin-dependent kinase in-
hibitors (CKIs) inhibit CDKs by binding to the cyclin/CDK complex, or to
the kinase component, and cause allosteric changes, thereby preventing CDK
activity. Multiple CKIs have been isolated from yeast (Mendenhall 1998),
mammals, and more recently from plants (Morgan 1997; Verkest et al. 2005;
Coelho et al. 2005; De Clercq and Inze 2006). Two CKIs from maize en-
dosperm, Zeama;KRP;1 and Zeama;KRP;2, have been characterized (Coelho
et al. 2005), and they will be discussed in the next section.

As in mammals and yeast, specific cyclins change in concentration dur-
ing the different phases of the plant cell cycle, thereby causing an oscillation
in CDK activity (reviewed by DeWitte and Murray 2003 and de Jager et al.
2005). G1 progression and transition into S-phase are controlled by cyclin
D/CDKs, while S-phase progression primarily involves cyclin A/CDKs. In an-
imals, cyclin E/CDKs regulate the G1/S transition (Sauer et al. 1995; Coverly
et al. 2002), but no E-type cyclins have been identified thus far in plants. It
is hypothesized that their function is replaced by cyclin A (Yu et al. 2003).
Cyclin B accumulates at the beginning of G2 and controls the transition into
M-phase. During anaphase, both cyclins A and B are degraded (Criqui et al.
2001), thus causing a downregulation in CDK activity in late M-phase, which
resets the cell cycle.

Flowering plants, like mammals, utilize different CDKs during different
phases of the cell cycle. This contrasts with yeasts, which have a single CDK
called Cdc2/Cdc28. Plants contain five classes of CDKs, of which only two,
CDKA and CDKB, have been shown to regulate cell cycle progression (Joubes
et al. 2000; Porceddu et al. 2001; Sorrell et al. 2001; Menges and Murray 2002).
CDKA, which contains a PSTAIRE motif and is capable of complementing
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yeast cdc28/cdc2 mutants (Joubes et al. 2000), is expressed throughout the
cell cycle. It combines with D- and A-type cyclins during cell cycle progres-
sion and its kinase activity increases from late S- through M-phase (Fig. 2c).
In CDKB, which is unique to plants, the cyclin-interacting PSTAIRE motif is
replaced by PPTALRE or PPTTLRE. Its expression and activity peak at the
G2/M-phase transition (Sorrell et al. 2001; Menges and Murray 2002).

According to the current model for eukaryotic cell cycle progression,
which is mainly derived from research on yeast and mammals, low levels of
CDK activity after M-phase allow the orderly assembly of prereplication com-
plexes (pre-RCs) during early G1-phase (Gerbi et al. 2002). These complexes
are composed of ORC, CDC6, CDT1, and MCM proteins, and they bind DNA
replication origins and license the chromatin for replication (Fung and Poon
2005). As CDK activity rises near the end of G1, the pre-RCs are converted
to initiation complexes (Gerbi et al. 2002) and eventually replication enzymes
are recruited to begin DNA synthesis.

One major point of cell cycle regulation is at the transition into S-phase,
which involves the activation of the E2F family of transcription factors. The
E2F pathway regulates the expression of many S-phase genes (De Veylder
et al. 2002; Sozzani et al. 2006), but during early G1, it is repressed by the
binding of retinoblastoma-related (RBR) proteins (Fung and Poon 2005).
During late G1, RBR proteins are phosphorylated by cyclin D and cy-
clin A/CDKs, respectively, causing them to disassociate from E2F. The E2F
pathway is then able to transactivate a battery of genes that leads to entry
into S-phase. The sustained high CDK activity throughout S-phase results in
phosphorylation of licensing factors and their disassociation from chromatin
(Findeisen et al. 1999; Li et al. 2004), which prevents refiring of the replication
origins and ensures that only one round of replication occurs per cell cycle.
During G2, a second rise in CDK activity drives the cell into M-phase.

3.1.2
The Endoreduplication Cell Cycle

Endoreduplication results from a modified cell cycle that bypasses M-phase
and simply manifests alternating G- and S-phases (Fig. 2c) (Edgar and Orr-
Weaver 2001; Larkins et al. 2001). As a consequence, there are multiple rounds
of DNA replication without mitosis, resulting in polyploid cells. Recent stud-
ies suggest that endoreduplication is achieved by a suppression of M-phase-
associated CDK activity, along with an oscillation of S-phase CDK activity
(Grafi and Larkins 1995). Mis- or overexpression of cyclin B in Arabidopsis
trichomes induced mitosis in cells that normally undergo four rounds of en-
doreduplication, suggesting that the absence of M-phase CDKs is sufficient
for endoreduplication to occur (Walker et al. 2000; Schnittger et al. 2002). Re-
search on Drosophila salivary glands and rat trophoblast cells also showed
that in endoreduplicating cells, there is a downregulation of M-phase CDKs,
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while the activity of S-phase-associated CDKs is maintained, and perhaps
oscillates (MacAuley et al. 1998; Weiss et al. 1998).

3.2
The Endoreduplication Cell Cycle in Maize Endosperm

Grafi and Larkins (1995) showed that in maize endosperm, kinase activity as-
sociated with a CDK complex, the M-phase promoting factor (MPF), peaked
at 10 DAP, when mitosis was most active, and declined as endoreduplication
progressed. In fact, when 10-DAP maize endosperm extract was mixed with
that from 15 DAP, kinase activity decreased in a concentration-dependent
manner, suggesting an inhibition of M-phase CDKs during endoreduplica-
tion. When 8- and 16-DAP endosperm extracts were incubated with proteins
known to bind CDKs, greater kinase activity was recovered from 16-DAP than
8-DAP extract, suggesting that there is an increase in S-phase-associated CDK
activity during the endoreduplication phase compared to the mitotic phase.
So, maize endosperm shows a reduction of M-phase-associated CDK activity
along with maintenance of S-phase-associated CDK activity during the period
of endoreduplication, similar to what was observed in animal systems.

Maize CDKA and CDKB were recently characterized and found to be
differentially expressed in developing endosperm (Dante 2005). CDKA pro-
tein levels remain relatively constant throughout endosperm development,
while CDKB decreases after the mitotic stage, suggesting it does not con-
tribute to the CDK activity associated with endoreduplication. CDKA, on the
other hand, plays an important role in endoreduplication. Transgenic maize
plants were generated that overexpressed a dominant-negative mutant form
of CDKA (CDKA-DN), in which a change of Asp-146 to Asn-146 abolished
the kinase activity, but did not interfere with cyclin binding (Leiva-Neto et al.
2004). The transgene was driven by the 27-kD gamma-zein promoter, so that
CDKA-DN expression was endosperm-specific and was produced throughout
the starchy endosperm. Because this is a strong promoter, the high level of
CDKA-DN expression out-competed the endogenous CDKA for cyclin bind-
ing, thereby effectively reducing S-phase kinase activity and interfering with
the DNA replication process. As a result, there was a 50% reduction in en-
doreduplication during transgenic endosperm development, with no cells
exceeding a DNA ploidy of 24C at 18 DAP.

The cyclin subunit(s) that interacts with CDKA during endoreduplication
was not identified, but a number of maize cyclins, including cyclins B1;3 (Sun
et al. 1999a), A1;3, D5;1, and D2;1 (Dante 2005), have been characterized and
found to be expressed in maize endosperm. Cyclin A1;3-associated kinase
activity was greatest during the mitotic stage and then declined as the en-
dosperm progressed into the endoreduplication stage, suggesting that cyclin
A1;3 is more likely involved in the mitotic than the endoreduplication cell
cycle. Cyclins B1;3, D5;1, and D2;1, on the other hand, showed an increase
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in kinase activity at 11 DAP, but then decreased at 15 DAP. At 11 DAP, the
endosperm is active in both the mitotic and endoreduplication cell cycles.
The sustained (although reduced) kinase activity associated with these three
cyclins throughout endosperm development suggested that they may be in-
volved in the regulation of both cell cycles. As cyclin D is often associated with
the transition into S-phase, it would not be surprising that cyclins D2;1 and
D5;1 are involved in endoreduplication. But the fact that cyclin B1;3, a mi-
totic cyclin, maintained kinase activity after mitosis ceased was unexpected
and suggested that cyclin B1;3/CDK may be involved in the G/S transition or
progression through S-phase. To determine if any of these cyclins interacted
with CDKA, affinity-purified CDKA-DN complexes were immunoblotted with
antibodies against cyclins A1;3, B1;3, and D2;1. However, this assay failed to
detect a cyclin protein, suggesting an unidentified cyclin interacts with CDKA
to regulate endoreduplication.

Only a few CDK regulatory factors have been identified in maize that
could be involved in controlling the endoreduplication cell cycle by inhibit-
ing CDK activity. These include a Wee1 homolog (Sun et al. 1999b) and two
CKIs, Zeama;KRP;1 and Zeama;KRP;2 (Coelho et al. 2005). When ZmWee1
was overexpressed in fission yeast (Schizosaccharomyces pombe), cell division
was inhibited. In maize, ZmWee1 is expressed at low levels during early en-
dosperm development and peaks during endoreduplication, suggesting that
its expression might inhibit cell division at this stage. Zeama;KRP;1 and
Zeama;KRP;2 are expressed in the endosperm and were found to inhibit cy-
clin A1;3- and D5;1-associated kinase activities, both of which are considered
to be G1/S CDKs. However, KRP1 and KRP2 protein accumulation differed
as the endosperm developed. While KRP1 protein was constant throughout
development, that of KRP2 decreased after the onset of endoreduplication
(Coelho et al. 2005), suggesting that KRP2 may only be involved in inhibition
of G1/S CDKs during the mitotic stage. In Drosophila, it has been demon-
strated that for endoreduplication to continue, an oscillation of S-phase CDKs
is required. S-phase CDK activity is lost after DNA replication initiation, and
it begins to increase again prior to a new S-phase (Weiss et al. 1998). Perhaps
KRP1 inhibits S-phase CDKs after replication initiation, creating the oscilla-
tion required to sustain endoreduplication in maize endosperm.

The RBR/E2F pathway appears to play an important role in cell cycle reg-
ulation during endosperm development. Three different RBR genes have been
isolated from maize: RBR1 (Grafi et al. 1996), RBR2 (Ach et al. 1997), and RBR3
(Sabelli et al. 2005; Sabelli and Larkins 2006). RBR1 and RBR2 share a high
degree of sequence identity and are likely paralogs with redundant functions.
Studies on RBR1 (Grafi et al. 1996; Desvoyes et al. 2006) have shown that it
is able to interact with cell cycle progression-inducing proteins, such as SV40
T-antigen, papillomavirus E7, wheat dwarf virus RepA, and plant cyclin Ds, in-
dicating that, similar to oncogenic transformation in mammals, relief from an
RBR block induces cell cycle entry and progression in plants. RBR3, however,
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shares only 50% sequence identity with RBR1 and appears to be an E2F tar-
get that is repressed by RBR1 (Sabelli et al. 2005; Sabelli and Larkins 2006).
In maize, both RBR1 and RBR3 are expressed in developing endosperm, but
RBR3 is preferentially expressed during the mitotic phase and is drastically
downregulated after the onset of endoreduplication, suggesting that it may be
more involved in the G1/S regulation of mitotic cells than endoreduplicating
cells. Interestingly, RBR1 expression seems upregulated during endoreduplica-
tion (Sabelli et al. 2005; Sabelli and Larkins 2006), which is contradictory to the
expectation that negative regulators of the G/S transition would be downregu-
lated. It could be that, like CKIs, RBR1 is required in order to maintain cyclic
levels of S-phase CDKs by repressing E2F-regulated expression of DNA repli-
cation licensing factors during G-phase. When RBR1 is phosphorylated, E2F
repression is relieved, allowing S-phase to proceed.

3.3
Factors that Affect Endoreduplication

Endoreduplication can be affected by a number of physiological and environ-
mental factors. In a cross between two inbred lines, the endoreduplication
pattern of the endosperm in the F1 generation generally resembles that of the
maternal parent (Kowles et al. 1997; Dilkes et al. 2002). This “maternal effect”
could be due to gene dosage, in that two copies of the maternal and one copy
of the paternal genome contribute to the genetic makeup of the endosperm.
Alterations to this 2 : 1 ratio cause deleterious changes during development
of the endosperm (LeBlanc et al. 2002). A maternal excess results in preco-
cious endoreduplication and a shortened mitotic phase, although it does not
alter the degree of endoreduplication. Excess of the paternal genome, on the
other hand, delays entry into endoreduplication, not by prolonging the mi-
tosis phase, but by causing an extended mitotic hiatus prior to the switch
to endoreduplication. Also, DNA amplification is severely reduced in all cells
that are committed to endoreduplication (LeBlanc et al. 2002).

A possible explanation for the maternal effect on endosperm development
in general, and endoreduplication in particular, could be due to imprinting,
in which specific paternal genes are silenced and only their maternal counter-
parts are expressed. Genomic imprinting is a phenomenon observed in plants
and animals, often during the reproductive phase (Guitton and Berger 2005;
chapter by Penterman, in this volume). In Arabidopsis, a group of transcrip-
tional regulators belonging to the Polycomb group complex, including FIS,
FIE, and MEA, are imprinted during early seed development (Sørensen et al.
2001). After fertilization, only the maternal alleles in the Polycomb group
genes are expressed in the endosperm, while the paternal alleles are silenced,
at least during the early stages of development. A homolog to Arabidopsis
FIE gene has been found in maize, where it occurs as two copies, FIE1 and
FIE2 (Danilevskaya et al. 2003). Presumably, the function of these genes in
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maize endosperm is similar to that in Arabidopsis, in that the paternal FIE1
allele is not expressed, while that of FIE2 is initially silenced but is expressed
5 DAP. Undoubtedly, there are genes involved in endoreduplication that are
imprinted, thereby contributing to the described maternal effect.

Hormones appear to play an important role in the induction of endoredu-
plication in the endosperm. The levels of several different phytohormones
change during its development. It is known that cytokinins stimulate cell divi-
sion, and indeed during the mitotic stage of maize endosperm development,
the levels of cytokinins, such as zeatin and zeatin-riboside, increase sharply
and peak at 9 DAP, and then abruptly decline between 9 and 15 DAP (Lur
and Setter 1993). Conversely, auxin levels are low when cytokinins peak, and
then start to increase at 10 DAP, when the cytokinins begin to decline. Thus,
a high auxin/cytokinin ratio coincides with the onset of endoreduplication
(Lur and Setter 1993; Cheikh and Jones 1994). Apparently, auxin is involved
in the induction of endoreduplication, but not its continuation. Application
of exogenous 2,4-dichlorophenoxyacetic acid (2,4-D), a synthetic auxin, dur-
ing the mitotic phase caused precocious DNA amplification, but when applied
during the peak of endoreduplication (around 12–15 DAP), it did not increase
DNA content compared to the control (Lur and Setter 1993). When the anti-
auxin, p-chlorophenoxyisobutyric acid (PCIB), was applied to the endosperm
during the period of endogenous auxin increase, i.e., the onset of endoredu-
plication, there was no difference in endosperm DNA content compared to
the control. But when PCIB was applied during the peak of endoreduplication,
DNA accumulation was reduced by 20–25% (Lur and Setter 1993). PCIB has
been shown to inhibit auxin-stimulated events rather than auxin production
itself, indicating that it is auxin-induced events that cause endoreduplication
and not auxin directly.

Endoreduplication in maize endosperm is inhibited by environmental
stresses, such as water deficit and heat. However, it appears that the reduc-
tion in endoreduplication is more a result of perturbation during early events
of development, rather than a direct consequence of the inhibition of the en-
doreduplication cell cycle per se. When the kernel is treated with high heat
(Engelen-Eigles et al. 2000, 2001) or deprived of water (Artlip et al. 1995; Set-
ter and Flannigan 2001) during the mitotic phase, there is a marked reduction
of both cell number and DNA content; however, when either form of stress is
applied during active endoreduplication, the reduction in DNA amplification
is not as dramatic.

The reduced level of endoreduplication as a consequence of physiological
and genetic perturbations during the mitotic phase shows that there is a re-
lationship between the mitotic and endoreduplication phases of endosperm
development. Of 35 maize mutants categorized as defective kernel (dek) mu-
tants, all but one had endosperm with both a reduced cell number and a lower
level of endoreduplication (Kowles et al. 1992). This suggests a regulatory
mechanism that coordinates both the mitotic and endoreduplication phases
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of development. However, the mitotic cell cycle is not necessarily coupled
with that of endoreduplication, as one dek mutant showed a 70% reduction
in cell number, but little or no reduction in DNA content when compared to
the wild type. Another mutation that shows uncoupling of the mitotic and
endoreduplication phases of endosperm development is miniature1 (mn1)
(Vilhar et al. 2002). Maize plants with this mutation produce small kernels
with endosperm that is only 20% the volume of wild type. Mn1 encodes
a cell wall invertase, INCW2, that provides hexose sugars to the develop-
ing endosperm. The mn1 mutation limits the amount of energy available for
endosperm development, causing a reduction in mitotic activity and inhibi-
tion of cell expansion, but it does not severely affect endoreduplication. mn1
starchy endosperm cells go through at least six rounds of endoreduplication
by 16 DAP and have the same ploidy distribution as wild-type endosperm.

3.4
Role of Endoreduplication

The presumed role of endoreduplication is to promote cell enlargement and
high levels of gene expression to facilitate the rapid growth and maturation
of the tissue. However, recent work has shown there is not always a tight
relationship between cell size and DNA ploidy levels. In Arabidopsis roots,
there was no correlation between DNA content and the length of cortical cells
(Beemster et al. 2002). Also, work with transgenic maize endosperm sug-
gested that ploidy is not tightly coupled with cell size or gene expression. In
the CDKA-DN maize mutant previously described (Leiva-Neto et al. 2004),
the defective CDKA resulted in a 50% reduction in mean nuclear ploidy. How-
ever, there was no detectable effect on the size of endosperm cells, even in
the central starchy endosperm where one might expect to detect a difference.
Likewise, there was no marked reduction in gene expression when compared
to wild type. Conversely, in the small kernels of the mn1 mutant, endoredu-
plication is not reduced, even though cell enlargement is affected (Vilhar et al.
2002). While there is a positive correlation between cell size and ploidy within
the kernel, when an mn1 cell was compared with a wild-type cell of the same
ploidy class, the mn1 cell tended to be smaller than the wild type. Therefore,
while there is often a correlation between cell size and nuclear ploidy, en-
doreduplication is not necessarily coupled to the control of cell size or high
levels of gene expression, although it could be associated with processes that
are coincident with these events.

3.5
Conclusions

Currently, the role of endoreduplication during maize endosperm develop-
ment is unclear. In the CDKA-DN mutant, the transgene is active in the
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endosperm at around 10 DAP, by which time it was possible to measure
the progression of endoreduplication. Using this promoter, it was only pos-
sible to reduce endoreduplication and not completely inhibit it, suggesting
that the mutant form of CDKA did not completely abolish wild-type CDKA
activity. Perhaps only a few endoreduplication cycles are required to in-
fluence cell enlargement and transcription rates. It would be necessary to
completely abolish endoreduplication in the endosperm in order to test this
hypothesis. Alternatively, perhaps the role of endoreduplication is not to in-
fluence cell enlargement or gene expression in the endosperm, but rather to
contribute to seed germination. The endosperm acts as a source of stored
metabolites for the seedling at germination. It is possible that the poly-
ploid nuclei of the starchy endosperm are a source of nucleotides or nucle-
osides for the embryo, and this allows for rapid cell division and protein
biosynthesis during the early stages of seedling development, as de novo
synthesis of nucleotides might be an energy-expensive and time-consuming
process.

4
Programmed Cell Death

The final phase of starchy endosperm development in cereal grains involves
cell death. Indeed, cell death is an important part of the development and
maintenance of many tissues and organs in plants and animals (Buckner et al.
2000; Krishnamurthy et al. 2000). PCD can be triggered in cells that have
served their function, such as transmitting cells of the postpollination stigma
and the antipodal and synergid cells in the postfertilization megagameto-
phyte, or cells that die as part of differentiation, such as xylem tracheary
elements and cells that recognize pathogens (Krishnamurthy et al. 2000). The
regulation of PCD has been well studied in animal cells, but the process is
not equally well understood in plants. The trigger for PCD can be from sig-
nals generated outside or inside the cell, and they lead to signaling events that
result in a cascade of hydrolytic activity (Krishnamurthy et al. 2000). Some
of the signals generated in animal cells include calcium fluxes, production of
free radicals, release of cytochrome c from mitochondria, and increased levels
of reduced glutathione (Ellis et al. 1991). Upon perception of the signal, a cas-
cade of biochemical reactions results in the activation of the effectors of PCD.
The key effectors in animal PCD are cysteine-containing aspartate-specific
proteases known as caspases. The activity of caspases leads to cytoplasmic
shrinkage, plasma and nuclear membrane blebbing, chromatin condensation,
DNA internucleosomal fragmentation, and, finally, phagocytosis by neigh-
boring cells (Ellis et al. 1991). Similarly, PCD in plants also manifests DNA
fragmentation, chromatin condensation, and nuclear membrane blebbing
(Krishnamurthy et al. 2000; Dominguez et al. 2001). However, as plant cells
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are immobile and surrounded by walls, they are not phagocytosed but remain
in place; the cell remnants may or may not be crushed.

In plants, genes encoding caspases have not been identified (Dominguez
and Cejudo 2006; Lam 2005), but there is indirect evidence that caspase-like
activity takes place in dying cells. For example, extracts from plant cells un-
dergoing PCD can induce PCD-like activity in cellular extracts (Dominguez
and Cejudo 2006) as well as cleave a variety of caspase substrates (Wolter-
ing 2004). Recent research in plants has identified cysteine proteases that are
vacuolar processing enzymes (VPEs), which have caspase-like activity and
induce PCD (Hatsugai et al. 2004; Lam 2004; Greenwood et al. 2005). Also,
plant subtilisin-like proteases, which are serine proteases, were shown to have
aspartate-specific protease activity and be involved in cell death progression
(Coffeen and Wolpert 2004; Roberts et al. 2006).

One consequence of PCD is the disassembly of the nucleus, which starts
with fragmentation of chromatin by endonucleases. DNA breaks occur at
nucleosome-linker sites, resulting in oligosomes of 180 bp. This reaction,
which is shown by gel electrophoresis as a DNA ladder with multimers of
180-bp fragments, is often used as an indicator of PCD (Danon and Gal-
lois 1998; Enari et al. 1998; Young and Gallie 2000a). DNA fragmentation can
also be used to identify individual cells undergoing PCD by using a termi-
nal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)
assay (Gavrieli et al. 1992). This assay uses the binding of terminal deoxynu-
cleotidyl transferase to the 3′ end of DNA to incorporate labeled deoxyuridine
at break sites, which can then be visualized by light microscopy.

In cereal grains, PCD is important for the proper maturation of the en-
dosperm, and it occurs according to a developmentally regulated process in
several of tissues in the developing caryopsis. It is responsible for the destruc-
tion of the nucellus following fertilization, and maturation of the seed coat
and starchy endosperm.

4.1
PCD in the Nucellus

The mature cereal caryopsis is surrounded by remnants of the pericarp and
nucellus. After fertilization, both these tissues rapidly undergo PCD. While
there is no direct evidence showing the involvement of caspase or caspase-like
proteases in these tissues, transcript analysis of developing barley pericarp
showed an upregulation of proteases, such as serine proteases and VPE-type
cysteine proteases (Sreenivasulu et al. 2006). Furthermore, morphological
indicators reveal that PCD takes place in these tissues. In wheat kernels, frag-
mentation of DNA is well advanced by 5 days after flowering (DAF), and con-
tinues until at least 15 DAF (Dominguez et al. 2001); TUNEL assays localized
the DNA breaks to cells in the nucellus. These cells had some morphological
features similar to those animal cells undergoing PCD, including cytoplasmic
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degradation, increased vacuolization, and the loss of plasma membrane in-
tegrity (Dominguez et al. 2001). Eventually, these cells lysed and their volume
was replaced by the endosperm. It has long been thought that degradation
of the nucellus is important to provide nutrients that are absorbed by the
growing endosperm during its early stages of development (Norstog 1978).

By mid-development (13–15 DAP) of wheat endosperm, PCD occurs in the
nucellar projection, which is the interface between the endosperm and the
vascular strand in the pericarp (Dominguez et al. 2001). Cells of the nucellar
projection differentiate into transfer cells and are important for the move-
ment of nutrients into the endosperm. A similar process occurs in the maize
kernel. As shown by TUNEL assay, at around 12 DAP cells in the placental–
chalazal (P-C) layer, a patch of tissue between the endosperm and vascular
tissue, also undergo PCD (Kladnik et al. 2004, 2005). But unlike the nucellus,
the remnants of the cells in the nucellar projection and P-C layer are not ab-
sorbed by the endosperm, but rather become conducting tissue for nutrient
transport.

4.2
PCD in the Endosperm

The onset of PCD in the endosperm is a gradual process that starts in a few
central starchy endosperm cells and spreads until it reaches the aleurone.
PCD begins around 16 DAP in two separate regions: cells in the center of the
starchy endosperm and cells at the crown of the kernel, adjacent to the silk.
Cell death slowly spreads from these two areas until they eventually merge,
so that by 28 DAP most of the upper portion of the starchy endosperm is no
longer viable. Wheat endosperm also goes through PCD beginning around
mid-development (Young and Gallie 1999). However, unlike maize, in which
PCD progresses in an orderly fashion starting in specific regions, that in
wheat is more stochastic, with PCD affecting cells scattered throughout the
endosperm. This process continues until 30 DAP, by which time the entire
wheat starchy endosperm has gone through PCD. As is true of maize, in wheat
endosperm all but the aleurone cells are dead at maturity.

The effectors of PCD in cereal endosperm have not been identified, but
transcript profiling of developing barley endosperm has shown that there is
increased expression of a number of cysteine proteases, including gamma-
and beta-VPE (Sreenivasulu et al. 2006). This suggests that these, or related
enzymes, might bring about PCD.

Although the aleurone cells of the endosperm remain viable at seed mat-
uration, after germination they eventually undergo PCD. This process be-
gins with the cells closest to the embryo and spreads to those farther away
(Dominguez et al. 2004). PCD does not begin immediately after seed imbibi-
tion, because the aleurone initially functions as a secretory tissue, producing
hydrolytic enzymes (proteases, nucleases, and amylases) that are secreted
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into the starchy endosperm to break down the stored metabolites. How-
ever, after these enzymes are produced, PCD becomes evident through rapid
vacuolation of the cytoplasm, loss of plasma membrane integrity, nuclear
breakdown, and DNA fragmentation (Bethke et al. 1999; Fath et al. 2000;
Dominguez et al. 2004). In wheat, DNA laddering is detected as soon as 4 days
after imbibition, while in maize it is not observed until 12 days after imbi-
bition (Dominguez et al. 2004). DNA laddering was not observed in barley
aleurone cells, but as in wheat, they stained positively in TUNEL assays, in-
dicating that DNA fragmentation had occurred.

4.3
PCD in the Endosperm is Hormonally Regulated

While the proteolytic effectors of PCD in cereal grains are unclear, it is known
that PCD in starchy endosperm and aleurone cells is associated with changes
in hormone levels. In starchy endosperm, PCD accompanies a peak in ethy-
lene production. In maize kernels, two ethylene peaks are detected: the initial
one coincides with the first wave of PCD in the center of the endosperm,
around 16 DAP, and the second one at around 20 DAP, when cells in the
proximal region begin PCD. Application of exogenous ethylene at 16 DAP led
to more extensive PCD and DNA fragmentation than in untreated control
kernels (Young et al. 1997). Furthermore, inhibition of endogenous ethylene
biosynthesis by aminoethoxyvinylglycine (AVG) resulted in less DNA frag-
mentation than in control kernels, suggesting that ethylene either initiates or
stimulates the induction of PCD.

In addition to ethylene, abscisic acid (ABA) levels are also elevated dur-
ing the period of PCD. ABA influences events during late kernel development,
such as the acquisition of desiccation tolerance and dormancy by the embryo.
While ABA was not found to be directly involved in the onset of PCD, al-
terations of its biosynthetic pathway and perception affect the onset of PCD
by causing changes in ethylene biosynthesis. In maize viviparous mutants
(vp1 and vp9) that perturb ABA production or perception, there is prema-
ture DNA fragmentation as a result of a two- to fourfold elevation in ethylene
(Young and Gallie 2000b). While ABA may not be directly involved in PCD,
it appears to inhibit ethylene production and consequently delays the onset
of this process. Analysis of the barley endosperm transcriptome confirmed
the involvement of ethylene and ABA, as transcripts for ABA- and ethylene-
receptive genes increase during the latter stages of endosperm development
(Sreenivasulu et al. 2006).

PCD in aleurone cells is also hormonally regulated, but by giberellic acid
(GA) rather than ethylene. Upon germination, gibberellins are synthesized
by the embryo and diffuse into the endosperm, where they are perceived by
aleurone cells. The initial response to exogenous GA application is the pro-
duction of hydrolytic enzymes, and eventually PCD. When barley aleurone
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protoplasts were incubated with GA, most of the cells died after showing cy-
toplasmic vacuolation and shrinkage, and DNA degradation (Bethke et al.
1999). Degermed wheat kernels treated with GA had higher levels of endonu-
clease activity, leading to higher levels of DNA fragmentation when compared
to untreated kernels (Dominguez et al. 2004). Also, treatment of wheat ker-
nels with paclobutrazol, a GA synthesis inhibitor, resulted in no DNA frag-
mentation in the aleurone compare to untreated kernels (Dominguez et al.
2004). As in the starchy endosperm, ABA also plays a role in inhibiting or
delaying PCD in aleurone cells. Aleurone protoplasts can be kept alive for
up to 6 months when cultured in a medium containing ABA, whereas cell
death progresses when they are exposed to GA (Bethke et al. 1999; Fath
et al. 2000).

4.4
Conclusions

The function of programmed cell death in cereal endosperm is presumed
to be for the facilitation of rapid hydrolysis and absorption of nutrients by
the germinating embryo, since cell membranes are no longer maintained and
movement of metabolites into and out of cells no longer requires energy.
However, to determine if germination is affected, further research is required,
perhaps through the discovery of mutants or the generation of transgenic
plants lacking PCD in the endosperm. There is emerging evidence that PCD
in cereal endosperm may be mediated by caspase-like VPEs, but the specific
enzymes are not known. Also, the substrates for these VPEs and downstream
targets have yet to be identified. The emerging technology of system-wide
profiling of transcripts and proteins may help to unravel the PCD pathway in
the cereal endosperm.
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Abstract The periphery of the endosperm of many plant species forms an epidermis-like
layer called the aleurone. During germination, the aleurone performs an important diges-
tive function, secreting hydrolases to break down the starch and proteins stored in the
starchy endosperm cells. Several features of cereal aleurone cells make them an attrac-
tive system for studying fundamental questions of cell fate and differentiation. The system
is conceptually simple, with a single fate choice between starchy endosperm or aleurone
cell types. The surface location makes the cells accessible for study, and they can be read-
ily isolated by peeling from developing grains. Because of these experimental advantages
and its importance to crop utilization, aleurone development has been most intensively
studied in cereals. This chapter describes a picture of aleurone cell fate specification and
development as a dynamic system displaying unique modifications to the cell cycle and
cytoskeletal arrays, and surprising plasticity in cell fate decisions.

1
Introduction

In cereals, and some dicots with persistent endosperms, the aleurone layer
has important functions in the accumulation of storage compounds during
seed development, and in the mobilization of storage compounds during
germination. In other seeds, such as Arabidopsis, that have a transitory en-
dosperm, an aleurone layer persists in the mature seed (Brown et al. 1999)
and functions in seed dormancy and germination (Bethke et al. 2007).

The storage function of aleurone cells in cereals involves the accumulation
of high levels of phytic acid, which chelates several minerals. In barley grains,
the aleurone is the major storage site for phosphate, magnesium, potassium,
and calcium, accumulating over 70% (97% for magnesium) of the endosperm
stores of these minerals (Stewart et al. 1988). During germination, the aleu-
rone performs an important digestive function, secreting hydrolases to break
down the starch and proteins stored in the starchy endosperm cells, which
undergo programmed cell death during endosperm development (Young and
Gallie 2000). The germination response is under hormonal control; gibberellic
acid (GA) produced by the germinating embryo induces amylase gene expres-
sion and secretion, while abscisic acid (ABA) acts antagonistically to suppress
these activities. Barley aleurone has served as an important model system for
studying the mechanisms of GA and ABA action.
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Until recently it was a matter of debate whether the peripheral cell layer
of the Arabidopsis endosperm should actually be considered an aleurone, but
a recent report shows clearly that the structure and function of Arabidop-
sis aleurone cells are very similar to cereals (Bethke et al. 2007). Secretory
activity during germination apparently causes cell wall weakening to facili-
tate seedling emergence from the seed. This secretory activity was induced
by GA and suppressed by ABA, just as in cereals. Furthermore, the aleurone
layer was shown to be required for seed dormancy, a previously unknown
function.

In addition to the importance of aleurone to the plant, aleurone impacts
human well-being in several ways. Aleurone has reported dietary and health
benefits; aleurone flour dramatically decreased the incidence of colon adeno-

Fig. 1 Examples of mutations affecting maize aleurone development. Wild-type maize
contains a single layer of aleurone cells (arrow), which accumulates anthocyanin in par-
ticular genotypes. Starchy endosperm cells (se) are recognizable by the large unstained
starch grains. Aleurone markers, such as the Vp1::GUS reporter shown here (blue),
express around the entire periphery of the endosperm (Cao et al. 2007). dek1 is an
example of a mutation affecting cell fate. Instead of aleurone, the peripheral layer of
endosperm cells adapts a starchy endosperm cell fate. The dek1-D allele causes partial
loss of aleurone, as seen by the partial loss of anthocyanin pigmentation and Vp1::GUS
expression. In nkd∗ mutants, the cell fate decisions appear normal because the periph-
eral cells are clearly distinct from starchy endosperm. However, they do not acquire
the characteristics of normal aleurone cells, including the dense cytoplasm, anthocyanin
accumulation, and marker gene expression, indicating that this mutant blocks the differ-
entiation process
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mas in rats, while raising red blood cell folate levels and decreasing plasma
homocysteine levels in humans (McIntosh et al. 2001; Fenech et al. 2005).
Aleurone is linked to environmental concerns; because phytate is not readily
digested by livestock, most of the phosphate present in cereal grain-based an-
imal feeds is excreted, posing a serious water pollution problem if runoff from
manure is not controlled (Adeola 1999). Finally, aleurone has a major impact
on leisure activities; amylases produced during germination convert starch
to fermentable sugars, giving aleurone an all-important role in the malting
process.

Several features of cereal aleurone cells make them an attractive system for
studying fundamental questions of cell fate and differentiation. The system
is conceptually simple, with a single fate choice between starchy endosperm
or aleurone cell types. The surface location makes the cells accessible for
study, and they can be readily isolated by peeling from developing grains.
A number of aleurone markers are available, including several genes that
have been used to regulate the aleurone-specific expression of GUS or GFP
reporters (Gavazzi et al. 1997; Costa et al. 2003; Opsahl-Sorteberg et al.
2004; Wisniewski and Rogowsky 2004; Gruis et al. 2006; Cao et al. 2007). In
maize, particular genotypes specifically accumulate anthocyanin pigment in
the aleurone cells (see the chapter by Cone, in this volume), which has been
used as a convenient marker for performing genetic screens for mutants that
affect aleurone development (Gavazzi et al. 1997; Becraft and Asuncion-Crabb
2000). Figure 1 shows examples of anthocyanin pigmentation and expres-
sion of the Vp1::GUS reporter in wild-type and mutant maize endosperm.
Because of these experimental advantages and its importance to crop uti-
lization, aleurone development has been most intensively studied in cereals.
The picture that emerges is of a dynamic system displaying unique modifica-
tions to the cell cycle and cytoskeletal arrays, and surprising plasticity in cell
fate decisions.

2
Overview of Aleurone Ontogeny

Cereals show nuclear endosperm development, where the first several rounds
of mitosis occur without cytokinesis to produce a coenocytic endosperm (see
the chapter by Brown and Lemmon, in this volume). After a period of free-
nuclear division, the nuclei come to occupy a thin layer of cortical cytoplasm
surrounding a large central vacuole. Cellularization commences through the
process of free cell wall formation whereby phragmoplasts form between both
daughter and non-daughter nuclei. These cytoplasmic phragmoplasts direct
cell wall deposition as walls grow inward to form a honeycomb-like assem-
bly (see the chapter by Otegui, in this volume). Nuclei are located in separate
alveoli, which are open on the inner face to the common syncytial cytoplasm.
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Then a periclinal division occurs, accompanied by cytokinesis, to produce
a cellular peripheral layer and an alveolar internal layer. This process reit-
erates in the alveolar layer until the volume of the endosperm is completely
cellularized (Kiesselbach 1949; Brown et al. 1994, 1996; reviewed by Olsen
2001, 2004a).

After cellularization, cell division initially occurs throughout the en-
dosperm but becomes localized to a cambium-like region at the periphery.
Periclinal divisions produce distinct cell files that radiate from the center
of the endosperm (Randolph 1936; Kiesselbach 1949; Morrison et al. 1975;
McClintock 1978). As growth continues, cell divisions in the surface layer be-
come strongly biased to the anticlinal plane to allow surface growth to keep
pace with the expanding endosperm volume. At this point the aleurone cells
are cuboidal in shape, thin-walled, and highly vacuolate. Most lines of maize
and wheat contain a single layer of aleurone cells, while rice contains one to
three and barley contains three layers.

As differentiation ensues, the cell walls become thick and highly autofluo-
rescent, and the cytoplasm takes on a dense granular appearance (Morrison
et al. 1975). Aleurone cells are rich in endoplasmic reticulum, mitochon-
dria, and a variety of membrane bound vesicles (Jones 1969). Lytic vacuoles
and protein storage vacuoles are both present (Swanson et al. 1998), and
two types of inclusion bodies can be found within the same vacuole (Jakob-
sen et al. 1971). Globoid bodies, also known as aleurone grains, contain
a crystalline matrix of phytin and protein surrounded by lipid droplets, while
the second type of inclusion is a protein–carbohydrate body (Jones 1969;
Jakobsen et al. 1971; Morrison et al. 1975; Kyle and Styles 1977; Swanson
et al. 1998).

During seed maturation, the starchy endosperm cells undergo pro-
grammed cell death (Young and Gallie 2000), while the aleurone cells and
embryo express a specific maturation program that allows them to sur-
vive seed desiccation (reviewed by Vicente-Carbajosa and Carbonero 2005).
Maturation is positively regulated by ABA and involves the accumula-
tion of late embryo abundant (LEA) proteins that function as dehydrins
to protect cell membranes and proteins in desiccated seeds (Goyal et al.
2005). In particular genotypes of maize, anthocyanins specifically accumu-
late in the aleurone layer during the maturation phase (reviewed by Dooner
et al. 1991).

The final stage in the life of an aleurone cell occurs after seed imbibition
when the embryo sends a GA signal that induces the germination func-
tion of the aleurone. Hydrolase genes such as α-amylase are induced and
their products secreted into the starchy endosperm for the remobilization of
stored carbohydrates and amino acids to supply the growing seedling. This
is a terminal process in that the aleurone cells expend all their resources and
undergo non-apoptotic programmed cell death (Bethke et al. 1999; chapter by
Nguyen et al., in this volume).
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3
Positional Specification of Aleurone Cell Fate

Cells at the endosperm periphery must somehow interpret their position
and assume aleurone cell fate. The first periclinal division is noteworthy be-
cause this establishes a peripheral cell layer, which constitutes the initial
cells that will ultimately produce the aleurone layer. The propensity of an-
ticlinal divisions led to early models which stated that the aleurone formed
a separate lineage from the starchy endosperm (Randolph 1936; Kiesselbach
1949; Coe 1978; Levy and Walbot 1990; Walbot 1994). However, periclinal
divisions can be observed in aleurone cells (Morrison et al. 1975) and ge-
netically marked sectors showed that even late in development the aleurone
contributed cells internally to the starchy endosperm (Becraft and Asuncion-
Crabb 2000). Thus the peripheral cells serve as initials for both the aleurone
and starchy endosperm.

Immediately following the first periclinal division the peripheral cells as-
sume a distinct behavior from internal cells. Like most plant cells, the periph-
eral endosperm cells produce a pre-prophase band (PPB) of microtubules that
forms prior to mitosis and predicts the plane of mitosis and cell plate for-
mation (Brown et al. 1994, 1996). Internal cells have the unusual property of
lacking a PPB. A phenomenon likely to be related to this is the difference in
cell division behavior between peripheral and internal cells; the peripheral
cells divide in anticlinal or periclinal planes, while the internal cells divide
in random planes (Randolph 1936; Kiesselbach 1949). Thus it would appear
that at the time of cellularization, peripheral determinants confer properties
to these cells that distinguish them from internal cells.

Despite the early appearance of characters that distinguish aleurone cells
from starchy endosperm cells, the identity of peripheral endosperm cells re-
mains surprisingly plastic through late stages of seed development. As shown
in Fig. 1, the aleurone is missing in dek1 mutants and peripheral cells as-
sume starchy endosperm identity (Sheridan 1982; Becraft et al. 2002; Lid
et al. 2002). It follows that the dek1 mutant cells are unable to perceive or
respond to the positional cues that normally specify aleurone identity. In-
duction of dek1 mutant sectors late in development caused aleurone cells
to lose their identity and transdifferentiate into starchy endosperm (Becraft
and Asuncion-Crabb 2000). Conversely, reversion of an unstable transposon-
induced dek1 allele allowed starchy endosperm cells in the peripheral layer to
transdifferentiate to aleurone cells. In both cases, sectors as small as a single
cell could be observed indicating that cell fate remained plastic up through
the last cell division in endosperm development. Further evidence of plastic-
ity is seen when maize kernels occasionally become conjoined. At the surfaces
that form the junction, the aleurone layers transdifferentiate to starchy en-
dosperm cells (Geisler-Lee and Gallie 2005). The upshot of these studies is
that peripheral endosperm cells constantly monitor their position, and that
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positional cues are required to specify and maintain aleurone cell identity
throughout endosperm development.

What is the source of the positional cues? Current evidence suggests that the
key determinant for aleurone identity is surface position on the endosperm per
se, rather than juxtaposition to nucellus or other maternal tissues. A maize mu-
tant produces an endosperm comprised of spherical masses of cells and each of
these spheroids forms its own aleurone layer, even though it is not in direct con-
tact with maternal tissues (Olsen 2004b). Conversely, when two maize kernels
become conjoined, cells that had occupied a surface position become inter-
nalized and consequently lose their aleurone identity (Geisler-Lee and Gallie
2005). Most compelling is that endosperms grown in culture can establish and
maintain an aleurone layer despite the absence of an embryo or any maternal
tissues (Gruis et al. 2006). Thus the isolated endosperm appears competent to
confer aleurone identity to cells occupying the surface position. An exception
is the disorganized endosperm of the globby mutant of maize, where isolated
aleurone cells can be found internally (Costa et al. 2003).

4
Genes and Molecules

Our understanding of aleurone development at the molecular level is still
in the early stages. Genetic studies suggest that a hierarchical system regu-
lates the acquisition of aleurone cell fate and the subsequent differentiation
of aleurone characteristics (see Fig. 2). Several maize mutants, including cr4
and dek1, block the formation of aleurone; peripheral cells that would nor-
mally form aleurone develop instead as starchy endosperm (Becraft et al.
1996, 2002; Becraft and Asuncion-Crabb 2000; Lid et al. 2002; Wisniewski and
Rogowsky 2004). Thus the normal gene products are required for aleurone
cell fate specification. Figure 1 shows an example of a dek1 mutant in maize.

Fig. 2 Model genetic pathway for the regulation of maize aleurone cell development. Aleu-
rone cell fate acquisition is positively regulated by CR4 and DEK1, and inhibited by SAL1.
Hypothetical regulatory interactions among CR4, DEK1, and SAL1 are shown with dot-
ted lines. As yet unknown factors function upstream of CR4 and/or DEK1. After aleurone
cell fate specification, genes such as Nkd∗ control cell differentiation, including the expres-
sion of Vp1. Vp1, in the presence of ABA, promotes aleurone maturation, including the
accumulation of anthocyanin pigments in the appropriate genotypes
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Mutation of dek1 also blocks aleurone formation in Arabidopsis, indicating
a conserved function (Lid et al. 2005). The sal1 mutant has the opposite ef-
fect; the fate of peripheral starchy endosperm cells is switched to aleurone,
producing a multilayered aleurone (Shen et al. 2003).

Other mutants establish a peripheral layer of cells that is distinct from
the starchy endosperm but which lacks some of the characteristics of nor-
mal aleurone (Gavazzi et al. 1997; Becraft and Asuncion-Crabb 2000; Lid et al.
2004). These are interpreted as functioning in the aleurone differentiation
process, downstream of the cell fate genes. Interestingly, many of the genes
that affect the aleurone also affect epidermal development on the plant (Be-
craft et al. 1996, 1999, 2002; Jin et al. 2000; Kessler et al. 2002; Lid et al. 2004,
2005; Watanabe et al. 2004; Johnson et al. 2005), suggesting that a related
mechanism controls the development of both tissues. Hence, it appears ap-
propriate to consider the aleurone as the epidermis of the endosperm.

Several of the mutants that disrupt maize aleurone differentiation, such
as cr4 and the weak dek1-D allele, cause mosaic phenotypes (see Fig. 1).
The mosaicism shows a predictable pattern with a strong tendency for dis-
ruption of aleurone development at the crown region and abgerminal side
of the kernel, while the germinal face tends to develop an intact aleurone
layer. This is hypothesized to reflect a patterning mechanism that organizes
endosperm development (Becraft and Asuncion-Crabb 2000). Interestingly,
ectopic cytokinin production under the regulation of a senescence inducible
promoter phenocopies these mutants to produce kernels with mosaic aleu-
rones (Geisler-Lee and Gallie 2005). This suggests that a hormone gradient
could be involved in establishing endosperm pattern and aleurone fate, or at
least that the normal establishment or interpretation of pattern can be dis-
rupted by inappropriate hormone levels.

In addition to the specific genes mentioned, global genome level factors
are also important for endosperm development in general, and aleurone de-
velopment in particular. Aleurone cells in endosperms with a 2 : 2, instead of
the normal 2 : 1, balance of maternal and paternal genome contributions lack
the large number of spherosomes normally found in aleurone cells (Charlton
et al. 1995). It is not known whether this results from imprinting at a specific
locus or is a symptom of more general effects of genomic imbalance.

Several of the genes involved in aleurone cell fate specification have been
isolated and appear to encode signal transduction components. The cr4
gene encodes a receptor-like kinase with a tumor necrosis factor receptor
(TNFR)-like motif in the extracellular domain (Becraft et al. 1996). This sug-
gests that CR4 could function in the perception of the positional cues that
specify aleurone identity. Dek1 encodes a large protein with 21 predicted
transmembrane regions, an extracellular loop, and a cytoplasmic domain
containing a calpain protease (Lid et al. 2002; Wang et al. 2003). This config-
uration also allows the possibility that DEK1 could function as a cell surface
receptor.
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Genetic studies suggest that Cr4 and Dek1 participate in the same biologi-
cal process, possibly as components of a signal transduction system (Becraft
et al. 2002). At this point, the functional relationship between CR4 and DEK1
is unclear at the molecular level. In Arabidopsis, active forms of the CR4 or-
tholog, ACR4, are rapidly proteolyzed in endosomes (Gifford et al. 2005).
Thus it is possible that CR4 is a substrate of the DEK1 protease. It is also pos-
sible that proteolysis of CR4 represents a processing step necessary for signal
transduction. Alternatively, it is possible that CR4 regulates DEK1 activity by
phosphorylation of either DEK1 itself or of a DEK1 substrate. The activity of
animal calpains can be regulated by the phosphorylation of either the calpain
protein itself or of its substrate (Nicolas et al. 2002; Shiraha et al. 2002). Yet an-
other possibility is that both proteins regulate separate signaling events that
converge further downstream.

The Sal1 gene encodes a vacuolar sorting protein related to human CHMP1
(Shen et al. 2003). CHMP1 is involved in the endocytic recycling of receptors
from the plasma membrane (Howard et al. 2001). This suggests the intriguing
possibility that SAL1 could regulate CR4 and/or DEK1 by internalizing them,
either for degradation or as part of the signaling mechanism. The opposite
phenotypes of sal1 versus cr4 or dek1 mutants suggests that SAL1 would prob-
ably function as a negative regulator of CR4 or DEK1 signaling, making the
former possibility more likely. In addition, the aberrant vesicle traffic ob-
served in cr4 mutants (Jin et al. 2000) suggests the possibility that CR4 might
also function to regulate SAL1 activity. This mutual regulation could establish
a balance between CR4 and SAL1 activity, which would ultimately determine
the number of aleurone cell layers formed.

The maturation phase of aleurone development is regulated in the aleurone
in much the same way as it is regulated in the embryo (see Vicente-Carbajosa
and Carbonero 2005 for review). ABA is the key hormone that promotes mat-
uration, and maize mutants in ABA biosynthetic genes cause a viviparous
phenotype involving precocious germination of the embryo and a concomi-
tant activation of digestive functions in the aleurone. ABA induces the ex-
pression of LEA genes and other maturation associated genes in the aleurone
(Miyoshi et al. 2002; Furtado and Henry 2005; Bethke et al. 2006). Viviparous1
encodes a B3 domain transcription factor that is a central regulator of the
maturation process. In maize, VP1 also activates anthocyanin production by
promoting expression of the C1 gene (Hattori et al. 1992; chapter by Cone, in
this volume). As such, VP1 is the most upstream known factor in the tran-
scriptional regulation of anthocyanin synthesis in the aleurone. vp1 mutants
lack anthocyanin in the aleurone, and express α-amylase genes associated
with germination (Hoecker et al. 1995). The Vp1 gene is expressed in the
embryo and aleurone (Cao et al. 2007), but how Vp1 expression is spatially
regulated in the endosperm is not known. In addition, the bZIP transcription
factor HvABI5 is required for ABA induction of maturation associated genes
in barley aleurone (Casaretto and Ho 2003).
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5
Conclusions

The aleurone layer is critical to plant survival and several different functions
for the aleurone have evolved in different taxa. The most familiar is in cereal
grains where aleurone has both storage and digestive functions. The aleu-
rone layer provides a powerful system for studying basic questions of cell fate
specification and differentiation. Additionally, it might be possible to manip-
ulate the aleurone layer to engineer altered seed properties, such as increased
malting rate or enhanced mineral or lipid content. Several key regulators of
aleurone development have been identified. Further work to understand how
these factors interact, how they are regulated, and the signal transduction sys-
tems they control, will provide insights into the biology of this fascinating
system and may provide the knowledge needed to realize the potential for
improved seed quality.
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Abstract There is converging evidence in maize, wheat, barley, Arabidopsis and other
species that the endosperm in proximity of the embryo is cytologically different from
the remaining endosperm. Gene expression restricted to this embryo surrounding region
(ESR) reinforces the notion of a specialized endosperm domain at least in maize and Ara-
bidopsis. The ESR is a dynamic structure that is set apart prior to cellularisation and
starts to disappear with the onset of reserve accumulation in the developing seed. During
later developmental stages it is frequently succeeded by a liquid filled space around the
embryo. While the cytological characteristics of the regions surrounding the embryo are
quite similar between the species analyzed, their functional equivalence has not yet been
established. Possible functions of the ESR include nutrition or defense of the embryo as
well as signaling between the embryo and the endosperm.

1
Introduction

The term “embryo surrounding region” (ESR) was first used by Opsahl-
Ferstad et al. (1997) to describe a small region of the maize endosperm
adjacent to the embryo. The ESR was defined as a group of cells that all share
expression of the Esr gene family, a criterion clearly distinguishing these cells
from those of the embryo or other domains of the endosperm, namely the
starchy endosperm, the basal endosperm transfer layer (BETL) or the aleu-
rone layer (Fig. 1; Royo et al., in this volume; Brown and Lemmon, in this
volume; Becraft, in this volume). As pointed out by Opsahl-Ferstad et al., the
same group of cells had previously been described as cytologically different
from other endosperm cells but had not been given a particular name. ESR
cells are smaller than neighbouring cells, have a very dense cytoplasm and
contain a mass of highly ordered rough endoplasmic reticulum (Schel et al.
1984). The ESR is a dynamic structure that surrounds the entire embryo at
very early stages, i.e. at 4 days after pollination (DAP). As the embryo elon-
gates, the ESR forms a cup around the suspensor but no longer surrounds the
embryo proper (7 DAP). Upon further development of the embryo the ESR
is restricted to the lower part of the suspensor between 9 and 12 DAP. Con-
comitant with the programmed cell death of the suspensor the ESR starts to
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Fig. 1 The ESR during maize endosperm development. The ESR is coloured in green in
schematic drawings of the maize endosperm from the time of fertilization (0 DAP) to
stage 1 (12 DAP). al, aleurone layer (dark green); BETL, basal endosperm transfer layer
(yellowish green); e, embryo (red); ESR, embryo surrounding region (green); cc, central
cell; se, starchy endosperm (light green); sy, synergid; z, zygote

disappear from 12 DAP onwards at the profit of the neighbouring embryo and
endosperm tissues (Fig. 1).

In other species several reports confirm differences between the bulk of the
endosperm and the part next to the embryo both before and after cellularisa-
tion. In this review we will first introduce the present knowledge of the ESR in
maize and then discuss the specialisations in other species in the light of the
maize data.

2
ESR in Corn

At present no clear-cut role can be attributed to the ESR in the absence of
functional studies involving for example an ablation of the ESR or alterations
of its size or structure in mutants or transgenic plants. Nevertheless, there are
strong leads from the interpretation of cytological data and the inferred or
demonstrated function of genes specifically expressed in the ESR. They imply
the ESR either in metabolism, defence or signalling. We will discuss the avail-
able data for each of these potential functions after a brief description of the
cytological characteristics of ESR cells.
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2.1
Cytological Description

The precise onset of ESR formation during maize endosperm development
remains unknown. The fact that the cellularisation of the endosperm coeno-
cyte is consistently initiated next to the embryo (Randolph 1936) may be an
indication for a regionalisation prior to cellularisation. Unpublished obser-
vations of cell walls that appear to be forming around the embryo in the
coenocytic endosperm led to the hypothesis that the ESR may form through
a mechanism that permits a functional phragmoplast to form near the em-
bryo (Olsen 2001). Immediately after cellularisation (4 DAP) the ESR can be
clearly distinguished from other endosperm cells by a haematoxylin stain as
nicely documented for the first time in 1949 in photomicrographs (Fig. 2A,B)
that did not solicit any specific comment by its author (Kiesselbach 1949). The
cells of the ESR remain very prominent up to 12 DAP. Soon after they are
crushed and absorbed and have disappeared together with the suspensor by
15 DAP (Kiesselbach and Walker 1952).

The cytological characteristics of ESR cells were first described in the
later works of Kiesselbach who mentions that these cells “are small, densely
filled with cytoplasm and have large nuclei” and that they form “a mass of
dense nourishing cells” (Kiesselbach and Walker 1952). Thirty years later
a much more detailed study by Schel et al. (1984) based on both light
and electron microscopy confirmed and extended these observations. ESR
cells are thin-walled and contain numerous small vacuoles. They are inter-
connected by plasmodesmata and the outer nuclear membrane frequently
shows sphere-like outgrowths. The endoplasmic reticulum is very abundant,
is mainly of the rough type, frequently shows large intracisternal spaces and
is organised in parallel arrays, in particular close to the embryo. The dic-
tyosomes are characterised by the presence of numerous vesicles on their
distal side. The plasma membrane shows infolds that are clearly different
from the invaginations of BETL cells (see Royo in this volume); they con-
cern only the membrane and not the cell wall, are spherical rather than
lamellate in appearance, and contain osmiophilic material. Finally, a highly
ordered arrangement of mitochondria close to the embryo has been noted.
Taken together these characteristics suggest that ESR cells are metabolically
very active, that they synthesise a high amount of membranes and pro-
teins and that they provide nutrients or signals to the embryo via exocytosis
(Schel et al. 1984).

Contrary to the numerous symplastic connections between ESR cells the
connection between the ESR and the embryo is mainly apoplastic. While plas-
modesmata exist at very early developmental stages between the syncytial
endosperm and cells of the suspensor (but not of the embryo proper), the
symplastic boundary rapidly extends from the embryo proper to the sus-
pensor at the time of endosperm cellularisation. At 4 DAP there is no longer
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symplastic contact between the endosperm and the embryo and all exchanges
have to take place via the apoplast (van Lammeren 1987).

2.2
ESR and Metabolism

Two lines of evidence support a role of the ESR in the nutrition of the em-
bryo: the cytological data described above (Schel et al. 1984) and the specific
expression of an invertase inhibitor (Bate et al. 2004). The ESR may be in-
volved in transport of nutrients from the BETL to the embryo as indicated
by an asymmetric organelle distribution. Regularly aligned mitochondria,
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Fig. 2� Distinct endosperm regions in proximity of the embryo. A Schematic drawing of
(B). B 5 DAP maize caryopsis stained with haematoxylin. The endosperm cells surround-
ing the embryo are smaller than in the remaining endosperm and absorb much stronger
the haematoxylin dye (from Kiesselbach 1949). C 5 DAP maize caryopsis hybridised with
ZmAE3 probe. The purple signal is limited to the ESR (from Magnard et al. 2000).
D PromZmEsr2::Gus activity in a 12 DAP maize caryopsis. GUS activity is limited to the
region around the basis of the embryo (from Bonello et al. 2000). E Schematic drawing
of (F). F Longitudinal section of a torpedo stage Arabidopsis seed showing lysed cells or
small cells close to the embryo, large cells in the central endosperm and absence of cellu-
larisation in the chalazal endosperm (from Brown et al. 1999). G PromMINI3::Gus activity
in 3 DAP Arabidopsis seed. GUS activity is only detected in the region surrounding the
basis of the globular embryo (from Luo et al. 2005). H PromAtSuc5::mGFP5-ER activity
observed by standard fluorescence microscopy in 5 DAF Arabidopsis seed. The green fluo-
rescence is restricted to a region surrounding the basal part of the globular embryo (from
Baud et al. 2005). I Schematic drawing of (J). J Embryo and ME in toluidine blue stained
epoxy section of wheat caryopsis 15 days after anthesis (from Smart and O’Brien 1983).
Cells in the ME are smaller and more stained than in the adjacent part of the endosperm.
K Schematic drawing of (L). L Global view of barley caryopsis at 3 DAP stained with peri-
odic acid-Schiff and aniline blue black (from Engell 1989). Only zone 1 of the endosperm
adjacent to the embryo is cellularised. CZE, chalazal endosperm; emb, embryo; ESR, em-
bryo surrounding region; MCE, micropylar endosperm; ME, modified endosperm; nuc,
nucellus; se, p, pericarp; PEN, peripheral endosperm; starchy endosperm; Z1, zone 1

a high density of vesicles and membrane infolds are found in ESR cells
mainly on the side next to the embryo. ESR cells may also actively syn-
thesise nutrients as indicated by abundant rough endoplasmic reticulum
(Schel et al. 1984).

A hint concerning the nature of the transported or newly synthesised sub-
stances comes from the study of genes expressed in the ESR. The gene ZmIN-
VINH1 coding for an invertase inhibitor is the only one of three ZmINVINH
genes identified in the maize genome that is expressed specifically in the ESR
(Bate et al. 2004). The function of ZmINVINH1 has been demonstrated in
vitro; recombinant protein reduces invertase activity present in crude extracts
of maize kernels and this inhibition is attenuated by pre-incubation with su-
crose. Biochemical fractionation of maize kernels followed by Western blot as
well as subcellular localisation of ZmINVINH1::GFP fusion proteins in onion
cells indicate that ZmINVINH1 is exported to the apoplast. While ZmIN-
VINH1 has no glycosylation signals, it is retained on concanavalin A columns,
probably by binding to invertases that are known to be glycosylated proteins.
The apoplastic localisation suggests that ZmINVINH1 regulates the activity of
a cell wall rather than a vacuolar invertase. However, none of the four cell wall
invertases INCW1 to INCW4 is known to be expressed in the ESR (Chourey
et al. 2005; Kim et al. 2000), contrary to IVR2, one of the two vacuolar in-
vertases, that is strongly expressed in different parts of the young caryopsis
including the ESR (Bate et al. 2004). Since ZmINVINH1 inhibits the activ-
ity of both soluble (vacuolar) and insoluble (cell wall) invertases, it may not
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be directed against any particular enzyme but may represent an insurance
against any invertase activity in the apoplast of the ESR, resulting in a protec-
tion of sucrose from cleavage (Bate et al. 2004). Sucrose is known to be both
the major carbon source of the developing maize kernel and an important sig-
nal molecule in plant seed development (Wobus and Weber 1999). Additional
experiments are needed to clarify which one if any of these roles sucrose is
playing in the ESR and whether sucrose is one of the molecules transported
by or produced in the ESR.

2.3
ESR and Defense

The protection of the developing seed is of strategic interest for the propa-
gation of all plant species. In the maize kernel, the symplastic isolation of
the endosperm and the embryo from each other and from the mother plant
provides a first barrier of protection, especially against viruses. The most
obvious strategy for pathogens to penetrate into the seed is to follow the nu-
trient flow, i.e. to pass from the maternal tissue into the endosperm via the
interface pedicel/BETL and from the endosperm into the embryo via the in-
terface ESR/suspensor. Consequently a role of the ESR in defence has been
proposed at its re-discovery (Opsahl-Ferstad et al. 1997) and substantiated in
a first instance by the ESR-specific expression of the gene ZmAE3 (Fig. 2C)
encoding a small, hydrophilic protein with similarity to basal layer antifun-
gal proteins (Magnard et al. 2000; Sevilla-Lecoq et al. 2003). A broad-range
activity against filamentous fungi including several plant pathogens has been
demonstrated in vitro for BAP2, the founding member of the family (Serna
et al. 2001).

More direct evidence comes from the functional characterisation of
ZmEsr6, a gene strongly expressed in the ESR between 5 and 16 DAP and cod-
ing for a defensin-like protein (Balandin et al. 2005). The mature protein of
52 amino acids shares eight conserved Cys residues and most of its tertiary
structure with canonical defensins, even though it has some atypical inser-
tions and deletions of amino acids at its N-terminus. Its antimicrobial activity
was demonstrated in vitro; the growth of three bacterial and three fungal
pathogens was inhibited by recombinant ZmEsr6 protein produced in E. coli.
ZmEsr6 transcript was only detected in the kernel, where it was found mainly
in the ESR but, towards the end of the temporal expression window, also in
a small region at the abgerminal end of the BETL. Interestingly, the ZmEsr6
protein was immuno-localised not only in the regions of its synthesis but also
in the pedicel region adjacent to these regions. A gradient of signal intensity
indicates that the protein is produced in the endosperm at both extremities of
the BETL and then diffuses into the apoplast of the maternal placentochalaza
(Balandin et al. 2005). Therefore, ZmEsr6 may provide active protection not
only of the embryo but also of the endosperm.
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2.4
ESR and Signaling

Very young maize embryos require either the presence of surrounding tissues
or the presence of nurse cells for their correct differentiation and morpho-
genesis in vitro (Leduc et al. 1996; Mol et al. 1993). Theoretically, the signal
molecules responsible for proper embryo development have to be synthe-
sised in or transit via the ESR that completely envelops the embryo at early
stages. Interestingly, the proteins encoded by the highly homologous genes
ZmEsr1, ZmEsr2 and ZmEsr3 show sequence similarity with CLV3 (Bonello
et al. 2002), the ligand of the disulfide-linked CLV1/CLV2 receptor com-
plex that restricts the stem cell population in the shoot apical meristem
of Arabidopsis (Clark 2001). Although the sequence similarity is limited to
a stretch of 14 amino acids, it is likely significant for three reasons: Firstly,
the conserved region is probably a functional domain of CLV3 because the
only two existing point mutations are due to substitutions in this region
(Fletcher et al. 1999). Secondly, in the Arabidopsis genome this region is
shared by the family of 25 CLE (CLV3/ESR-related) proteins that are all small
hydrophilic proteins with a signal peptide (Cock and McCormick, 2001).
Thirdly, the phenotype of plants ectopically expressing certain Cle genes
can be mimicked by the in vitro application to wildtype plants of synthetic
peptides of 14 amino acids corresponding to the CLE motif (Fiers et al.
2005). Consequently, the proteins Esr1 to Esr3 could be endosperm derived
ligands that trigger a protein kinase-mediated signal transduction pathway
in the embryo.

2.5
ESR and the Embryonic Cavern

We would like to contribute to the ongoing discussion on ESR function by
proposing that the ESR might be involved in the formation of the embryonic
cavern, a liquid filled space between the embryo and the endosperm. In fact,
the embryonic cavern progressively forms around the parts of the embryo
that emerge from the ESR to fully surround the embryo as soon as the ESR
has disappeared. This progression is reflected during the micro-dissection of
embryos. While proembryos (4 DAP) are extremely difficult to separate from
the surrounding endosperm tissue, stage 1 embryos (12 DAP) can be isolated
easily without a scalpel by simply pushing them out of the endosperm. Tran-
sition stage embryos (7 DAP) show an intermediate behaviour; the suspensor
is deeply anchored in the endosperm and needs to be separated with a scalpel,
while the embryo proper can easily be recovered. The function of the embry-
onic cavern is not really known, but it forms even in the absence of normal
embryos and remains largely empty in maize embryo specific mutants (Clark
and Sheridan 1991), while in rice reduced embryo mutants the available space
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is taken up by the endosperm (Hong et al. 1996). Interestingly, several of the
genes specifically expressed in the ESR have no close counterparts in rice.

2.6
ESR-Specific Promoters

For several of the genes showing expression in the ESR, the promoters have
been examined in the search for an ESR box responsible for ESR-specific tran-
scription. Active promoters confirmed by the expression pattern of promoter-
Gus fusions have been isolated for ZmEsr1 to 3 (Fig. 2D) (Bonello et al. 2000),
ZmAE3 (Sevilla-Lecoq et al. 2003) and ZmEBE1 and 2 (Magnard et al. 2003).
Upstream sequences are also available for ZmAE1 (Sevilla-Lecoq et al. 2003)
and ZmINVINH1 (Bate et al. 2004). The 18 bp AE box aATGaaTTAATGNTt-
tAc is not only conserved in ZmAE and ZmEsr promoters but also in Betl
promoters, making it unlikely that it is solely responsible for ESR-localised
expression (Sevilla-Lecoq et al. 2003). The two short sequences AGCATA and
T(A/T)AAAAT conserved between the ZmEsr1 to 3 and the ZmINVINH1 pro-
moter are far better candidates (Bate et al. 2004). Further dissection of the
promoters has been hampered by the very small size of the ESR that renders
transient expression studies via biolistics virtually impossible. Confirmation
of the above candidate cis elements will be dependent on stable transform-
ation with suitable reporter gene fusions.

2.7
Conclusion

A small region of the maize endosperm in proximity of the embryo is clearly
distinct from the other parts of the endosperm based upon cytological ob-
servations and marker gene expression. This region, baptised ESR, may play
a role in the nutrition or defence of the embryo, in embryo/endosperm sig-
nalling or in the formation of the embryonic cavern. These proposed func-
tions are not mutually exclusive.

3
The Embryo Surrounding Region in Other Species

Since the term ESR has been defined in maize and has been coined as recently
as 1997, it is not surprising that there are almost no publications mention-
ing an ESR in other species, the only exception being Arabidopsis. Obviously
this does not preclude the existence of an ESR in other species and below we
examine whether there are cells close to the embryo that share cytological
characteristics with the ESR, or genes with expression patterns restricted to
a sub-territory of the endosperm in vicinity of the embryo.
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3.1
ESR in Arabidopsis

Even though there are at least two recent publications that mention an “em-
bryo surrounding region” in Arabidopsis (Boisnard-Lorig et al. 2001; Luo
et al. 2005), it remains to be examined, whether this region is functionally
equivalent to the ESR defined in maize. In the first publication the term
“dense cytoplasmic embryo surrounding region” is used as a synonym for
the micropylar endosperm (MCE). The MCE is one of the three zones of
the Arabidopsis endosperm defined on the basis of morphological observa-
tions by Mansfield and Briarty (Mansfield and Briarty 1990a,b), the other two
being the peripheral endosperm (PEN) and the chalazal endosperm (CZE;
Fig. 2E,F). Observations in the light and electron microscope show that prior
to cellularisation the nuclei in the MCE and PEN are smaller than in the CZE
and that most of the cytoplasm of the syncytium is located in the MCE rather
than the PEN or CZE. Similar to the cytoplasm of ESR cells in maize, the
syncytial cytoplasm of the MCE shows abundant ER and almost no vacuoles
(Brown et al. 2003; Mansfield and Briarty 1990a). It is also rich in plastids, mi-
tochondria and ribosomes, while no particular comments were made on the
number of these organelles in maize. In Arabidopsis cellularisation starts in
the MCE close to the embryo, as it does in the ESR of maize (Mansfield and
Briarty 1990b; Berger et al., in this volume). Little attention has been paid to
the MCE after cellularisation, which may be partly due to the fact that the
inner-most part closest to the embryo already starts to degenerate at the late
heart stage of the embryo when the chalazal end of the PEN and the CZE
are not yet cellularised (Mansfield and Briarty 1990b). Although intended to
illustrate other aspects of endosperm development, published longitudinal
sections of partially cellularised endosperm seem to indicate that the cells
close to the embryo (MCE) are smaller and less vacuolated than cells in the
PEN (Brown et al. 1999).

In the second publication that mentions an embryo surrounding region in
Arabidopsis, the term is used with respect to the expression zone of a Gus
reporter gene driven by the Mini3 (Miniseed3) promoter. The Mini3 gene en-
codes a transcription factor of the WRKY family that is necessary for normal
seed size. In the developing seed the Mini3 promoter shows weak activity in
the embryo and in the nuclei of the PEN and strong activity in a zone sur-
rounding the basis of the globular embryo (Fig. 2G). The latter expression
zone seems to coincide with the MCE, even though the authors do not spe-
cifically address this point (Luo et al. 2005). Another example for preferential
gene expression in the MCE is the sucrose transporter AtSuc5 (Baud et al.
2005). A fusion of its promoter to the Gfp reporter gene shows that in the
developing seed expression is restricted to the endosperm (Fig. 2H). While
the expression zone is identical to that of Mini3 up to the globular embryo
stage, it expands at the torpedo embryo stage throughout the PEN (weak)
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into the CZE (strong) before disappearing at the upturned-U embryo stage
(Baud et al. 2005). A similar dynamic expression pattern was observed in
the enhancer trap line G222; again expression was first restricted to a zone
close to the embryo at early developmental stages, before extending through-
out the endosperm during later stages (Ingouff et al. 2005). In contrast, the
expression remained exclusively micropylar in enhancer trap line N9185 (In-
gouff et al. 2005). Several other reporter lines are characterised by strong
expression in both the MCE and CZE; for the interpretation of these lines
it has to be taken into account that the signal in the MCE or CZE may be
enhanced by the fact that the GFP is frequently addressed to the ER and
that these two zones are richer in ER than the PEN between them (Sorensen
et al. 2001). The specific expression of several genes in a region surround-
ing the embryo indicates that this region, which likely equals the MCE, is not
only cytologically but also genetically different from the other two zones of
the Arabidopsis endosperm. Since none of the genes specifically expressed
in the MCE of Arabidopsis has been characterised in maize and none of the
ESR-expressed maize genes has been studied in Arabidopsis, it is presently
impossible to draw any conclusion as to a functional equivalence of the two
regions based upon the expression pattern of marker genes. Nevertheless,
the specific expression of a sucrose transporter in the MCE of Arabidopsis
and of an invertase inhibitor in the ESR of maize may not just be a coin-
cidence and points at the need for a certain level of sucrose in the vicinity
of the embryo.

The MCE, PEN and CZE can be distinguished from each other not only
by their morphology and marker gene expression, they also represent dis-
tinct mitotic domains of the endosperm (Boisnard-Lorig et al. 2001; Berger et
al., in this volume). While all endosperm nuclei divide synchronously during
the first three rounds of division, the timing of subsequent divisions differs
between the three zones. This has been demonstrated by the observation of
mitotic figures as well as the expression of a Gus reporter gene under the con-
trol of a Cyclin B1;1 promoter (Boisnard-Lorig et al. 2001; Brown et al. 2003).
No comparable analysis has been done in maize, making it again impossible
to draw any conclusion as to a functional equivalence of the Arabidopsis MCE
with the maize ESR.

In conclusion, in Arabidopsis the part of the endosperm closest to the em-
bryo is clearly different from the remaining endosperm both prior and after
cellularisation. This part has been called micropylar endosperm (MCE) or
embryo surrounding region (ESR). The equivalence with the ESR in maize re-
mains to be demonstrated, despite some morphological similarities between
the Arabidopsis MCE prior to cellularisation and the maize ESR after cellular-
isation. There are presently no cues as to the function of the MCE, other than
the specific expression of a sucrose transporter.
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3.2
ESR in Wheat

In wheat no “embryo surrounding region” has been mentioned in the liter-
ature to our knowledge. However, the endosperm in the immediate vicinity
of the developing embryo has been described as “radically different” from
the remaining endosperm and has been named “modified endosperm” (ME)
by Smart and O’Brien (1983; Fig. 2I,J). The ME of wheat shares many char-
acteristics with the ESR of maize. Firstly, it is the zone where cellularisation
starts and where it is first complete. Secondly, the cells are densely cytoplas-
mic, have very few vacuoles and do not accumulate starch or protein bodies.
Thirdly, the cytoplasm contains large quantities of rough endoplasmic retic-
ulum that swells and contains amorphous contents, especially close to the
embryo (Smart and O’Brien 1983). As pointed out above, several of these fea-
tures also apply to the MCE of Arabidopsis. Another similarity with the MCE
of Arabidopsis lies in the fact that the ME cells close to the developing embryo
start to collapse and become digested rather early on in development (Smart
and O’Brien 1983). The only major difference with maize and Arabidopsis is
the position relative to the embryo. While the maize ESR and the Arabidop-
sis MCE surround primarily the suspensor and not the embryo proper, the
bulk of the wheat ME is located around and on top of the embryo proper. It
remains to be elucidated whether this position reflects functional differences
or anatomical constraints of the wheat kernel.

To our knowledge no gene marking specifically or preferentially the ME
of wheat has been identified. A recent systematic spatial analysis of gene
expression during wheat caryopsis development by high-throughput in situ
hybridisation did not really address the question, because the sections used
did not include the embryo or ME. Therefore, it is not surprising, that only
genes specifically expressed in the central endosperm, aleurone or modified
aleurone were discovered (Drea et al. 2005). The modified aleurone or groove
aleurone is distinct from the modified endosperm (ME) and designates the
region next to the nucellar projection, which is involved in nutrient transfer
from the mother plant into the seed.

A re-construction of the three-dimensional distribution of nuclei in the de-
veloping wheat endosperm identified three distinct populations in the synci-
tium: a group near the zygote in what seems to be the future ME, a group
in the dorsal region and a group in the ventral region (Wegel et al. 2005).
The zygote-associated nuclei formed a stem-like structure that connected this
population with the dorsal but not the ventral nuclei. Nuclear divisions seem
to be coordinated within but not between the three populations. The en-
dosperm nuclei at the embryo interface were the earliest to stop dividing and
to cellularise (Huber and Grabe, 1987a,b; Wegel et al. 2005).

In conclusion, in wheat a specialised zone of the endosperm has been de-
scribed in the vicinity of the embryo. It exhibits striking similarities with the
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ESR of maize and the MCE of Arabidopsis, but the functional equivalence of
the three zones needs to be demonstrated.

3.3
ESR in Barley

As in wheat, we are not aware of a reference to an “embryo surrounding re-
gion” in the barley caryopsis. However, as in maize, Arabidopsis and wheat,
a small part of the endosperm situated close to the embryo that has attracted
particular attention has been named zone 1 (Fig. 2K,L). It can be distin-
guished from the remaining endosperm by several criteria (Brown et al. 1994;
Engell 1989). Prior to cellularisation this region is richer in cytoplasm and has
a higher density of nuclei than the rest of the syncitium. At cellularisation it
is the earliest zone to cellularise, and after cellularisation the cells of this do-
main are smaller in size, have less vacuoles and denser cytoplasm than in the
adjacent zone, while the nuclei are smaller and more roundish. The cells clos-
est to the embryo show a tendency to lyse (Engell 1989). At the ultrastructural
level the cells of this zone are rich in ribosomes, rough ER and dictyosomes
with large secretion vesicles. There are no plasmodesmata connecting these
endosperm cells to the embryo (Norstog 1972). All of these characteristics
are strongly reminiscent of the ESR in maize, the MCE in Arabidopsis and
the ME in wheat and suggestive of a particular function for this zone of the
endosperm.

4
Conclusion

We present here evidence that the endosperm in proximity of the embryo is
cytologically different from the remaining endosperm in maize, wheat, barley
and Arabidopsis. This review is not exhaustive, and similar embryo surround-
ing regions likely exist in many other species. Clear indications exist for
example in Brassica napus (van Lammeren et al. 1996) or Coronopus didymus
(Nguyen et al. 2001). In all cases the ESR is the starting point for endosperm
cellularisation. It is a dynamic structure that disappears early on during seed
development and is frequently succeeded by a liquid filled space around the
embryo. While the cytological characteristics of the ESR are frequently quite
similar in the different species, their functional equivalence still needs to be
established.

The specific or preferential expression of genes in the ESR of maize or
Arabidopsis clearly indicates that the genetic program of the ESR is differ-
ent from that of other endosperm regions. The nature of the ESR-expressed
genes provides very limited information with regard to the function(s) of the
ESR. The two Arabidopsis mutants with lesions in ESR-expressed genes show
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a transient reduction in fatty acid concentration and a small seed phenotype,
respectively (Baud et al. 2005; Luo et al. 2005).

On the basis of the interpretation of the cytological features and the
demonstrated or inferred function of ESR-expressed genes, several possible
functions of the ESR have been proposed, including nutrient transfer from
the endosperm to the embryo, defence of the embryo, signalling between
the embryo and the endosperm or the formation of the embryonic cavern.
The nutritional role may be complementary to that of the suspensor. In the
species mentioned above the suspensor is rather small and the ESR may ful-
fil part of the nutrient transfer role attributed to the suspensor in species
with much larger suspensors, such as Phaseolus coccineus (Yeung and Clut-
ter 1979). The poor conservation of many ESR-expressed genes across species
is an argument against a conserved role of the ESR in nutrition or signalling
and certainly more compatible with the hypothesis of specific defence mech-
anisms adapted to fight against particular pathogens of each species. Finally,
it needs to be stressed that the proposed functions are not mutually exclusive.
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Abstract Transfer cells are a specialized cell type that can be found in many exchange
surfaces in plants, including branching points, hydathodes, or phloem loading and un-
loading areas. The developing seeds are strong sinks with no symplastic connection with
the mother plant, as they are distinct individuals. Consequently, during the grain filling
phase seed storage organs must develop specialized structures to facilitate nutrient up-
take from the apoplastic space. The differentiation of an endosperm transfer cell layer is
thus expected, and found, in seeds in which the endosperm acts as storage organ, namely
monocot and particularly cereal seeds. We will review here the current knowledge on the
cytological and molecular aspects of the differentiation and function of the cereal en-
dosperm transfer cells. The increasing evidence suggesting an additional role in defense
for the endosperm transfer cells will also be discussed.

1
Introduction

In a broad functional sense the term transfer cells (TC) includes any cell
type involved in the transport of solutes or solvents from or to the vascular
tissues. Very often, however, the term is restrictively applied to cells show-
ing morphological adaptations for transport. The basic adaptation consists in
the development of extensive cell wall ingrowths that increase the surface of
plasma membrane available for transport (Pate and Gunning 1972; Thompson
et al. 2001). In many cases cell wall ingrowths are developed only on one side
of the cells, given a general appearance resembling that of the animal epithelial
cell covering intestinal absorptive surfaces. As the studies in TC were extended
to more tissues and physiological situations it became clear, however, that the
presence of cell wall ingrowths is not the best criterion for identifying TC. The
extent of cell wall ingrowth development in a particular tissue is dependent
both on the species being examined and on the developmental stage of the
cells. Furthermore, the TC phenotype is strongly influenced by the physiolog-
ical stage (see below), as the morphology of these cells responds dynamically
to the transport requirements of the surrounding tissues. Finally, the analysis
of transgenic plants containing reporter constructs using TC-specific promot-
ers has shown that cells lacking any TC morphology can correctly interpret TC
regulatory signals.
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TC have been found in all plant taxonomic groups as well as in algae and
fungi (Pate and Gunning 1972; Gunning 1977). Within the plant, they have been
found in almost every exchange surface examined (for a recent review, see Of-
fler et al. 2002), including the loading and unloading areas of vascular tissues
(where they are referred to as companion cells). TC at the vascular parenchyma
in stem nodes are good examples of the dynamic nature of TC development;
these areas transiently develop TC to facilitate nutrient exchange whilst the
vascular connections are being established (apices of young seedlings, Pate
et al. 1970; branching points, our group, unpublished observations). Possibly
the best-characterized TC areas are developed at the symplastic discontinuities
that appear between different individuals, including the association with rhizo-
biumor mycorrhiza(Gunning et al. 1974; Allaway et al. 1985), feeding structures
created by nematode infection, gametophyte/sporophyte interface in mosses
(Ligrone and Gambardella 1988), and the maternal/filial border at the nutrient
uptake areas of the seeds (Cochrane and Duffus 1980; Kiesselbach 1949, 1980;
Offler and Patrick 1993; Talbot et al. 2001). The site of TC localization in the
seed is determined by the compartment that will be used for nutrient storage,
which will be the strongest sink of the seed. In the majority of dicotyledonous
species, the cotyledons are the preferred organ for storage product accumula-
tion. In these species the cotyledonary epidermis is very often converted into
a TC layer during the seed filling phase. In this system TC are readily accessible,
which facilitates the manipulation of their environment; this type of experi-
ment has provided important biochemical (Offler et al. 1997; Farley et al. 2000;
Weber et al. 1997, 2005) and genetic data (Borisjuk et al. 2002) on the trans-
port function and developmental regulation of TC. In this chapter, however,
we will concentrate on reviewing the current knowledge on endosperm TC
development and function that has been obtained from the analyses of experi-
mental systems in which the endosperm is the main storage tissue, namely the
cereal caryopsis. A comparison between the Arabidopsis endosperm domains
along the anterior–posterior axis (see the chapter by Berger et al., in this vol-
ume) with the corresponding domains in the maize endosperm points toward
the Arabidopsis posterior endosperm as the TC equivalent, both tissues having
equivalent positions with respect to the embryo and maternal vascular termi-
nals. No TC morphology can be observed, however, in the Arabidopsis posterior
endosperm and, when introduced in Arabidopsis, maize TC-specific promoters
do not function in the developing endosperm, whilst they are functional in TC
located in other domains of the adult plant.

2
Morphological Aspects of the Endosperm Transfer Cell Layer

The development of the cereal endosperm has been reviewed in other chap-
ters in this volume; the differentiated endosperm contains four major cell
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types: starchy endosperm, aleurone (see the chapter by Becraft, in this vol-
ume), cells of the embryo surrounding region (ESR; see the chapter by Cossé-
gal et al., in this volume), and TC. Aleurone and TC form the endosperm
epidermis, which arises after the first, centripetal, periclinal division (see the
chapter by Brown and Lemmon, in this volume). TC are thus a modified
epithelium that differentiates at the areas adjacent to the maternal vascular
terminals. The anatomical organization of the endosperm TC layer is deter-
mined by the organization of nutrient unloading areas in the seed. Morpho-
logically distinct TC have been found in many grain caryopses (Kiesselbach
and Walker 1952; Rost and Lersten 1970; Zee and O’Brien 1971; Wann-Neng
2004) but not in rice (Bechtel and Pomeraz 1977; Krishnan and Dayanandan,
2003).

2.1
Maize

In maize the vascular terminals form a cup-shaped cushion at the base of the
endosperm. A least ten layers of crushed, dead maternal cells, the placento-
chalazal zone (Kladnick et al. 2004), extend between the phloem terminals
and the endosperm. The endosperm epithelial cells facing the placento-
chalazal area differentiate into TC (Fig. 1a) to form the basal endosperm
transfer cell layer (BETL, Thompson et al. 2001). At 16 days after pollina-
tion (16 DAP) the BETL is fully developed and occupies 65–70 rows of cells
in width and three to six cells in depth (Gao et al. 1998). The shape and
development of the BETL can be visualized in transgenic maize lines trans-
formed with reporter constructs directed by TC-specific promoters (Fig. 1b).
The BETL is the only exchange surface available between maternal and filial
tissues, since the entire endosperm, except for the TC region, is surrounded
by a cuticular layer (Davis et al. 1990).

TC are variable in their shapes and in the proliferation of cell wall ingrowths,
this variability reflecting the developmental stage of each individual cell. The
shape ranges from elongate to somewhat square when viewed in longitudinal
section. The density of wall ingrowths varies from the most basal TC, having the
greatest amount of cell wall proliferation, to the most internal cells, which show
progressively less wall proliferation, until there is a complete transition from
the TC to endosperm cells. At an intermediate developmental stage (10 DAP
in the scheme of Fig. 1c) a gradient of TC development can be observed, with
the most differentiated cells positioned at the basal part near, but not at, the
abgerminal side of the endosperm. The differentiation stage of each individual
cell reflects its position respective to the axis of the vascular bundle. Cells at
the abgerminal pole of the BETL are morphologically indistinguishable from
aleurone cells, except that they express TC-specific genes (see below).

The model TC is about three times as long as it is wide, and has a large ac-
cumulation of cell wall material in the basal part of the cell, which can give the
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Fig. 1 a Schematic representation of a sagittal section of a maize kernel at 16 days
after pollination (DAP). The aleurone (Al) layer surrounds the endosperm except for
the cells at the basal part, which differentiate into a basal endosperm transfer layer
(BETL). TC differentiate right in front of the vascular terminals (V); ESR, embryo sur-
rounding region; En, endosperm; Em, embryo. Nucellar cells at the placento-chalaza
are shown in green. See Fig. 2a for a real image of a maize kernel sagittal section.
b Histochemical staining of a transgenic endosperm BETL1 promoter-GUS at 10 DAP.
The endosperm was dissected out from the kernel and stained for GUS (blue), providing
a 3D image of the BETL. The upper panel shows a lateral view from the abgerminal side;
the lower panel shows a basal view. The BETL occupies all the base of the endosperm.
Note the weaker color intensity in the center of the BETL; this effect is caused by the
advanced maturation of the TC, which are densely filled by cell wall material and thus de-
prived of cytoplasmic contents. The same effect is also apparent in in situ hybridization
(Fig. 2a) and immunolocalization (Figs. 1d and 2c) experiments. The scale bar repre-
sents 1 mm. c Schematic representation of the TC differentiation gradients observed in
the BETL. The differentiation gradient is established from the slightly abgerminal center
of the BETL (darkest blue) toward the edges of the basal and inner cell layers. d Azure B
staining of the BETL. Note the thick cell walls of the most basal cells; the brown-black
color in the cells shows the immunolocalization of a BETL-specific protein; PC, placento-
chalaza. The scale bar represents 50 µm. e Transverse section of a wheat/barley kernel; the
color codes are the same as those used in a. The inset shows how the kernel should be
sectioned to obtain this point of view. In these systems the TC are often called modified
aleurone (MA). The apoplastic barrier between maternal and filial tissues is most evi-
dent by the presence of the endosperm cavity (EC) in which the nutrients are released
by maternal TC differentiated at the nucellar projection (NP). c is the crease of the grain.
f Transverse section of a rice seed. In this system nutrients are accessible to all the en-
dosperm surface, surrounded by a nucellar epidermis (NE); the aleurone shows some
extra cell layers in front of the vascular bundle
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appearance of a very thick wall. This is caused by the wall material extending
from the primary wall as anastomosing lamellae; when the plane of section
is just internal to the primary wall, it gives the ingrowths a ribbon-like ap-
pearance. These Y-shaped cell wall ingrowths resemble the wall thickenings
of xylem elements and are characteristic of the TC associated with vascular
tissues in monocots. By contrast, most TC types in dicots develop cell wall
ingrowths that consist of papillate projections, which might form a complex
reticule (Offler et al. 2002).

In a mature TC the wall extensions cover almost completely the inner cell
space, the central portion is filled with cytoplasm, containing vesicles, and
a polymorphic nucleus in the upper half of the cell. At this stage TC show
a solid appearance under the light microscope; the ingrowths stain differen-
tially with cell wall stains such as calcofluor white (light blue fluorescence) or
azure B, which stains the secondary growth of the cell wall blue (Fig. 1d).

A detailed study of the BETL TC morphology under the electron micro-
scope was conducted by Davis and coworkers (1990). In cross section, cell
wall ingrowths appear as densely packed lobes that surround small interstices
containing cytoplasm with mitochondria, and rough and smooth endoplas-
mic reticulum. The ingrowths tend to be attached to the primary cell wall
in localized areas that alternate with portions of normal primary wall. These
portions usually contain numerous plasmodesmata connecting the cytoplasm
of the adjacent TC. Plasmodesmata are not present where the ingrowths occur
or in the basal walls of TC in contact with the maternal crushed nucellus. The
density of plasmodesmata is higher in the upper walls of the TC and in the TC
that are deeper in the endosperm, suggesting that they play an important role
in the radial distribution of metabolites.

Endosperm cells positioned immediately above the TC layer do not de-
velop as the rest of the starchy endosperm. They are very often elongated in
the same axis as the TC, whilst starchy endosperm cells are typically rounded,
and do not accumulate starch until very late in development. These cells are
sometimes referred to as transmitting tissue (Becraft 2001), reflecting the fact
that they serve as a symplastic route for the assimilates toward the crown,
where they are used to build storage products.

2.2
Wheat and Barley

In temperate cereal kernels, nutrients are unloaded from a single vascular
bundle that runs dorsally parallel to the crease, along the length of the grain
(Fig. 1e). Nutrients are unloaded from the vascular tissues into the nucel-
lar projection, which also develops modified cells, in this case specialized in
the secretion of nutrients into the endosperm cavity. The aleurone cells that
surround the endosperm cavity have thicker cell walls than the peripheral
aleurone cells and have been termed “modified aleurone cells” (Olsen 1992,
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Drea et al. 2005). Although cells of the modified aleurone do not develop cell
wall ingrowths to the same extent as those formed by the maize endosperm
TC, they are undoubtedly functional TC homologous to the maize BETL, and
have been shown to express maize BETL-specific orthologous genes and rec-
ognize the regulatory signals present in BETL-specific promoters (see below).
Together, the nucellar and aleurone TC form a transport system connecting
the phloem to the endosperm, thereby facilitating the transport of sucrose
from the vascular system to the endosperm.

2.3
Rice

In rice there are no morphologically distinct endosperm TC (Fig. 1f), which
might reflect the absence of a discrete entry region for nutrients into the
endosperm (Bechtel and Pomeraz 1977; Oparka and Gates 1981; Krishnan
and Dayanandan 2003). The main vascular bundle runs longitudinally as
described for wheat and barley, and the nutrients are also released symplas-
tically into the nucellar projection. From the nucellar projection, however,
nutrients move symplastically into the nucellar epidermis, a remnant of the
nucella composed of a single cell layer that completely surrounds the en-
dosperm. Cells of the nucellar epidermis develop thicker cell walls, which
prevent the tissue from being crushed during endosperm growth. Nutrients
are then released into the apoplastic space that surrounds the endosperm. All
endosperm epidermal cells (aleurone) are thus involved in nutrient uptake;
consistent with this model, there are four to five additional layers of aleu-
rone cells (see the chapter by Becraft, in this volume) in front of the nucellar
projection.

3
Molecular Biology of the Endosperm Transfer Cells

3.1
Transfer Cell Genes and Promoters

Whilst the TC that cover the cotyledon surface of legumes are an ideal sys-
tem for physiological experimentation, the endosperm TC cannot be accessed
without damaging the kernels. This is one of the main reasons explaining
the wide use of molecular biology techniques to study the development and
function of TC. DNA probes and antibodies have been used to explore the
expression of transport-related genes and to identify TC-specific transcripts,
which have subsequently been used to infer functions for TC. The later ad-
vances in TC development and function are thus presented below in the light
of the genes that have been found to be involved in these processes.
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A remarkable feature of most TC-specific genes identified to date is the
very low conservation exhibited in other plant species, even between close
relatives. There are no clear orthologs in wheat for most of the maize TC-
specific genes identified and vice versa. This phenomenon might be related
to the existence of a large number of species-specific features that would be
obscured by the obvious morphological similitude displayed by all TC. Alter-
natively, the proposed role (see below) in defense for most of the TC-specific
genes identified so far would explain this lack of similarity, since defense-
related peptides are characterized by their rapid evolutionary change thought
to follow the challenges imposed by species-specific pathogens.

3.1.1
TC Genes and the Transport Function

The number of maize endosperm-specific genes has been estimated as 5500
(Lai et al. 2004), 78% of them showing clear orthologs in the rice genome.
The only large-scale analysis of tissue specificity available was carried out
in wheat (Drea et al. 2005) using in situ hybridization analyses 3, 6, and
9 days after anthesis (DAA) kernel sections. In this study 76 out of 665 genes
examined (expression data can be viewed at: http://bioinf.scri.sari.ac.uk/cgi-
bin/insitu/home) were found to be expressed in the modified aleurone, and
among them 32 were found to be expressed exclusively in this tissue within
the kernel. The function of the majority of these genes is currently unknown
and, more surprisingly, the list does not contain genes involved in transport
processes. A similar result has been found in the screening efforts conducted
to identify TC-specific genes in barley and maize (see below). This indicates
that the morphology and transport adaptation of TC is, very likely, not de-
termined by the expression of tissue-specific genes but by the regulation of
the timing of expression, location, and activity of the gene products. Sig-
nificantly, sucrose transporters and H+/ATPase pumps have been found to
accumulate, but not to be specific, at the TC of wheat (Bagnall et al. 2000) and
barley (Weschke et al. 2000). In the study performed in wheat, the use of an-
tibodies directed against the sucrose transporter, the H+/ATPase pump, and
a sucrose binding protein allowed the authors to detect the selective accumu-
lation of these proteins in the TC, whilst the transcripts were also detected in
the aleurone layer, pointing to the existence of a posttranscriptional regula-
tory mechanism.

Invertases, the enzymes that cleave sucrose into glucose and fructose, are
essential genes in determining the transport pathway operating in the storage
organs; they have also been implicated in the sugar-regulated control of stor-
age organ development (see below). In maize the gene Miniature-1 encodes
a cell wall invertase, CWI-2, highly expressed in the BETL between 12 and
18 DAP, when the massive entry of metabolites in the developing endosperms
takes place (Chourey et al. 2006). Miniature-1 mutants are characterized by
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the premature degeneration of the maternal tissues at the placento-chalaza,
presumably due to changes in the osmotic pressure (Miller and Chourey 1992,
Cheng et al. 1996). Nutrient uptake seems to be interrupted and the mn1
kernels weigh only a fraction of the wt kernel. In wheat, (Drea et al. 2005)
several genes encoding extracellular invertase inhibitors have been identified
as TC-specific, suggesting a mechanism for the TC control of the assimilates
available for transport. In maize, no such gene has been identified as TC-
specific, although an ESR-specific CW invertase inhibitor has been reported
(Bate et al. 2004). In barley, a detailed study (Weschke et al. 2003) showed co-
ordinated expression of CW invertases and hexose transporters to determine
the variant sugar ratios present in different parts of the developing seed. In
this study genes expressed in endosperm TC were shown also to be expressed
in the maternal tissues at different developmental stages.

Sucrose synthase (SS) is another enzyme thought to be essential in su-
crose metabolism; the enzyme is responsible for the intracellular breakdown
of sucrose. SS activity was detected in situ in the TC of maize but immunolo-
calization experiments failed to detect the protein (Wittich and Vreugdenhil
1998), even in minute amounts (Chen and Chourey 1989; Heinlein and Star-
linger 1989), suggesting that the sucrose taken up by TC is either transported
intact toward the starch synthesizing tissues or is metabolized by non-SS
pathways.

The search for TC identity genes has produced more promising results
in the case of the genes involved in cell wall synthesis; Drea and coworkers
(2005) identified 14 TC-specific genes presumably implicated in the synthesis
and modification of the cell wall. This points to a gene-based program de-
termining the differentiation of the specialized cell wall of TC, in contrast to
what was concluded from earlier biochemical studies reporting that no differ-
ence in the overall composition of cell walls could be found when comparing
cells with and without TC morphology (De Witt et al. 1999).

3.1.2
TC Genes and Defense

We have followed several differential screening strategies for the identifica-
tion of TC-specific genes in maize, the structure of the maize kernel (Fig. 1a)
making it especially suited to this type of strategy. The first set of genes iden-
tified, termed BETL1, 2, 3, and 4 (Hueros et al. 1995, 1999b), proved to be
extremely useful as molecular markers to monitor the development of TC.
They are highly expressed and highly specific for TC (Fig. 2a), allowing TC
to be marked before they start to develop their typical morphology, such as
at the edges of the BETL (Fig. 2b). BETL markers were also instrumental in
the demonstration of the existence of isolated patches of TC in tetraploid (4n)
endosperms (Hueros et al. 1999b), thought to lack this type of cell based on
cytological evidence (Charlton et al. 1995). The lack of a continuous BETL
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Fig. 2 a In situ hybridization experiment in a 10-DAP maize kernel. The probe, a 35S-
labeled BETL-3 antisense RNA, labels (black dots) specifically the TC. Note that the signal
intensity is higher at the edges of the basal endosperm transfer layer (BETL). At this stage,
the endosperm has not yet occupied the nucellar space; there are some remains of nucella
(Nu) at the abgerminal side and the BETL does not occupy all the basal region in front of
the vascular tissue (V). En, endosperm; Em, embryo; Al, aleurone; PC, placento-chalaza;
Sc, seed coat. The scale bar represents 1 mm. b In situ hybridization with DIG-labeled
riboprobes specific for TC (upper panel) and aleurone (lower panel) in 16-DAP maize ker-
nel sections. Although TC morphology is not well developed at the abgerminal edge of the
BETL, the border between TC and aleurone is neatly defined by these markers (purple).
The scale bar represents 50 µm. c Immunolocalization of BETL-2 in a 16-DAP maize ker-
nel section. Note the accumulation of the BETL-2 protein in the placento-chalaza, even at
levels higher than in the TC. The scale bar represents 50 µm

in mutants affected in endosperm development has also been demonstrated
using BETL markers (Costa et al. 2003).

The proteins encoded by the genes BETL1–4 share some structural fea-
tures: they are hydrophilic cysteine-rich cell wall polypeptides highly ex-
pressed between 8 and 16 DAP, a developmental window in which TC are dif-
ferentiating. The same features are shared by MEG-1 (Gutierrez-Marcos et al.
2004), another maize TC-specific gene which belongs to a small gene fam-
ily, some members of which are not endosperm-specific. Interestingly, MEG-1
shows imprinting, and only the maternally inherited allele is expressed dur-
ing the first developmental stages (see the chapter by Penterman et al., in
this volume). The same protein features and parental imprinting were found
for ZmEBE2 (Magnard et al. 2003), although the expression pattern of this
gene differs from that of the other BETL genes. ZmEBE2 is already expressed
at the central cell before fertilization, it is expressed both in the TC and the
ESR up to 9 DAP, and finally it is exclusively expressed in the BETL between
9 and 15 DAP. ZmEBE orthologs have been identified in wheat, where they
are specifically expressed at the modified aleurone (Drea et al. 2005). Simi-
lar to ZmEBE2, ZmAE1 (Magnard et al. 2000) is expressed in both the ESR
(see the chapter by Cosségal et al., in this volume) and the BETL between 3
and 12 DAP, being TC-specific between 12 and 18 DAP. Interestingly, ZmAE1
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expression was detected in the embryoid structures produced in microspore
cultures. In barley, the first TC-specific gene identified, END-1 (Doan et al.
1996), also encodes a small hydrophilic protein containing a signal peptide for
secretion. END-1 orthologs have been identified in wheat, Arabidopsis, and
maize; in maize an END-1 ortholog shows a typical BETL gene expression
pattern (Fig. 2b, upper panel).

Over a dozen endosperm TC-specific genes identified in various cereals
are highly expressed during the endosperm developmental and filling pro-
cesses, and encode extracellular, small, hydrophilic proteins. What could be
the function of these genes in the endosperm TC? Unfortunately, there is cur-
rently no genetic evidence supporting any of the functional roles that have
been proposed. Indirect evidence, however, supports a role for these peptides
in defense against pathogens. All of them show weak structural similarities
to antimicrobial peptides; for instance, the position of cysteine residues in
BETL1 and BETL3 is equivalent to that reported for canonical defensins, and
additional genes with higher homologies to this group of antimicrobial pep-
tides have been found to be TC-specific (our group, unpublished results). In
the case of BETL2, it has been demonstrated that the mature protein possesses
in vitro antifungal activity, and has it been renamed BAP-2 (basal layer anti-
fungal protein 2; Serna et al. 2001). BAP-2 defines a new type of antimicrobial
peptide that is activated through a posttranslational double processing. The
removal of the signal peptide produces a noncytotoxic preprotein that must
be further processed through the removal of the N-terminus by a serine pro-
tease, which renders the antifungal C-terminal mature protein. Interestingly,
the mature BAP-2 preferentially accumulates in the placento-chalazal region,
where it might contribute to form an antipathogen barrier (Fig. 2c); a simi-
lar behavior has been found for BETL1 and the maize ortholog of END-1.
Other endosperm domains might also contribute to the formation of this cha-
lazal barrier designed to impede pathogen ingress in the developing seed, as
has been reported for ESR-6, an ESR-specific defensin protein (Balandin et al.
2005). Other ESR-specific proteins also share structural features with BETL
proteins (Opsahl-Ferstad et al. 1997; Bonello et al. 2002). The expression of
defense systems in the TC is full of biological meaning: these cells must sup-
port a high exchange rate with the maternal tissues, and the development
of mechanical barriers to impede the entrance of mother-borne pathogens
into the seed is thus not an option. Demonstration of a role for the BETL
proteins and related genes in defense, however, awaits additional, genetic,
evidence. It also remains to be explained why TC-specific defense mechan-
isms appear to have been employed instead of those functioning in the adult
plant tissues. The recent characterization of the barley gene jekyll (Radchuk
et al. 2006), encoding a protein with structural features similar to those of
the TC-specific genes discussed here, suggests that these peptides might have
a previously unsuspected role in grain filling. Jekyll is essential for the differ-
entiation of the nucellar TC of barley; downregulation of jekyll in transgenic
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plants impaired the autolysis of the nucellar cells and dramatically reduced
the endosperm filling process.

An additional class of TC-expressed genes comprises those expressed in
the TC during endosperm development and in the aleurone layer in germi-
nation. This class includes a receptor-like kinase also putatively involved in
defense (Royo et al. 2006) and a wheat cathepsin B, a thiol protease presum-
ably involved in storage protein mobilization (Cejudo et al. 1992; Dominguez
and Cejudo 1998; Drea et al. 2005).

3.1.3
TC Genes and Regulatory Pathways

Since the TC differentiation involves the acquisition of a unique phenotype,
it seems reasonable that genes regulating those processes are TC-specific. We
have hence explored the TC-specific transcriptome in search of candidate
regulatory genes, and have characterized two of them. ZmTCRR-1 encodes
a type A, TC-specific response regulator. These molecules are part of the
signal transduction pathways known as two-component systems, present in
microorganisms and plants and implicated in the perception of extracellu-
lar signals. The identification of ZmTCRR (Muñiz et al. 2006) points to the
existence of a TC-specific signal transduction pathway. The nature of the sig-
nals that is postulated to be perceived by this pathway is currently unknown,
but the ZmTCRR-1 protein localization suggests an implication of the co-
ordination between BETL and transmitting tissue development. Contrary to
previously known response regulator proteins, the ZmTCRR-1 protein accu-
mulates in cells that do not transcribe the gene, namely the inner cell layers
positioned above the BETL (Muñiz et al. 2006)

The second TC-specific regulatory gene identified, ZmMRP-1 (Gómez et al.
2002), encodes a transcription factor expressed at the basal part of the en-
dosperm already at the syncytial stage. After cellularization, the gene is ex-
pressed in the BETL during the lifespan of the tissue, although the highest
level of transcript accumulation is found between 8 and 12 DAP, when the dif-
ferentiation of the TC is most active. ZmMRP-1 belongs to the SHAQYF family
of proteins, transcription factors containing a single MYB-related DNA bind-
ing domain. As discussed in Sect. 2.2, the interaction of ZmMRP-1 with the
promoter sequences of a large number of TC-specific genes has been shown
to be a major determinant of their TC specificity.

3.1.4
TC-Specific Promoters

TC specificity seems to reside in the promoter sequence located upstream
of the coding region of the gene in all cases examined so far. Unfortunately,
endosperm TC cannot be transiently transformed by particle bombardment,
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so that promoter validation always has to be achieved through the pro-
duction of transgenic plants containing reporter (GUS) constructs driven
by the corresponding promoter sequence. In this way, TC specificity has
been demonstrated for the promoters of BETL1 (Hueros et al. 1999a), Meg-1
(Gutierrez-Marcos et al. 2004), and ZmEBE2 (Magnard et al. 2003). Addi-
tional promoters validated in our group (unpublished results) include those
from a maize homolog of END-1 and the ZmMRP-1 promoter. When tested in
barley or wheat, the maize TC-specific promoters are functional in the modi-
fied aleurone.

In the case of ZmMRP-1, we have examined the promoter–GUS reporter
construct in barley, Arabidopsis, and tobacco transgenic plants (unpublished
results). Interestingly, the promoter is transiently active in the TC developing
in different areas of the adult plant, and their expression coincides with the
transient differentiation of these specialized cells, for instance, in the young
branching points or the inter-cotyledonary internodes (Offler et al. 2002).

3.2
Transcriptional Regulation in Endosperm Transfer Cells

The identification of a TC-specific transcriptional activator, ZmMRP-1,
prompted us to explore the possibility that this factor was responsible for
the transactivation of the TC-specific promoters previously identified (see
Sect. 3.1.4). Indeed, it was found (Gómez et al. 2002) that ZmMRP-1 strongly
transactivates the promoters of BETL1 and BETL2, although it had no effect
on its own promoter or on those from BETL3 and BETL4. Later on it was
also shown that ZmMRP-1 transactivates the promoters of Meg-1 (Gutierrez-
Marcos et al. 2003) and ZmTCRR-1 (Muñiz et al. 2006). These results point
toward ZmMRP-1 as a major determinant of TC specificity, and possibly
identity. The interaction between the transcription factor and its target pro-
moters is remarkably robust. TC-specific promoters are virtually silent in
a variety of transient expression systems, including maize and Arabidopsis
leaf, tobacco protoplast, onion epidermis, and yeast, but are transactivated
by nearly two orders of magnitude by coexpression with ZmMRP-1. We have
used this system to dissect the interaction ZmMRP-1–BETL1 promoter, our
results leading to the identification of a “transfer cell box”, a sequence related
to 5′-TATCTCTATCTC-3′ that is active in both orientations and is positioned
50–70 bp upstream of the TATA box (Barrero et al. 2006).

3.3
Regulation of Transfer Cell Differentiation

Based on cytological observations, a model describing the development of
a functional TC and the contribution of various cellular components to the
process has been proposed (Offler et al. 2002). We would like here to focus on
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the discussion of the mechanisms that trigger the differentiation of TC. Spe-
cification of cell fates in the cereal endosperm appears to occur via positional
signaling; cells in peripheral positions, except over the main vascular tissues,
assume aleurone cell fate. Cells over the main vascular tissue become TC,
whilst all interior cells become starchy endosperm cells (Olsen 2001, 2004).
The expression pattern observed for several barley (END-1, Doan et al. 1996)
or maize (ZmMRP-1, Gómez et al. 2002; MEG-1, Gutierrez-Marcos et al. 2003)
genes, already detected at the syncytial stage, indicates that TC cell differenti-
ation occurs earlier than aleurone cell differentiation, which is initiated after
the first periclinal division (Olsen et al. 1999). The exact correspondence be-
tween vascular terminals and BETL development (see, for example, Fig. 2a
and c) strongly suggests that phloem-derived signals are initially responsi-
ble for the acquisition of TC fate in the endosperm epidermal cells exposed
to them. TC would subsequently differentiate in response to a gradient of
signals derived from the maternal pedicel region (Becker et al. 1999). This
model would account for the observed gradient in TC morphology (Fig. 1c),
with the most developed cells occupying the position immediately above the
center of the phloem unloading area, whilst less differentiated cells appear
at the edge of the basal endosperm or in inner cell layers. An alternative
model to explain the specification of BETL cells was proposed whilst study-
ing the globby-1 mutant (Costa et al. 2003); following this hypothesis TC fate
acquisition would be an irreversible event occurring during the syncytial de-
velopmental stage and transmitted in a lineage-dependent manner. Although
this is a very attractive proposal, we have recently obtained experimental
evidence demonstrating that endosperm TC fate specification is neither ir-
reversible nor clonally transmitted. It is rather the result of the expression
of TC-specific genes in endosperm epidermal cells, which need the contin-
uous expression of these factors for the maintenance of the TC morphology
(Gómez et al., unpublished results).

The flexibility of the acquisition of the TC morphology seems to be a gen-
eral property of this type of cell, which responds rapidly to transport re-
quirements. For instance, TC are developed in roots as a response to Fe and
P deficiency (Schikora and Schmidt 2001, 2002), in the giant cells induced
by nematodes (Jones and Gunning, 1976), and in the stem branching points
(Gunning et al. 1970) while vascular connections are being established. In the
nodal region of young seedlings, a correlation has been observed between as-
similate supply and TC differentiation (Pate et al. 1970). In vitro experiments
using the Vicia faba cotyledonary epidermis system have shown a direct in-
fluence of sugars in the culture medium on TC differentiation, which seems
to be induced in low-sucrose media or media containing glucose and fructose
(Offler et al. 1997; Weber et al. 1997). Significantly, we have observed a simi-
lar flexible behavior in the nodal regions of stems and fruit bases for maize
TC-specific promoters, when analyzed in Arabidopsis and tobacco transgenic
plants (our group, unpublished results).
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4
Future Prospects

Within the last few years, the application of molecular biology techniques has
provided significant contributions toward our understanding of the mechan-
isms governing endosperm TC differentiation. However, further research is
needed to: (1) identify the maternal tissue-derived signal(s) inducing TC dif-
ferentiation; (2) identify downstream genes responsible for the development
of the TC morphology, particularly genes involved in the development of the
specialized TC walls; and (3) clarify the role of TC in impeding the entry of
pathogenic agents in the seeds and understand the maternal signals that mod-
ulate the activity of the TC, very likely allowing the integration of information
on the metabolic stage of the mother plant into the process of grain filling.
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Abstract Arabidopsis thaliana has emerged as a model species for understanding the
basic mechanisms of endosperm development that are conserved in many Angiosperms.
In this work, we focus on the genetic, molecular and cellular studies in Arabidopsis that
have contributed to our current knowledge. Although initially syncytial, the endosperm
differentiates several domains, the origin and function of which will be reviewed. This
syncytial phase is followed by a cellular phase. We discuss the mechanisms controlling
transitions between the two major phases. This work also emphasizes the major role
played by endosperm in the control of seed size. Such regulation involves complex co-
ordination with other seed components and epigenetic controls.

1
Introduction

The basic organization and functions of endosperm are conserved in most
Angiosperm species (Maheshwari 1950; Brown and Lemmon, in this vol-
ume). A remarkable feature of endosperm development is the transition from
a syncytial to a cellular mode of development (nuclear type), although in
some species the syncytial phase is bypassed (cellular type) or the order be-
tween the two phases is reversed (helobial type) (Lopes and Larkins 1993;
Maheshwari 1950; Olsen 2001). The overall pattern depends on a main antero-
posterior axis and radial symmetry (Berger 1999, 2003; Olsen 2004). The
endosperm is located at the interface between the embryo and the seed in-
tegument and as such is able to combine maternal and zygotic influences.
This complicates the genetic controls of endosperm development that are also
generally associated with epigenetic regulation. This work details the cellu-
lar and genetic controls of endosperm development. We also examine the role
played by the endosperm as an integrator of seed size control. Other topics
related to epigenetic control of endosperm development have been detailed
in recent reviews (Berger 2004; Gehring et al. 2004; Köhler and Grossniklaus
2005; Penterman et al., in this volume).



92 F. Berger et al.

2
Double-Fertilization: Harnessing the Female Gametophyte

In flowering plants, the gametophytic phase of the life cycle has been reduced
to the production of gametes. Female gametogenesis takes place after meiosis
and leads to production of the egg cell. Differentiation of the egg cell com-
prises its mitotic arrest in parallel with that of other cells of the gametophyte
(the antipodals, the central cell and the synergids). Fertilization of the egg
cell triggers the onset of embryogenesis while mitotic activity in the central
cell is activated by the second sperm cell, leading to endosperm development.
Although re-activation of the central cell has been considered equivalent to
a fertilization event, the very fact that the central cell does not give rise to
a further generation suggests that the endosperm may not be considered as
a true fertilization product. In fact, the basic mechanisms for activation of the
short-lived endosperm appear to be under controls that are independent from
the regulation of its embryonic counterpart (Berger et al. 2006).

The first division in the endosperm takes place much earlier than the first
embryonic division in Arabidopsis and Maize. Both male gametes are, how-
ever, delivered at the G2/M transition of the cell cycle (Rotman et al. 2005).
This indicates that the cell cycle arrests in the egg cell and the central cell may
originate from distinct mechanisms. This is supported by the demonstration
of the expression of the RETINOBLASTOMA RELATED (RBR) gene in the cen-
tral cell but not in the egg cell (Ingouff et al. 2006). As RBR controls the G1/S
transition, the central cell is probably arrested at the G1/S checkpoint, while
the egg cell is still in G1 phase.

Another line of evidence in support of the conclusion that the endosperm
does not have a zygotic identity is the differential controls allowing release of
cell cycle arrest in the egg cell and in the central cell. In the central cell, loss-
of-function in genes encoding members of the conserved Polycomb-Group
complex FERTILIZATION INDEPENDENT SEED (FIS) bypass the cell cycle
arrest (Chaudhury et al. 1997). This leads to autonomous endosperm de-
velopment resulting in seed-like structures that do not contain an embryo.
In contrast, ill-timed onset of division in the egg cell leading to non-viable
parthenogenetic embryos has been observed only in mutants for the gene en-
coding the WD40 protein MULTICOPY SUPPRESSOR OF IRA 1 (MSI1) (Gui-
tton and Berger 2005). Since MSI1 is associated with the FIS complex msi1
ovules also display autonomous development (Guitton et al. 2004; Köhler et al.
2003a). However, the unique occurrence of parthenogenesis in msi1 suggests
a larger role for MSI1, which is also associated to other chromatin remodel-
ing complexes (Hennig et al. 2005). The distinct pathways for parthenogenesis
and autonomous endosperm development likely outline the difference be-
tween the origin of the cell cycle arrests of the egg cell and the central cell
(Guitton and Berger 2005). MSI1 interacts with the plant homologues to
RETINOBLASTOMA (Ach et al. 1997). In Arabidopsis, MSI1 together with
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the retinoblastoma homologue RBR1 likely regulate progression of the cell
cycle. However, rbr1 null mutations do not produce autonomous endosperm
but rather cause anomalous proliferation of the central cell lineage. More-
over, rbr1 mutant embryo sacs do not appear to produce parthenogenetic
embryo (Ingouff et al. 2006). In conclusion, unleashing cell division in the
central cell requires Polycomb-group dependent controls whereas the egg cell
arrest relies on a FIS-independent repression associated to MSI1. The differ-
ence between the egg cell and the central cell may point to the gametophytic
nature of the central cell outlined in some evolutionary scenarios (Fried-
man 1998). Evolution of the seed plants is characterized by reduction of the
length and importance of the gametophytic phase. We propose that this may
be the result of specification of the egg cell causing precocious arrest of fe-
male gametophyte development. This would have caused cell cycle arrest of
the gametophyte after the first few divisions producing a single syncytial
central cell. Requirement for embryo-nurturing tissues derived from the ga-
metophyte would have positively selected a “fertilization” of the central cell
to re-initiate mitotic activity.

3
Main Features of Endosperm Development

3.1
Syncytial Phase

Once fertilized, the central cell immediately undergoes mitoses that are not
followed by cell division. This leads to production of a multinucleated cell,
also called a syncytium (Brown and Lemmon, in this volume). Syncytial de-
velopment is typical of large rapidly growing cells and this mode of develop-
ment is observed in other tissues associated with nutrient transport function
such as the vascular system of plants, feeding cells induced by parasitic nema-
todes (Favery et al. 2004) and some cells in the mammalian placenta (Cross
2005). A series of eight syncytial divisions leads to approximately 200 nu-
clei mostly located at the periphery of the endosperm (Boisnard-Lorig et al.
2001; Brown et al. 1999; Mansfield and Briarty 1990b). Quasi-synchronicity
of the syncytial divisions allows the classification of the syncytial phase into
successive stages I to VIII (Ingouff et al. 2005b) (Table 1). The center of the
syncytium is occupied by a single large vacuole (Mansfield 1990b). Each
nucleus is surrounded by a mass of cytoplasm, the boundary of which is de-
limited by a dense cortical array of microtubules (Brown et al. 1999). Such
a unit has been defined as a nucleo-cytoplasmic domain (NCD). The syncy-
tial phase of the endosperm occurs during the major phase of growth of the
seed from 1.5 to 4 Days After Pollination (DAP), while the major phase of
proliferation of the embryo initiates only after 5 DAP (late heart stage).
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Table 1 Endosperm developmental stages during seed development (for an overview of
endoreduplication in the cereal endosperm, see Nguyen et al., in this volume). Collec-
tively, endosperm with 26, 28 and 30 nuclei representing 22, 37 and 41%, respectively,
of a given seed population are referred to as being at developmental stage VI (Ingouff
et al. 2005b). The presence of larger nuclei thus initially defines the posterior endosperm
pole. The next round of syncytial division is marked by the definition of a second mi-
totic domain at the anterior pole composed of five to eight nuclei surrounding the embryo
(Boisnard-Lorig et al. 2001). Direct dynamic observation of mitosis as well as regional ex-
pression of the mitotic cyclins B1:1 and B1:2 show that these nuclei divide earlier than the
nuclei in the peripheral mitotic domain. Thereafter, the cell cycle maintains an indepen-
dent pace in each of the three domains. Divisions in the peripheral domain define further
stages, VII (approximately 50 nuclei), VIII (100 nuclei) and IX (200 nuclei). Mutations
in FIS genes disrupt mitotic domain organization (see Sect. 3.1) (Ingouff et al. 2005b).
FIS genes presumably control the transition between developmental phases during en-
dosperm development and fis loss-of-function prevents the exit of the juvenile stage prior
to definition of mitotic domains. Besides this global molecular control by the FIS com-
plex, the molecular or cellular mechanisms responsible for the limitation of the mitotic
domains in the syncytial endosperm are not understood

Endo- Number of Cellular Embryo stage Seed Time
sperm endosperm events in (Jürgens 1994) integuments after
stage nuclei endosperm pollination

I 1 Karyogamy Zygote Active cell 0
Release of divisions
G2/M arrest and Pro-

II 2 First syncytial Zygote antho- 6–8 h
mitotic cyanidin
division synthesis

III 4 – Zygote ∼ 10 h
IV 8 – Elongated ∼ 12 h

zygote
V 14 in 25% seed Posterior 1 cell embryo ∼ 24 h

16 in 75% seed miotic domain
with large
nuclei

VI 26 in 25% seed – 1–2 cell Cell ∼ 36 h
28 in 25% seed embryo elongation
30 in 50% seed

VII ∼ 50 nuclei Anterior ∼ quadrant ∼ 48 h
miotic domain

VIII ∼ 100 nuclei Initiation of Octant- 2.5–4 days
NCD migration Globular

IX ∼ 100 cells Cellularization Globular- Cell ∼ 4 days
Triangular differentiation

X ∼ 300 cells Conventional Heart- of each cell ∼ 5 days
cytokinesis Torpedo layer

Mature – One cell layer Torpedo- 6–15 days
remains Mature
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The pace of the first three syncytial divisions is approximately 2 to 3 hours
per cell cycle and gradually increases to longer periods of 12 h during follow-
ing cycles. The first divisions lead to eight endosperm nuclei evenly spaced
along a curved tube bounded by the inner seed integument (Boisnard-Lorig
et al. 2001). In a quarter of the seeds, during the fourth syncytial division,
the posterior-most nucleus does not enter a further round of mitosis and
instead enlarges as it presumably undergoes endoreduplication. In the re-
maining seeds, the fourth division produces 16 nuclei and at the fifth cycle of
division, the two or four posterior-most nuclei supposedly enter endoredu-
plication while the other nuclei undergo a fifth synchronous mitosis leading
to 30 or 28 endosperm nuclei (Ingouff et al. 2005b) (Table 1). To date no dir-
ect evidence is available for an underlying mechanism to directly support the
involvement of endoreduplication.

3.2
Cellularization

The division cycle from stage VIII to IX marks the end of the syncytial
phase as it is followed by cellularization in the anterior and peripheral do-
mains, leading to isolation of most nuclei into individual cells. In Arabidopsis
time-lapse recordings have shown that endosperm cellularization occurs im-
mediately after the 8th mitotic division (Sørensen et al. 2002). Similarly, early
embryogenesis in Drosophila is marked by the transition from a syncytial to
a cellular state by cytokinesis occurring after a specific series of syncytial mi-
totic divisions (Edgar et al. 1986; Edgar and O’Farrell 1989). In Drosophila,
cellularization of the syncytium is triggered once a specific ratio between the
relative amount of nuclei and cytoplasm has been reached. In Arabidopsis the
influence of a nucleo-cytoplasmic ratio on the onset of cellularization was
suggested through the use of recessive mutants that are specifically deficient
in either growth of endosperm or the surrounding maternal integuments. Re-
duction of endosperm growth with no alteration of the cell cycle pace causes
early cellularization as the critical nucleo-cytoplasmic ratio is reached pre-
maturely. Restriction of endosperm growth can result from loss-of-function
of the HAIKU (IKU) class genes in iku mutants including iku1, iku2, (Gar-
cia et al. 2003) and mini3 (Luo et al. 2005). HAIKU2 and MINI3 encode
a leucine rich repeat kinase and the transcription factor WRKY10, respec-
tively, and are expressed in endosperm after fertilization (Luo et al. 2005).
Expression studies suggest that IKU1 activates the expression of MINI3, it-
self positively regulating IKU2 transcription (Luo et al. 2005). The targets of
the IKU pathway responsible for endosperm growth are not known but their
regulation might depend on epigenetic controls since iku is phenocopied by
increasing the dosage of maternal genome in a wild-type background (Garcia
et al. 2003). Crosses between ovules from tetraploid plants and pollen from
diploid plants produce seeds with reduced endosperm growth, precocious
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endosperm cellularization and reduced seed size (Scott et al. 1998). These re-
sults suggest the existence of maternally expressed imprinted genes encoding
inhibitors of endosperm growth. Similar phenotypes were observed in seeds
resulting from fertilization of wild-type ovules with pollen lacking the main-
tenance DNA methyltransferase MET1 (Adams et al. 2000). These results have
suggested that MET1 dependent DNA methylation silences the paternal allele
of imprinted endosperm growth inhibitors. Such genes could include the im-
printed FIS genes (Spielman et al. 2001; Penterman et al., in this volume) or
their targets as met1 pollen also partially suppresses endosperm defects when
used to fertilize fis mothers.

The process of cellularization itself is a variation of conventional cytoki-
nesis with notable differences in cytoskeletal arrangement (Dickinson 2003;
Olsen 2004; Otegui and Staehelin 2000a). As such, endosperm cellulariza-
tion depends mostly on the functions essential for cytokinesis in vegetative
cells (microtubules, actin and associated proteins, and vesicle trafficking)
(Sørensen et al. 2002). For example, compromised microtubule assembly in
pilz mutants (Mayer et al. 1999; Steinborn et al. 2002) leads to similar de-
fects of cytokinesis in the endosperm and in the embryo. Similarly, loss of
function in vesicle trafficking in mutants for the syntaxin KNOLLE (Lukowitz

Fig. 1 �Cellularization and construction of the posterior pole in Arabidopsis endosperm.
a The stages of endosperm cellularization. Although no pre-prophase band is observed
during the cellularization of the syncytial endosperm, radial microtubule systems orga-
nize the NCDs A and provide even spacing between nuclei (Brown and Lemmon, 2001;
Nguyen et al. 2002). When cellularization initiates B, Golgi-derived vesicles migrate along
these microtubules to the site of de novo cell plate construction. Unlike standard cytoki-
nesis, “mini-phragmoplasts” are derived from hour-glass shaped intermediates of fused
vesicles. These structures are continuously associated with all stages of cellularization.
Mini-phragmoplasts develop their own tubular networks and subsequently fuse to pro-
duce the wide tubular network C and subsequent expansion to the thin tubular network
D (Otegui and Staelin 2000b). The last stage before proper cellularization is the further
maturation of the thin tubular network to a planar fenestrated sheet E. Callose deposi-
tion is detected as early as F and persists after maturation which further distinguishes
syncytial cellularization from conventional cytokinesis. b Arabidopsis seed at the late tor-
pedo embryo stage. The endosperm is completely cellularized except at the posterior pole
where the cyst develops. c Enlarged representation of the cyst at the posterior pole. Ar-
rows indicate NCD and nodule movements directed towards the posterior pole. d 3D
reconstruction of the architecture of the posterior of stage VII endosperm (quadrant
stage embryo). Nuclei (yellow) are embedded in dense cytoplasm, forming the NCD. At
this stage a few couples of NCDs have fused and form binucleate nodules (n) above the
cyst (c). Scale bar represents 20 µm. e At the torpedo embryo stage, all nodules have been
absorbed in the cyst (c), which contains a large number of nuclei (red). Above the cyst
remains cellularized peripheral endosperm that will be absorbed upon embryo growth.
Scale bar represents 100 µm. We thank Claire Lionnet (ENS-Lyon, France) for the 3D re-
constructions obtained from confocal series of fixed Feulgen stained material (Guitton
et al. 2004)
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et al. 1996) causes defective cytokinesis in endosperm and embryo. Formins,
as actin polymerization regulating factors are crucial for cytokinesis in yeast
and in animals (Glotzer 2003) and have been recently reported to play a role
in plant cytokinesis (Ingouff et al. 2005a). Analysis of formin function in Ara-
bidopsis is complicated by gene duplication to a large gene family of 22 genes.
A member of this family, AtFH5, is expressed in roots and localizes to the cell
plate. However, null alleles atfh5-1 and atfh5-2 do not show defects in con-
ventional cytokinesis as a probable redundancy with other formins. During
seed development expression of AtFH5 is limited to the endosperm (Ingouff
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et al. 2005a). Loss-of-function of AtFH5 causes a delay in endosperm cellular-
ization.

To date only one other mutation, spätzle, has been reported to be specif-
ically defective in endosperm cellularization without effects on conventional
cytokinesis (Sørensen et al. 2002). Hence, it is very likely that endosperm
cellularization mostly depends on the same molecular components as cy-
tokinesis. However, the defining feature of cellularization, de novo formation
of cell walls around syncytial NCDs, most likely relies on distinct architec-
tural organization of these conserved components. Each NCD is delimited by
a dense array of microtubule defining the future division sites. Unlike cytoki-
nesis, no preprophase band anticipates the spatial position of the new cell wall
during cellularization (Brown et al. 1999; Otegui and Staehelin 2000b; Brown
and Lemmon, in this volume). After the critical last syncytial mitosis a series
of cell plates is formed between the sister nuclei as a result of a rather com-
plex mechanism based on endoplasmic reticulum derived vesicles assembly
into tubules and laminar sheets (Fig. 1a) (Otegui and Staehelin 2000b; Otegui
et al. 2001; Otegui, in this volume). Other de novo assembly of cell plates
takes place between non-sister nuclei defining hexagonal- or pentagonal-
shaped boundaries around each NCD. Endosperm cell plates do not divide
a cell into two daughter cells as in conventional cytokinesis, but arise simul-
taneously around all NCDs. This implies that some unknown co-ordination
mechanisms ensure that each cell plate connects only once to its multiple
neighbors forming three junctions, which is uncommon to conventional cy-
tokinesis. Another idiosyncratic feature of cellularization lies in the apparent
centripetal growth of cell plates. At cellularization the cell plates form from
the center to the periphery in all directions as during conventional cytokine-
sis. Only one end of the growing cell plate abuts on the outer endosperm cell
wall of maternal origin while the other side grows towards the center of the
endosperm (Nguyen et al. 2002). This cell plate growth is sustained by further
furrowing of cortical microtubule arrays towards the center of the endosperm
similar to cellularization in cereals endosperm (Olsen 2004).

3.3
Cellular Phase and Maturation

After cellularization the cellular developmental phase comprises a small ser-
ies of synchronous cell divisions leading to formation of four to six layers of
endosperm cells depending on the position along the antero-posterior axis.
Divisions persist in the central part of the peripheral endosperm and progress
towards the posterior pole while the central vacuole recesses progressively
until the entire peripheral endosperm becomes cellular.

In Arabidopsis and many other dicotyledonous species that produce seeds
with a morphology comparable to beans, the endosperm does not persist
with the exception of the cell layer immediately in contact with the integu-
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ments, the function of which remains to be defined. Reserves are stored in the
embryo, which proliferates rapidly at the expense of the cellular endosperm
after the heart stage. Starch synthesis takes place in the cellular endosperm
and amyloplasts differentiate, although this phase has received very limited
attention in Arabidopsis (Mansfield and Briarty 1990a).

Endosperm development ends with desiccation together with other seed
components. Most of the endosperm cells loaded with reserves probably die,
with the exception of the outer cell layer, called the aleurone layer in cereals
(Becraft, in this volume). The differentiation of an aleurone layer in Ara-
bidopsis endosperm remains to be established. Mechanisms controlling the
arrest of endosperm proliferation are not understood and it may be affected
in viviparous mutants characterized by a lack of arrest of embryo growth
and immediate seed germination in the silique (Raz et al. 2001). A similar
role of endosperm in the control of dormancy is mediated by ABA (Penfield
et al. 2006). The genes Abscissic Acid Insensitive 3 and 5 are expressed in en-
dosperm during seed maturation acting through at least one effector of ABA
signaling, the NADPH oxidase RBOHD. Expression of ABI5 at the micropylar
region where the emerging root tears open the seed coat may play a specific
role, which remains to be analyzed further.

4
Patterning of Endosperm

The early appearance of mitotic domains suggests that the endosperm is
not a uniform tissue. The cellularized endosperm contains several cell types
based on expression studies and differences in structure. These structures are
arranged along the axis running from the anterior pole where the pollen tube
delivers the sperm cells (micropyle) to the posterior pole where maternal nu-
trients transit (chalaza) (Fig. 1b). Other cell types are arranged according to
radial symmetry. These two axes of patterning are conserved amongst An-
giosperm species.

4.1
Polar Organization

The antero-posterior axis pre-exists in the embryo sac and it is unknown if it
is maternally transmitted to the endosperm. The influence of this polar axis
is observed in the organization of the previously described syncytial divisions
and the migration of NCDs (Fig. 1c). The first two divisions take place along
the antero-posterior axis of the endosperm. The third division is perpendicu-
lar to the antero-posterior axis. Subsequently, the mitotic domains are estab-
lished from anterior to posterior along this axis in the endosperm (Fig. 1b).
This general organization is also marked by distinct cytological organiza-
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tion of the cytoskeleton in the three domains (Brown et al. 1999; Nguyen
et al. 2002). The posterior domain, initially defined by two to four large nu-
clei in a pool of cytoplasm forming the posterior cyst, is later marked by
a posterior-directed migration of NCDs (Guitton et al. 2004). After develop-
mental stage VI, each syncytial division is followed by gradual migration of
NCDs from the posterior part of the peripheral endosperm toward the pos-
terior pole (Fig. 1c–e). Theses NCDs fuse to generate multinucleate nodules,
which appear as large NCDs (Fig. 1d). Over time, individual NCDs and nod-
ules migrate and fuse with the chalazal cyst. As cellularization takes place, all
remaining NCDs fuse into the cyst, which gradually recedes while the entire
peripheral endosperm becomes cellular (Fig. 1e).

The identity of the three domains along the antero-posterior axis is estab-
lished by specific expression of genes and other markers (Table 2). In cereals
several other genes have been characterized by their localized expression at
the anterior embryo-surrounding pole (Cosségal et al., in this volume) and at
the posterior (basal) pole (Royo et al., in this volume). The antero-posterior
axis is thus potentially conserved, but homologous functions in the various
domains remain to be identified between cereals and Arabidopsis.

The definition of the antero-posterior polarity is compromised in mutants
for the Polycomb group (Pc-G) pathway FIS (Sørensen et al. 2001) including
MEA, FIS2, FIE, MSI1 and DEMETER, an activator of MEA and FIS2 (Choi
et al. 2002; Guitton et al. 2004; Köhler et al. 2003a; Jullien et al. 2006b). The ex-
pression of MEA and FIS2 is limited to endosperm, providing a specific tissue
identity to the FIS Polycomb group complex (Luo et al. 2000), while FIE and
MSI1 are expressed in other tissues (Hennig et al. 2003; Yadegari et al. 2000)
and participate in other Pc-G protein complexes (Chanvivattana et al. 2004;
Katz et al. 2004).

FIS loss-of-function causes a complex pleiotropic phenotype including
lack of cellularization and an apparent loss of polar organization as the mi-
totic domains and posterior directed NCD migration are altered (Ingouff et al.
2005b). However, the posterior marker N9307 remains expressed at the pos-
terior pole in fis endosperm and the general anterior-posterior axis although
perturbed remains identifiable (Ingouff et al. 2005b). This implies that mu-
tation in Pc-G members does not alter seed polarity itself but the ability to
recognize or employ polarity signals during development. Thus, the effect of
the FIS pathway on endosperm antero-posterior patterning is likely indirect
and might result from a general heterochrony. In support of this hypothesis,
fis endosperm retains juvenile traits such as the syncytial mode of division,
the absence of NCD migration and a limited differentiation of the posterior
pole. The origin of heterochronic endosperm development in the absence of
Pc-G function likely originates from compromised maintenance of transcrip-
tional states regulated by histone3K27 methylation by the FIS Pc-G. A very
few targets of the FIS pathway have been identified. These include the type
I MADS box domains transcription factor PHERES1 and likely a homologue
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of the cell cycle regulator SKIP1 (Köhler et al. 2003b). Loss-of-function of
PHERES1 has no obvious consequence on endosperm development. However,
overexpression of PHERES1 in fis mutant endosperm causes partial rescue of
the phenotype and leads to enlarged endosperm with additional cell layers.
Thus, the function of PHERES1 accounts for a limited aspect of the phenotype
observed in fis endosperm. Other key target genes will need to be identified
before the mechanisms of FIS regulation are understood.

4.2
Maternal Control of Endosperm Polarity

The maternal effect of mea and fis2 mutations most probably originates from
imprinting affecting MEA and FIS2 (Chaudhury et al. 1997; Grossniklaus et al.
1998; Jullien et al. 2006a, 2006b; Kiyosue et al. 1999; Penterman et al., in
this volume). Loss-of-function of MSI1 and FIE also yield maternal effects,
but these are possibly linked to causes distinct from imprinting mechanisms.
FIE is expressed in a complex temporal pattern in endosperm. According to
a transcriptional reporter, FIE is maternally expressed in endosperm up to
stage VII. FIE expression arrests until stage IX, after which FIE is expressed
from both parental alleles in endosperm and in the embryo (Yadegari et al.
2000). Whether FIE is imprinted and maternally expressed from stage I to
VII remain to be established. However, this is possible since a FIE::GFP tran-
scriptional reporter is only maternally expressed during early endosperm de-
velopment. MSI1 expression is very unlikely to be imprinted since msi1/msi1
endosperm displays a phenotype distinct from the phenotype resulting from
msi1 maternal inheritance (Guitton et al. 2004). Hence, MSI1 paternal allele
is likely expressed in endosperm, although it is currently very difficult to
test this hypothesis since isolation of pure endosperm tissue during syncy-
tial stages remains difficult. As an alternative to imprinting, maternal effects
linked to loss-of-function of MSI1 and FIE could originate from defects in the
central cell.

4.3
Radial Organization

After cellularization, the outer endosperm cell layer undergoes a specific
series of events leading to its differentiation in a specialized structure, the
aleurone layer. This differentiation has been documented in detail in cere-
als but very limited data have been obtained for Arabidopsis. The Defective
kernel 1 (Dek1) gene encoding a cysteine proteinase (Lid et al. 2005) and the
leucine rich repeat kinase encoding Crinkly4 (Cr4) are important for aleurone
differentiation in Maize (Becraft, in this volume). However, the function of
the Arabidopsis ACR4 homologue does not appear conserved in Arabidopsis
endosperm. The DEK1 homologue in Arabidopsis might have a general role
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in cell differentiation and the lack of aleurone cells in dek1/dek1 endosperm
does not necessary reflect a specific function in aleurone differentiation. In
conclusion, the equivalence between the aleurone layer in cereal endosperm
and the outer endosperm cell layer remains undetermined.

5
Interactions Between Endosperm and Other Components
of the Developing Seed

5.1
Co-Ordination of Growth between Seed Components

In the seed, the endosperm is at the interface between the embryo and the
seed integuments of maternal origin. In Arabidopsis, the major period when
seed growth takes place coincides with the syncytial phase of endosperm de-
velopment (see Table 1; Boisnard-Lorig et al. 2001; Garcia et al. 2003). During
this phase, the globular stage embryo consists of a small group of cells and
does not appear to contribute significantly to seed mass and volume (Jürgens
1994). Hence co-ordination of seed growth during the syncytial phase must
occur primarily between seed integument and the endosperm (Chaudhury and
Berger 2001; Haughn and Chaudhury 2005). After fertilization cell division is
still ongoing in the seed integuments and together with cell elongation control

Table 2 Regional markers of endosperm (the star indicates that the expression of the
marker starts after cellularization)

Endosperm Marker name Type Refs.

Cap – – –
DFJ48 Enhancer trap (Dubreucq et al. 2000)
n.a. Enhancer trap (Liu et al. 2005)
n.a. Enhancer trap (Liu et al. 2005)
n.a. Enhancer trap (Liu et al. 2005)

Anterior – – –
AtSUC5 Promoter (Baud et al. 2005)
N9185∗ Enhancer trap (Ingouff et al. 2005b)
G222∗ Enhancer trap (Ingouff et al. 2005b)

Posterior – – –
MEDEA-GUS Promoter (Luo et al. 2000)
FIS2-GUS Promoter (Luo et al. 2000)
AtlPT4/8 Promoter (Miyawaki et al. 2004)
AtFH5 Promoter (Ingouff et al. 2005b)
N9307 Enhancer trap (Ingouff et al. 2005b)
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the maximum growth achievable (Garcia et al. 2005). Co-ordination of integu-
ment cell elongation and endosperm growth has been genetically dissected.
When the endosperm size is reduced by loss-of-function of the endosperm
specific HAIKU genes, growth of seed integuments is prevented because cell
elongation does not take place. Hence, a chemical or mechanical signal from
the endosperm provokes cell elongation in the integuments. The capacity for
cell elongation in the integuments is under a separate maternal control, the
TRANSPARENT TESTA GLABRA (TTG) pathway involving anthocyanin and
flavonoid metabolism (Debeaujon et al. 2003; Lepiniec et al. 2006), which might
affect cell wall properties. If the TTG pathway is not active, cell elongation in
the integuments is reduced causing reduced endosperm growth and seed size
(Garcia et al. 2005). In contrast, if the cell number in the integuments is de-
creased experimentally by ectopic expression of the cell cycle inhibitor KIP1,
endosperm and seed size remain unaffected. Instead, cell elongation in the in-
tegument adjusts to accommodate the degree of endosperm growth. In this
case, the seed reaches a size expected according to the genetic composition of
endosperm, thus demonstrating that endosperm dictates a final seed size, to
which both integuments and embryo adjust (Garcia et al. 2005).

Embryo development is influenced by endosperm growth, at least from the
trophic point of view. In Arabidopsis reduction of endosperm growth causes
a reduction of cell proliferation in the embryo coordinated with the size im-
posed by the seed integuments. This is obvious when seed size is reduced
in iku mutants and in crosses affecting the epigenetic status of endosperm
(Garcia et al. 2005). Similarly, increasing the number of integument cells
causes a symmetrical increase in endosperm and embryo growth (Canales
et al. 2002; Schruff et al. 2006). Transcriptional control by APETALA2 likely
controls some of the interactions between the endosperm and the seed in-
teguments (Jofuku et al. 2005; Ohto et al. 2005). Seeds produced by ap2
mutants are larger than wild type and bear larger embryos. Since AP2 is ex-
pressed in all seed components, the mode of action of AP2 remains unclear.

5.2
Hormonal Physiology of Arabidopsis Endosperm

Endosperm is known as a source of phytohormones (Lopes and Larkins
1993). Cytokinins were identified in maize endosperm (Yang et al. 2002). Co-
conut liquid syncytial endosperm is used to provide phytohormones to in
vitro cell cultures (Ge et al. 2005). However, little is known about the role of
phytohormones in Arabidopsis endosperm development. Specific expression
of cytokinin-biosynthetic genes has been detected in the endosperm poste-
rior pole suggesting a localized production of cytokinin in the cyst (Miyawaki
et al. 2004). The triple mutant for the cytokinin receptors AHK2, AHK3 and
CRE/AHK4 generate seeds that are 30% larger than the wild type (Riefler
et al. 2006). The cellular mechanism responsible for this increase is unknown.
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Functional analysis of abscisic acid (ABA)-biosynthetic genes showed that
in parallel to the embryo the endosperm contributes to the production of
ABA that is involved in the induction of seed dormancy (Lefebvre et al. 2006;
Penfield et al. 2006). This function is likely linked to the ABA dependent path-
way affecting dormancy and causing vivipary in Maize (Hattori et al. 1992).

It is likely that other classical phytohormones play a role during en-
dosperm development in Arabidopsis since auxin plays a role in the control of
cell division in maize endosperm (Lur and Setter 1993).

5.3
Seed Morphogenesis

Gross seed morphology is prefigured in part by ovule morphogenesis. An
initial antero-posterior axis may be established in part by the asymmetri-
cal expression of the homeobox gene WUSCHEL in the distal nucellus of the
ovule. WUSCHEL signals the initiation of integument development from the
chalaza (Gross-Hardt et al. 2002). In Arabidopsis as in many other species
subsequent ovule development is asymmetrical with a more predominant
growth and size in the abaxial integument compared to the adaxial integu-
ment, which develops close to the chalaza. The adaxial/abaxial asymmetry
results from abaxial localization of the expression of the YABBI transcrip-
tion factor INNER NO OUTER (INO), which is directed by the zinc-finger
transcription factors SUPERMAN (Meister et al. 2002), ABERRANT TESTA
GLAGRA (KANADI4) (McAbee et al. 2006) and NOZZLE/SPOROCYTELESS
(Sieber et al. 2004). This early unequal development of the seed integuments
is paralleled by accentuated cell elongation in the abaxial integument during
the endosperm syncytial phase. The adaxial integument hardly expands by
cell elongation during seed development. The asymmetrical elongation be-
tween adaxial and abaxial integuments is also paralleled with unequal cell
division activity in the adjacent seed integuments (F. Berger, unpublished ob-
servations). Superman and ats mutant ovules are symmetrical and produce
nearly spherical shaped endosperm and seeds. This effect rather suggests that
in the wild-type seed, mechanical constraints from the endosperm accom-
pany cell elongation in the integument and enhance the initial asymmetry
between adaxial and abaxial integuments sides.

6
Conclusions

Experimental work on Arabidopsis endosperm during the past ten years has
uncovered fascinating aspects of endosperm development and shown that
it represents a valuable model for basic research. As a result of its small
size, access to the transcriptome of Arabidopsis endosperm has been ham-
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pered. Enhancer trap strategies (Drea et al. 2005; Ingouff et al. 2005b; Stan-
geland et al. 2003; Vielle-Calzada et al. 2000), and isolation of mutants with
endosperm-specific defects having been the main means for identification of
genes expressed in endosperm. However, it is possible to obtain endosperm
enriched fraction at the mature stage (Penfield et al. 2006). New techno-
logical developments such as laser-assisted micro-capture (Day et al. 2005)
and mRNA tagging approaches (Roy et al. 2002) should grant access to pure
fractions of endosperm tissue.

The origin of patterning and control of differentiation of the various do-
mains along the antero-posterior axis are still not understood. It is possible
that the cues directing female gametophyte polarity contribute to the defin-
ition of the antero-posterior endosperm axis and the embryo apical-basal
polarity (Jürgens 2001). In such a case forward genetic analysis will lead to
gametophytic lethality and other strategies should be used to uncover poten-
tial maternal effects on endosperm polarity.

Besides this fundamental aspect of research, the demonstration of the cen-
tral role of endosperm in determination of final seed size and its interaction
with other seed components has shed light on new pathways to modulate seed
development of interest to breeders. The gradual shift between model species
used to study endosperm has also played an essential role in the develop-
ment of this research field and it is forecasted that studies on endosperm will
develop largely using rice in future years.
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Abstract This chapter describes efforts to culture maize endosperm to enable direct de-
velopmental and metabolic studies of the cereal endosperm organ without the effects of
the maternal plant. First, we describe production of endosperm in culture through either
central cell fertilization in vitro or through isolation of embryo sacs following fertiliza-
tion in vivo. These techniques have been used to culture cereal endosperm but appear
to rely on use of maternal tissue in the culture to provide growth factors to stimulate
endosperm development. Second, we summarize efforts aimed at the establishment of im-
mortalized cultures of maize endosperm. Evolution of the basic protocol first reported
almost 60 years ago resulted in in vitro endosperm cultures shown to be comprised of
a mixture of cell types including those retaining endosperm-like characteristics. These
cultures lacked organ identity, with endosperm-like cell types intermingled with undif-
ferentiated callus-like cells. These cultures were successfully used in studies of starch
as well as storage protein accumulation. Finally, we describe a recently reported system
for in vitro culture of maize endosperm that preserves organ identity. These cultures
have provided conclusive evidence that starchy endosperm and aleurone cell identity is
position dependent without the need of further signaling from maternal tissues. Further-
more, this comparatively simple culture technique appears broadly applicable to several
maize genotypes allowing for use of the large mutant collection generated in maize.
With the real-time continuous accessibility of a developing cereal endosperm to pertur-
bation and observation, it is hoped that this culture technique will be broadly useful for
researchers to answer several previously intractable questions.

1
Introduction

As the cereal endosperm is of vital importance to our food chain, efforts to
understand and improve upon the biochemical mechanisms underlying its
development and storage function(s) will continue indefinitely. The diversity
of endosperm composition and type of grains used in agriculture today is
likely reflective of the demands imposed by the domesticator(s) more than the
demands of the plant itself, and speaks to the potential for continued special-
ization of cereal grains. As the technology to directly amend a plant’s genetic
makeup comes of age, the prospect of speeding up this process will become re-
ality. Two questions become relevant: (1) how can the endosperm be changed
to improve upon a desired trait and (2) what are the gene(s) that will result in
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the desired change? As several possible answers likely exist for each of these
questions, a means by which to efficiently test hypotheses that is fast, flexible,
cost effective, and permits direct studies of endosperm without the confound-
ing effect of maternal tissues is desirable. In addition, a system for creating
transgenic cereal endosperm for rapid gene testing without the need for sta-
bly transformed plants would be highly attractive. In this chapter we describe
efforts to understand early cereal endosperm development in in vitro fertilized
and in vitro grown central cells as well as previous and current efforts to culture,
study, and genetically alter developing endosperm in vitro.

2
Endosperm Cultures Derived from Central Cell Fertilization In Vitro,
and Embryo Sac Isolation Post-Fertilization

The process of angiosperm double fertilization (Nawaschin 1898; Guignard
1901) raises numerous questions about the evolutionary origin of the en-
dosperm as well as the role of maternal signaling in early endosperm de-
velopment (see chapter by Brown and Lemmon, in this volume). One hun-
dred years after its discovery, Kranz and colleagues were able to re-create
the second event in double fertilization that gives rise to the endosperm
by fusing isolated maize male gametes and central cells (Kranz 1998). In
these experiments, protoplasts of central cells were electrofused with male
gametes. Karyogamy within the central cell was observed after 1 h. Cultur-
ing was achieved by cocultivation with somatic barley protoplast feeder cells.
Under these conditions, fertilized central cells developed into a syncytium
after rapid nuclear divisions without cell wall formation, followed by cellu-
larization around 5 days after pollination (DAP) (Kranz 1998). While still
a syncytium, the fertilized central cell developed into a bipolar structure that
consisted of an oblong part and a globular part. Of the two, the globular part
developed more rapidly than the oblong part. The characteristic cellulariza-
tion process of the in planta endosperm coenocyte (see chapter by Brown and
Lemmon, in this volume) appears to also occur in vitro (Kranz 1998). The
globular part contained small cells with dense cytoplasm, whereas the oblong
part contained fewer nuclei. Detailed structural analyses of the microtubu-
lar arrays in these endosperms have not been published, and it is therefore
difficult to assess the extent to which the developmental pathway of in vitro
fertilized endosperm reflects the in planta situation. Interestingly, develop-
ment of in vitro fertilized central cells proceeds in the absence of maternal
tissues. It is currently unclear what role, if any, the feeder cells used to support
the growth of the in vitro endosperm play in the growth and differentiation
of these structures. However, it is notable that fertilization and at least par-
tial development of an endosperm occurs in the absence of the endogenous
maternal tissues. While this observation was an exciting result, the techni-
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cal hurdles of easily and efficiently generating in vitro endosperm using this
technique appear high.

Another approach to obtaining cultured endosperm cells, which avoids
the technical hurdles associated with central cell fertilization in vitro, is
through isolation and culture of the embryo sac shortly after fertilization
in vivo. In maize this has been most recently accomplished through isolation
of ovule sections containing the embryo sac 1 DAP and culture on a modified
Murashige and Skoog (MS) medium containing 6–15% sucrose (Laurie et al.
1999). The authors used these cultures to generate viable embryos and mature
plants without somatic embryogenesis, and describe the production of an en-
dosperm from these embryo sacs in culture as well. However, similar to the
technique described above, maternal tissue is included in the culture and it
is indicated that the adjacent nucellar tissue may be supplying growth factors
essential for stimulating development. Additionally, the remaining maternal
tissue appears to continue to at least partially limit direct accessibility of the
endosperm to direct manipulation and examination during culture.

3
Maize Endosperm In Vitro Cultures
that Retain some Degree of Cell Differentiation

The monitoring and visualization of cereal endosperm development is ham-
pered by its localization within maternal tissues, and furthermore this lo-
calization makes efforts of direct manipulation difficult as well. Maize is an
example of an economically important cereal which has had a depth of en-
dosperm research and provides a good model of nuclear endosperm function.
Therefore, attempts to culture the endosperm to examine aspects of assimilate
accumulation have been ongoing since at least 1947 (LaRue 1947). In these early
efforts, the goal was to develop immortal cultures. Efforts examining different
media, endosperm isolation time (days after pollination), growth conditions,
and genotypes of maize culminated in a successful methodology to continu-
ously culture cells with some degree of endosperm traits (LaRue 1949; Straus
1954, 1959, 1960). This methodology utilized isolation of endosperms from
kernels 8–18 DAP, most optimally 12 DAP with growth on an agar medium
containing basal salts, a nitrogen source (optimally 2 g/L asparagine and 2 g/L
yeast hydrolyzate), and sucrose (8% w/v). No growth substances or hormones
were required. Subculturing was accomplished by transfer of the non-necrotic
buds to fresh media at approximately 20-day intervals. One disadvantage was
that only one genotype (Black Mexican Sweet, BMS) was described as being
amenable to this culturing methodology. Immortal cultures of starchy and
waxy genotypes of maize could not be established.

Based on this basic protocol, Shannon et al. continued to test a wide variety
of genotypes and identified inbreds A636 and R168 as capable of produc-
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ing viable continuously cultured endosperm for the purpose of examining
starch accumulation (Shannon 1973). Carbon source requirements were fur-
ther examined and it was confirmed that glucose, fructose, and combinations
of glucose and fructose would all support culture growth and starch accu-
mulation. While the cultured endosperm was capable of accumulating starch,
the quantity was discordant with that of mature endosperm in planta and
reflected an amount more characteristic of younger endosperms (Chu and
Shannon 1975). Examining culture growth in detail, the cyclic nature of the
culture growth and potential dependence upon carbon source/concentration
in the media was first alluded to. Following subculture mitotic division rates
of > 5% were observed from days 2 to 8 and decreased to half that rate by
day 13. These rates could be altered by further supplementation of the carbon
source, such that increases in concentration early in the culture cycle would
retard growth while supplementation later in the cycle would promote both
growth and starch accumulation. It was also noted that other experimenters
could obtain higher amounts of amylose in endosperm explants harvested at
14 DAP than they could obtain in the continuous cultures, suggesting that an
in vivo “switch” had to be activated prior to culturing the endosperm to result
in appropriate differentiation to fully activate the necessary starch synthesis
machinery (Chu and Shannon 1975).

Storage proteins (the significant zeins) and protein bodies were also ob-
served in maize endosperm cultures. Endosperm explants harvested prior
to protein body formation in planta at 10 DAP would continue to develop
and accumulate protein bodies in cultures, indicating that continued mat-
uration of the endosperm was occurring in vitro. Additionally, long-term
continuous cultures (21 months) were also found to contain zeins and protein
bodies (Shimamoto et al. 1983; Lyznick 1989). The existence of developmen-
tal gradients within the endosperm was used to explain how the long-term
in vitro cultures could continue both dividing and producing zeins. Cultured
endosperm explants were later used to examine the relationship of mater-
nal and zygotic components of protein deposition in maize using the Illinois
high protein and low protein materials, demonstrating the maternal aspects
of controlling protein accumulation in the endosperm (Balconi 1991).

In addition to the compositional analysis described, cellular organization
of the long-term continuous cultured endosperm was also examined (Felker
1987). A variety of cell types were identified in these cultures, some contain-
ing a high proportion of protein and lipid bodies characteristic of aleurone and
subaleurone cells, others starch granules, while others exhibited cell wall in-
growths characteristic of basal endosperm cells. Lastly, an abundance of highly
vacuolated cells was also observed. No spatially organized endosperm struc-
ture was observed; rather, cell clusters of a particular cell type described above
were observed. These results may be interpreted to indicate that endosperm
cell specification was no longer operating in the positionally dependent fashion
described in planta (Becraft et al. 2000; see chapter by Becraft, in this volume).
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4
A Maize Endosperm Organ Culture System
that Retains Cell and Organ Identity Without Maternal Tissue Presence

The advent of modern biotechnological tools has enhanced the ability to ac-
cess real-time cell differentiation and endosperm organ development through
use of cell-type specific expression of fluorescent reporters. Recently, the
conclusion that endosperm cell differentiation and organization fails to be
maintained in the cultures described above (Felker 1987) was confirmed
using a transgenic maize line expressing yellow fluorescent protein (YFP)
in aleurone cells. In this line, aleurone cells were labeled yellow from YFP
expression driven by the barley Ltp2 promoter (Gruis et al. 2006). In con-
trast to in planta endosperm, which has a single layer of YFP positive
aleurone cells on the surface (see chapter by Becraft, in this volume), the en-
dosperm cultures contained YFP positive cells scattered internally in callus-
like structures (Fig. 1a).

To further facilitate the study of cell and organ identity in in vitro grown
maize endosperm in experiments aimed at identifying improved culture con-
ditions, a transgenic maize line was developed in which aleurone cells are
labeled with YFP as described above, starchy endosperm cells with cyan flu-
orescence protein (CFP) driven by the 27-kDa gamma zein promoter, and
transfer cells with red fluorescent protein (RFP) driven by the END1 promoter
(Gruis et al. 2006). When cultivating manually isolated 6-DAP embryo sacs
from this marker line on a modified MS medium containing 15% w/v sucrose
(US Patent Pub. No. US 2006/0123518), the endosperm grew into a body of
starchy endosperm cells that accumulated starch granules (Fig. 1b and c) cov-
ered by a single surface layer of YFP positive aleurone cells (Fig. 1d). The
starchy endosperm fluoresced cyan from CFP driven by the 27-kDa γ-zein
promoter (Gruis et al. 2006). These observations, as well as others described
below, confirm that the culture conditions used support endosperm develop-
ment in vitro that is similar to in planta development. The improved maize
endosperm culture system should open new opportunities to study the mech-
anisms underlying endosperm development, as well as biosynthesis of com-
ponents including starch and storage proteins.

4.1
The Rate of Mitotic Divisions
in In Vitro Organ Cultured Endosperm is Similar to that in In Planta Endosperm

In addition to the study of endosperm cell identity and organization, cell di-
vision rates of in vitro grown endosperm were investigated (Gruis et al. 2006).
In planta, the rate of division of peripheral endosperm cells peaks around
10 DAP, followed by a rapid decline to a low level (Mangelsdorf 1926). The re-
sults of this investigation showed a similar rate of cell division in endosperm
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Fig. 1 a Endosperm suspension cultures grown according to Shannon (1973) contain
a high proportion of nondifferentiated cells intermingled with cells that show features of
differentiated in planta endosperm cells. The figure shows a transverse section of callus
with an irregular pattern of YFP positive aleurone cells intermingled with nonfluoresc-
ing, highly vacuolated cells. b 6-DAP endosperm grown for 4 days in vitro. c Light
micrograph of transverse section of 6-DAP endosperm grown for 10 days showing inter-
nal accumulation of starchy granules. d Epifluorescence micrograph of sections shown in
c showing the surface layer of YFP positive aleurone cells. e Epifluorescence micrograph
of transverse section of in vitro grown endosperm showing surface layer of aleurone cells
and a group of internal YFP positive cells in the starchy endosperm (arrow). f Higher
magnification of YFP positive cells identified by the arrow in e. g Surface of endosperm
grown for 15 days in culture showing a high number of mini-endosperms on the surface.
h Details of early bulges shown in confocal microscopy. i Epifluorescence microscopy
of transverse sections of in vitro grown endosperm similar to g. Each globular struc-
ture on the surface represents one mini-endosperm. j Confocal microscopy image of one
mini-endosperm with YFP positive cells on the surface. k 3-D representation of Ltp2:YFP
positive sector after particle bombardment shown in side-by-side stereogram confocal
image. l Complete mini-endosperm formed after bombardment shown in epifluorescence
microscopy. Plates in this figure are from Gruis et al. 2006. Copyright American Society
of Plant Biologists
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cultivated in vitro, demonstrating that mitotic division control is endosperm
autonomous, and not regulated by maternal tissue influences. These results
support the conclusion that the in vitro endosperm system offers an oppor-
tunity to study molecular mechanisms of endosperm development in general
and mitotic control in particular.

4.2
In Vitro Endosperm Offers the Possibility
to Study Mechanisms of Aleurone and Starchy Endosperm Cell Fate Specification

Previous studies have suggested that endosperm form aleurone cells in re-
sponse to positional information (i.e., a cell on the surface of the endosperm
assumes the aleurone cell fate; see chapter by Becraft, in this volume). The
study of in vitro grown endosperm described above conclusively demon-
strated that aleurone cells develop in response to surface position (Gruis et al.
2006). The most striking demonstration of this phenomenon came from ob-
servations of YFP positive cells internally in the starchy endosperm (Fig. 1e).
At closer inspection, it turned out that these YFP positive cells all surrounded
voids that occasionally develop in in vitro endosperm and that they assumed
aleurone cell identity in response to position (Fig. 1f). In addition to con-
firming the importance of positional signaling, these results demonstrated
the developmental flexibility of endosperm cells, being able to convert be-
tween the starchy endosperm and the aleurone cell fates. Endosperm organ
cultures thus also offer an opportunity for studies of the molecular mechan-
isms underlying aleurone and starchy endosperm cell fate specification and
differentiation.

4.3
Basal Transfer Cells Fail to Develop in Endosperm In Vitro Cultures

In vivo, transfer cells are labeled with red fluorescence in the transgenic
marker line described above. In contrast, red fluorescence is not observ-
able in the basal part of in vitro grown endosperm, and neither are cells
with typical transfer cell wall ingrowths (Gruis et al. 2006). This observa-
tion confirmed earlier indications that transfer cells require maternal tis-
sue input to fully develop (see chapter by Royo et al., in this volume).
Hopefully, in vitro endosperm may be useful to study maternal tissue in-
fluences, including the expression of genes suspected to represent maternal
cell signals for transfer cell development, which has been shown to activate
the promoter of several transfer-specific genes (see chapter by Royo et al.,
in this volume).
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4.4
“Mini”-Endosperm of In Vitro Endosperm Cultures
Represents a Transgenic Model for In Planta Endosperm

During the first 10 days in culture, the surface of the in vitro grown en-
dosperm is relatively smooth (Fig. 1b). Subsequently, bulges (Fig. 1g–i) form
on the surface that develop into spherical bodies with the same overall struc-
ture as in planta endosperm with a single surface layer of aleurone cells
and an interior body of starchy endosperm cells. We termed these struc-
tures mini-endosperms (Fig. 1j). Interestingly, transformation experiments
using particle bombardment suggested that single transformed cells have
the ability to develop into a large sector of fluorescing cells (Fig. 1k) and
also to a complete mini-endosperm (Fig. 1l). Provided that such transgenic
mini-endosperms can be produced in sufficient numbers, they represent a po-
tentially useful tool for gene testing in the endosperm, bypassing the need for
the time-consuming process of developing stable transgenic corn lines.

5
Conclusions

The experiments in maize endosperm culture described herein present
a methodology to culture endosperm without perturbing its development,
and also speak to the autonomous nature of the developmental program of
the endosperm storage tissue. This is of importance as it allows for manip-
ulation and observation outside the confines of maternal tissues. Endosperm
organ culture coupled with direct transgenic manipulation offers an unprece-
dented opportunity to test hypotheses as they relate to the development and
therefore composition of endosperm. Ultimately it is hoped that further un-
derstanding of endosperm development will lead to further improvement of
the use of this resource in food and industrial applications.

References

Balconi C, Rizzi E, Manzocchi L, Soave C, Motto M (1991) Analysis of in vivo and in vitro
grown endosperms of high and low protein strains of maize. Plant Sci 73:1–9

Becraft PW (2007) Aleurone Cell Development (in this volume). Springer, Heidelberg
Becraft PW, Brown RC, Lemmon BE, Olsen O-A, Opsahl-Ferstad H-G (2000) Developmen-

tal biology of endosperm development. Kluwer, Dordrecht
Brown RC, Lemmon BE (2007) The Developmental Biology of Cereal Endosperm (in this

volume). Springer, Heidelberg
Chu L, Shannon J (1975) In vitro cultures of maize endosperm—a model system for

studying in vivo starch biosynthesis. Crop Sci 15:814–819



Endosperm Cell and Organ Culture 119

Felker FC (1987) Ultrastructure of maize endosperm suspension cultures. Am J Bot
74:1912–1920

Royo J, Gómez E, Hueros G (2007) Transfer Cells (in this volume). Springer, Heidelberg
Gruis DF, Guo H, Selinger D, Tian Q, Olsen O-A (2006) Surface position, and not signal-

ing from surrounding maternal tissues, specifies aleurone epidermal cell fate in maize
endosperm organ cultures. Plant Physiol 141:898–909

Guignard L (1901) La double fècondation dans le mais. J Bot 15:37–50
Kranz E, von Wiegen P, Quader H, Lorz H (1998) Endosperm development after fusion of

isolated, single maize sperm and central cells in vitro. Plant Cell 10:511–524
LaRue CD (1947) Growth and regeneration of the endosperm of maize in culture. Am

J Bot 34:585–586
LaRue CD (1949) Cultures of the endosperm of maize. Am J Bot 36:798
Laurie JD, Zhang G, McGann LE, Gordon Kamm WJ, Cass DD (1999) A novel technique

for the partial isolation of maize embryo sacs and subsequent regeneration of plants.
In Vitro Cell Dev Biol Plant 35:320–325

Lyznick LA, Tsai CY (1989) Protein synthesis in endosperm cell cultures of maize (Zea
mays L.). Plant Sci 63:105–114

Mangelsdorf PC (1926) The genetics and morphology of some endosperm characters in
corn. Conn Agric Exp Station Bull 279:513–614

Nawaschin S (1898) Resulte eine revison der Befruchtungsvorgange bei Lilium martagon
und Ritillaria tenella. Bull Acad Imperial Sci (St Petersburg) 9:377–382

Shannon JC, Batey JW (1973) Inbred and hybrid effects on establishment of in vitro
cultures of Zea mays L. endosperms. Crop Sci 15:491–493

Shimamoto K, Ackerman M, Dierks Ventling C (1983) Expression of zein in long-term
endosperm cultures of maize (Zea mays). Plant Physiol 73:915–920

Straus J (1959) Anthrocyanin synthesis in corn endosperm tissue cultures. I. Identity of
the pigments and general factors. Plant Physiol 34:536–541

Straus J (1960) Maize endosperm tissue grown in vitro III. Development of a synthetic
medium. Am J Bot 47:641–647

Straus J, LaRue CD (1954) Maize endosperm tissue grown in vitro. I. Culture require-
ments. Am J Bot 41:687–694



Plant Cell Monogr (8)
O.-A. Olsen: Endosperm
DOI 10.1007/7089_2007_117/Published online: 15 March 2007
© Springer-Verlag Berlin Heidelberg 2007

Anthocyanin Synthesis in Maize Aleurone Tissue

Karen C. Cone

Division of Biological Sciences, University of Missouri, Columbia, MO 65211, USA
conek@missouri.edu

Abstract Anthocyanin synthesis in maize has been the subject of intense genetic, bio-
chemical, and molecular experimentation. These studies have identified the structural
genes encoding enzymes and transporters of the biosynthetic pathway, as well as the key
regulatory genes. The picture that emerges from these analyses is that pigmentation in
the maize aleurone is orchestrated by a complex regulatory network involving interaction
among tissue-specific, developmental and environmental factors.

1
Introduction

Anthocyanins are the red and purple flavonoid pigments made as products
of secondary metabolism in plants. Anthocyanin synthesis has been studied
extensively, through both biochemical and genetic analyses, and most of the
enzymes and genes involved have been characterized. Moreover, because pig-
mentation levels reflect gene expression levels, the pathway has served as
an outstanding model for studying gene regulation. Several recent reviews
describing flavonoid and anthocyanin synthesis in different plant systems
have been published (Grotewold 2006; Koes et al. 2005; Lepiniec et al. 2006;
Springob et al. 2003). This chapter will focus on anthocyanin synthesis in
maize aleurone (see also Becraft, in this volume), with emphasis on genetic
analysis of the pathway and its regulation.

A diagram of the central anthocyanin biosynthetic pathway and the basic
structure of an anthocyanin molecule are shown in Fig. 1. In maize kernels,
the major anthocyanin constituents are pelargonidin and cyanidin (Abdel-
Aal et al. 2006). The first committed step of the anthocyanin pathway is the
condensation of three malonyl-CoA molecules with p-coumaroyl-CoA to pro-
duce a chalcone; this step is catalyzed by the enzyme chalcone synthase (CHS).
The second step, isomerization of the chalcone to a flavanone, can occur
without enzymatic activity, but production of the isomers that serve as ex-
clusive substrates for downstream reactions occurs more efficiently through
the action of chalcone-flavanone isomerase (CHI). Flavanones are converted
to dihydroflavonols by hydroxylation of the carbon in position 3 of the C ring
by the enzyme flavanone-3-hydroxylase (F3H). Both flavanones and dihy-
droflavonols can be hydroxylated on the 3′ position of the B ring by flavonoid
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Fig. 1 Anthocyanin biosynthetic pathway in maize. Chemical structure shows basic
skeleton of a flavonoid molecule. Enzyme abbreviations: CHS chalcone synthase, CHI
chalcone isomerase, F3H flavanone 3-hydroxylase, F3′H flavonoid 3′-hydroxylase, DFR di-
hydroflavonol reductase, ANS anthocyanidin synthase, UFGT UDP flavonoid-3-O-glucosyl
transferase, GST glutathione-S-transferase, MRP multidrug resistance-like transporter.
Note that both flavanones (i.e., naringenin) and dihydroflavonols (i.e., dihydrokaemferol)
are substrates for F3′H. Adapted from Koes et al. (2005)

3′-hydroxylase (F3′H). Dihydroflavonols are reduced to leucoanthocyanidins
by dihydroflavonol 4-reductase (DFR), and the colorless leucoanthocyani-
dins are converted to colored anthocyanidins by anthocyanidin synthase
(ANS), also known as leucoanthocyanidin dioxygenase/reductase (LDOX).
Anthocyanidins are then glycosylated by UDP flavonoid 3-O-glucosyl trans-
ferase (UFGT), and the glycosylated molecules are transported to the vacuole
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by concerted action of a glutathione-S-transferase (GST) and a multidrug
resistance-like transporter (MRP) localized in the vacuolar membrane.

2
Anthocyanin Pathway Proteins and Corresponding Structural Genes

The proteins responsible for anthocyanin biosynthesis and transport and the
genes encoding those proteins are summerized in Table 1 and described in
detail in the following sections. Gene–protein associations for most of the
steps in the pathway were identified by biochemical analysis of mutants with
altered pigmentation. However, for a few genes, no mutants exist; their roles
in the pathway were deduced by extrapolating from information on flavonoid
synthesis in other plants.

2.1
Chalcone Synthase (CHS)

The first enzyme in the pathway is encoded by duplicate genes, colorless2 (c2)
and white pollen1 (whp1); Coe et al. 1988). The role of c2 was established by
assaying enzyme activity in colorless kernels. Aleurones from kernels that are

Table 1 Maize anthocyanin genes and their products

Gene Gene product Null Role b Gene
alleles? a cloned? a

c2 Chalcone synthase y E y
chi Chalcone isomerase n E y
pr1 Flavonoid 3′-hydroxylase y E n
fht1 (F3H) Flavanone 3-hydroxylase n E y
a1 Dihydroflavonol 4-reductase y E y
a2 Leucoanthocyanidin reductase/ y E y

anthocyanidin synthase
bz1 UDP glucose flavonol 3-O-glucosyl y E y

transferase
bz2 Glutathione-S-transferase y T y
ZmMrp4 Multidrug resistance-like transporter n T y
c1 R2 R3-MYB y R y
pl1 R2 R3-MYB y R y
r1 bHLH y R y
b1 bHLH y R y
in1 bHLH y R y
pac1 WD40 y R y

a y yes, n no,
b E enzyme, T transport, R regulatory
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homozygous for a recessive c2 allele have low CHS activity, as do aleurones
from pale or colorless kernels that carry the dominant inhibitory C2-Idf allele
in heterozygous or homozygous state (Dooner 1983). The c2 gene was cloned
by transposon tagging using the element Spm/En (Wienand et al. 1986). Iden-
tity of the cloned gene was based on comparison of the sequence to that
for the previously cloned CHS gene from parsley and demonstration that
antibodies to parsley CHS could recognize the maize protein. RNA analysis
showed that c2 mRNA was present in pigmented tissues (kernels and tassels),
but absent in tissues from c2 mutants. Later, the duplicate whp1 gene was
cloned by virtue of its sequence similarity to c2 (Franken et al. 1991). The
presence of the dominant Whp1 gene does not usually complement recessive
c2 in the aleurone. However, if c2/c2; Whp1/whp1 kernels are also homozy-
gous for a recessive intensifier1 allele (in1/in1), anthocyanins are produced
(Coe et al. 1988), and immunoblot analysis of proteins from such pigmented
kernels with CHS-specific antiserum detects protein the size of CHS (Franken
et al. 1991). This result indicates that under some circumstances, whp1 ex-
pression can substitute for c2 by producing CHS in the aleurone, thus leading
to pigmented kernels.

2.2
Chalcone-Flavanone Isomerase (CHI)

A maize gene, chalcone isomerase1 (chi1), for this enzyme was cloned using
a PCR-based strategy employing primers that were complementary to con-
served regions of CHI genes from petunia and Antirrhinum (Grotewold and
Peterson 1994). RNA analysis showed that the gene was expressed in light-
grown seedlings (which are pigmented) and in pigmented pericarps, but was
not expressed in unpigmented pericarps. Expression in aleurone was not
tested. Molecular analysis indicated that the maize genome contains more
than one chi gene, mapping to three separate loci (Grotewold and Peterson
1994). It is not clear whether these additional genes are functional. If they are,
then this genetic redundancy may explain why there are no mutations for this
enzymatic step.

2.3
Flavanone 3-Hydroxylase (F3H)

The maize gene for F3H (fht1) was cloned by screening a cDNA library with
a probe derived from the Antirrhinum F3H gene (Deboo et al. 1995). The gene
appears to be single-copy in the maize genome. Its identity was confirmed
by comparison of the deduced protein sequence to that for similar genes in
a variety of other plants. RNA analysis showed that F3H expression correlated
directly with pigmentation levels in kernels and flavonol levels in anthers. No
mutants have been reported for this gene.
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2.4
Flavonoid 3′-Hydroxylase (F3′H)

F3′H is encoded by the maize red aleurone1 (pr1) gene. Assignment of pr1 as
the F3′H gene was made by measuring cyanidin and pelargonidin levels in
aleurones and showing that higher cyanidin:pelargonidin ratios were directly
correlated with increased doses of a dominant Pr1 allele (Larson et al. 1986).
Because these pigments differ in hydroxylation of the B ring, a modification
that is associated with bluing of pigment color (Springob et al. 2003), this ob-
servation fits with the visual differences in kernel pigmentation, e.g., kernels
with the dominant Pr1 allele are purple, whereas homozygous recessive pr1/pr1
kernels are red (Coe et al. 1988). Evidence for Pr1 function was also seen in
seedling and mature plant tissues. Detection of low-level F3′H activity in tissues
of plants homozygous for recessive pr1 suggested that there may be a duplicate
gene (Larson et al. 1986). However, no genes for this enzyme have been cloned.

2.5
Dihydroflavonol 4-Reductase (DFR)

DFR is encoded by the anthocyaninless1 (a1) gene, which was cloned from
maize by transposon tagging using the Spm/En and Mutator transposable
elements (O’Reilly et al. 1985). Two lines of evidence revealed that a1 is the
DFR structural gene: (i) NADPH-dependent reduction of dihydroquercitin to
leucoanthocyanidin was detected in crude extracts of maize lines with func-
tional a1 alleles and not from lines where a1 was inactive, and (ii) this same
enzyme activity was demonstrated for the protein generated by in vitro trans-
lation of RNA from an A1 cDNA (Reddy et al. 1987). A duplicate gene, which
is detected on DNA gel blots hybridized with an a1-derived probe, was cloned
and sequenced (Bernhardt et al. 1998). This gene, now called anthocyanin-
less4 (a4), is predicted to code for a protein with 84% amino acid identity to
the a1-encoded DFR. Although a4 mRNA can be detected in many maize tis-
sues (silks, leaves, leaf sheaths, and 20 DAP kernels), it is not clear whether
an active enzyme is produced (Bernhardt et al. 1998). The fact that crosses of
plants carrying a recessive a1 allele produce anthocyaninless kernels in the
ratios expected for a single-gene trait argues that a4 does not functionally
complement an a1 defect in the aleurone.

2.6
Anthocyanidin Synthase (ANS)/Leucoanthocyanidin Dioxygenase (LDOX)

The enzymatic conversion of leucoanthocyanidins to anthocyanidins is con-
trolled by the anthocyaninless2 (a2) gene in maize, as demonstrated by inter-
tissue complementation studies (Reddy and Coe 1962). The a2 gene was
cloned by transposon tagging using the elements rcy and dSpm (Menssen
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et al. 1990). Transient transformation of a2 aleurones by particle bombard-
ment with the a2 cDNA led to production of pigmented cells (Menssen et al.
1990). The a2 gene codes for a protein that shares sequence similarity to
the family of 2-oxo-glutarate-dependent oxygenases like F3H (Menssen et al.
1990). Expression of the a2 cDNA in bacterial cells produced an enzyme ca-
pable of catalyzing production of anthocyanidin by 2-oxoglutarate-dependent
oxidation of leucoanthocyanidin (Nakajima et al. 2001)

2.7
UDP-Glucose Flavonoid 3-O-Glucosyl Transferase (UFGT)

Biochemical analysis of pigment accumulation and enzyme activity in the
bronze aleurones of bronze1 (bz1) mutant kernels established bz1 as the
structural gene for UFGT (Dooner and Nelson 1977a,b; Larson and Coe
1977). The bz1 gene was cloned by transposon tagging using the element
Ac (Fedoroff et al. 1984). Through DNA sequence analysis of different alle-
les, sequence polymorphisms were correlated with alterations in mRNA levels
and/or UFGT activity (Furtek et al. 1988; Ralston et al. 1988).

2.8
Glutathione-S-Transferase (GST)

GST is encoded by the bronze2 (bz2) gene, which was cloned by two groups,
one using transposon tagging with the Ds element (Theres et al. 1987) and the
other using an approach that combined Mutator transposon tagging with dif-
ferential hybridization (McLaughlin and Walbot 1987). The protein encoded
by Bz2 was demonstrated to have GST activity in maize, transgenic Arabidop-
sis and bacteria. Anthocyanins extracted from maize protoplasts that had
been transformed with Bz2 were shown to be conjugated with glutathione,
and treatment with vanadate, an inhibitor of the glutathione pump in vac-
uolar membranes, prevented accumulation of anthocyanins in the vacuole
(Marrs et al. 1995).

2.9
Multidrug Resistance Transporter (MRP)

The involvement of a multidrug resistance-type transporter in sequestering
anthocyanins in the vacuole was suggested by three observations: (i) vana-
date, a specific inhibitor of ABC transporters, blocks vacuolar accumulation
of anthocyanins (Marrs et al. 1995); (ii) the requirement of GST for vacuolar
localization of anthocyanins is reminiscent of GST-mediated detoxification
pathways for heterocyclic organic xenobiotic molecules (Marrs et al. 1995);
and (iii) two genes for MRPs were upregulated in cells engineered to over-
express anthocyanin regulators (Bruce et al. 2000). ESTs corresponding to
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maize mrp genes were identified by their sequence similarity to MRPs from
other organisms (Goodman et al. 2004; Swarbreck et al. 2003). Two of the
mrp genes, ZmMrp3 and ZmMrp4, which share 88% amino acid identity in
the protein coding regions, are expressed in pigmented aleurones, but not
in unpigmented aleurones that lack anthocyanin regulatory gene function.
ZmMrp3 is also expressed in pigmented plant tissues; an antisense mutant of
ZmMrp3 altered the localization of pigment in plant tissues, but had no effect
on aleurone pigmentation (Goodman et al. 2004). These observations suggest
that ZmMrp4 is the key transporter in the aleurone.

3
Regulatory Genes

In the aleurone, the biosynthetic genes are coordinately activated at the tran-
scriptional level by concerted action of three types of regulatory proteins:
transcription factors with R2R3-MYB or basic helix–loop–helix (bHLH) do-
mains and a WD40 protein. The R2R3-MYB proteins are encoded by du-
plicate genes colorless1 (c1) and purple plant1 (pl1); the bHLH proteins are
encoded by duplicate genes booster1 (b1) and red plant color1 (r1) and by
the more distantly related intensifier1 (in1) gene; and the WD40 protein is
encoded by pale aleurone color1 (pac1). The regulatory roles of all three
classes of genes were suggested first by genetic and biochemical evidence and
subsequently confirmed by cloning the genes and studying their regulatory
functions.

3.1
c1 and pl1

Production of anthocyanins in the kernel requires a dominant, functional c1
allele (Emerson 1921). The idea that c1 functions as a regulator of antho-
cyanin synthesis was suggested by several lines of evidence (as summarized
in Chen and Coe 1977): Genetic analysis and allelism tests resulted in the
recovery of an allelic series including dominant inhibitor (C1–I), functional
colored (C1), conditional (c1–p) and null (c1–n) alleles (Coe 1962; Emerson
et al. 1935). Analysis of kernel pigments from plants carrying various an-
thocyanin mutants showed that kernels homozygous for the null c1–n allele
produced no flavonoids. This contrasted with the accumulation of flavonols in
a1 (Kirby and Styles 1970), leucoanthocyanidins in a2 (Coe 1955), and brown
pigments in bz1 and bz2. Inter-tissue complementation studies placed c1 at
or near the beginning of the pathway (Reddy and Coe 1962). Finally, observa-
tions that c1 affects pigmentation in the kernel (aleurone and scutellum), but
not in other parts of the plant were consistent with the idea that c1 regulates
the tissue-specificity of anthocyanin synthesis.
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This regulatory role was confirmed by assays of biosynthetic enzymes for
the pathway. Activity of enzymes that act both early (CHS) and late (UFGT)
in the pathway was dependent on the presence of functional c1 and r1 alleles
(Dooner 1983; Dooner and Nelson 1977b). These results led to the hypothesis
that all of the biosynthetic genes are coordinately regulated, a prediction that
was borne out by analysis of cloned structural and regulatory genes.

The c1 gene was cloned by transposon tagging from two different alle-
les tagged with the Spm/En element (Cone et al. 1986; Paz-Ares et al. 1986).
To explore the putative regulatory role of c1, blots of RNAs from kernels
with wild-type C1 and dominant inhibitor C1–I alleles were hybridized with
probes from the a1 and bz1 structural genes. Structural gene RNA was de-
tected in pigmented C1 kernels, but not in colorless C1–I kernels (Cone et al.
1986; Paz-Ares et al. 1986), confirming the pattern observed for detection of
bz1-encoded UFGT enzyme activity (Dooner and Nelson 1977b). DNA se-
quencing of a wild-type C1 allele revealed a predicted protein with features
consistent with its regulatory function. The N-terminal domain is homol-
ogous to the DNA binding domain of mammalian myb proteins, and the
C-terminal domain is rich in acidic amino acids, similar to the acidic tran-
scriptional activation domains of mammalian and yeast transcription factors
(Paz-Ares et al. 1987). The sequence of the dominant inhibitor C1–I allele
showed a number of differences from C1, most notably an insertion that
would truncate the protein, eliminating much of the C-terminal acidic do-
main (Paz-Ares et al. 1990). Analysis of three additional dominant inhibitor
alleles derived from imprecise excision of an En/Spm element in the third
exon of C1 showed that these alleles all contained transposon footprints that
would cause frameshifts, leading to production of truncated proteins lacking
the C-terminal acidic region (Singer et al. 1998).

The pl1 gene, a duplicate of c1, was cloned by virtue of its sequence ho-
mology to c1 (Cone et al. 1993). Most pl1 alleles control pigmentation in
vegetative and floral parts of the plant, such as leaf sheath, culm, tassel, and
husks. One allele, Pl1-Blotched, leads to a variegated, or blotched, pattern of
pigmentation in both the plant and the kernel aleurone (Cocciolone and Cone
1993). This allele was originally described as a dominant gene (Blotched)
responsible for blotched aleurone pigmentation in kernels that were homozy-
gous recessive for c1. Thus, it was proposed to functionally substitute for c1
in the aleurone (Rhoades 1948). Molecular studies established that Blotched is
an allele of pl1 (designated Pl1-Blotched) and that expression of anthocyanin
structural gene mRNAs in blotched kernels is dependent on the presence of
Pl1-Blotched (Cocciolone and Cone 1993). It is not clear why the pattern of
pigmentation associated with Pl1-Blotched is variegated, although it may be
due to some unusual feature of the epigenetically controlled chromatin state
of this allele that sets it apart from other pl1 alleles (Cocciolone and Cone
1993; Hoekenga et al. 2000).
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3.2
r1 and b1

Members of the r1/b1 gene family serve as regulatory partners of c1/pl1 in
activating anthocyanin synthesis. Evidence for this partnership came from
genetic studies, which established the complementary action of r1 and c1 in
the aleurone (Emerson 1921). Biochemical assays of CHS and UFGT enzyme
activity demonstrated that functional alleles of both r1 and c1 were needed
for wild-type activity of these enzymes in the aleurone (Dooner 1983; Dooner
and Nelson 1977b). The discovery of “R2” (later designated B-peru and B-
Bolivia) alleles of b1 with aleurone and plant color, suggested that r1 and b1
were duplicate (Styles et al. 1973). The results of biochemical experiments
confirmed this idea. In one study, UFGT activity in purple plant tissues, such
as husks and leaf sheaths, was shown to be under the control of b1 (Gerats
et al. 1984). Qualitative comparison of the pigments produced in leaf sheaths,
anthers, and aleurone showed that the same spectrum of anthocyanins was
present in all three tissues (Styles et al. 1973), prompting the conclusion that
alleles of r1 and b1 differ only in the tissue distribution of pigmentation under
their control.

The spatial distribution of anthocyanin pigments, controlled by different
r1 and b1 alleles, can be explained, in part, by the different genetic organi-
zation of these genes. Many alleles of r1 have a complex organization and are
composed of multiple units that are separable by recombination (Dooner and
Kermicle 1971; Stadler and Emmerling 1956; Stadler and Nuffer 1953). The
well-studied R–r allele contains two genetic components: (P), which leads to
red pigmentation in plant tissues such as anthers, roots and coleoptiles, and
(S), which leads to pigmentation in the aleurone layer of the seed. Each com-
ponent can mutate independently, leading to production of alleles that have
lost function of the (P) component or the (S) component (Stadler 1951). Not
all r1 alleles have this complex genetic organization; instead, some alleles have
a single genetic component that confers pigmentation to both plant and seed
tissues.

Mature tissues in the plant, such as culm, leaf sheaths, husks, and tassels,
are pigmented by the action of b1. Although most b1 alleles control pigmen-
tation solely in plant tissues, some alleles, such as B-peru and B-Bolivia, also
pigment the aleurone. This dual tissue-specificity prompted the speculation
that these alleles might have a complex genetic organization like that of R–r
(Coe 1979). However, genetic analysis of a group of transposable element-
induced mutants of B-peru showed that each mutation altered pigmentation
simultaneously in plant and aleurone tissues, arguing that B-peru constitutes
a single genetic component (Patterson et al. 1991). Subsequent molecular
comparisons of B-peru to other b1 alleles showed that the sequences needed
for aleurone pigmentation lie in the promoter region of the B-peru gene
(Radicella et al. 1992; Selinger and Chandler 1999a; Selinger et al. 1998) and
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revealed that these sequences are shared by other b1 alleles that pigment both
plant and aleurone tissues (Selinger and Chandler 1999a).

The r1 gene was cloned by transposon tagging with Ac (Dellaporta et al.
1988). Molecular characterization of the genetically complex R–r allele re-
vealed that it actually contains four related gene segments: (P), two (S) genes
and a fourth component, (Q), which has sequence homology to (S) and (P)
(Dellaporta et al. 1988; Robbins et al. 1991; Walker et al. 1995). Analysis of
the DNA sequences and organization of these segments provided molecular
explanations for the meiotic instability and evolution of this allele (Robbins
et al. 1991; Walker et al. 1995). Several other r1 alleles and family members
were cloned and sequenced, revealing that all of the genes encode predicted
proteins with sequence similarity to the bHLH domain found in myc-type
transcription factors (Ludwig et al. 1989; Perrot and Cone 1989; Petroni et al.
2000; Robbins et al. 1991; Consonni et al. 1992). Consistent with the pro-
posed regulatory role for genes in the r1 family members, functional alleles
were shown to be required for the accumulation of structural gene transcripts
(Ludwig et al. 1989; Tonelli et al. 1991).

Capitalizing on the idea that the functionally duplicate nature of b1 and
r1 would be reflected by homology at the DNA sequence level, r1 sequences
were used as a hybridization probe to clone the b1 gene (Chandler et al.
1989). It codes for a bHLH protein similar to those encoded by other r1
family members (Consonni et al. 1993; Radicella et al. 1991). RNA analysis
showed that structural gene expression was dependent on the presence of
functional b1 alleles (Chandler et al. 1989), thus confirming the regulatory
role of b1.

3.3
in1

The recessive in1 mutation intensifies the pigmentation of homozygous pr1
aleurone from red to nearly black (Fraser 1924). Analysis of the pigments
in the in1 kernels indicated that this phenotypic change is due to quantita-
tive increase of anthocyanins, but no qualitative change (Reddy and Peterson
1978). The in1 mutation also leads to twofold higher levels of UFGT (Klein
and Nelson 1983). The in1 gene was cloned by transposon tagging using Spm
(Burr et al. 1996). The gene codes for a bHLH protein with sequence similar-
ity to the R1/B1 proteins. Expression of the gene is unusual in that most of the
transcripts from the wild-type gene are misspliced and produce mRNAs that
would lead to premature termination of translation of the encoded protein.
Consequently, only a small proportion of the transcripts are predicted to be
full-length and capable of being translated to make functional protein. In the
recessive in1 allele, expression is very low, due to reduction in the overall level
of transcription and to missplicing of most of the transcripts produced (Burr
et al. 1996).
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Different theories have been proposed to account for the fact that re-
cessive in1 kernels are more pigmented than In1 kernels. One idea, which
was proposed to explain how recessive in1/in1 leads to production of pig-
ment and CHS protein in aleurones of c2/c2; Whp1/Whp1 kernels, is that
the wild-type IN1 protein inhibits translation of the Whp1 mRNA either
directly or by controlling expression of some other translational inhibitor
(Franken et al. 1991). An alternate idea, consistent with the fact that In1
codes for a bHLH protein similar to R1/B1, is that IN1 is a repressor that
inhibits transcriptional activation of the anthocyanin structural genes, per-
haps by competing with R1/B1 for interaction with C1 and thus preventing
target gene activation (Burr et al. 1996). If this idea is correct, then it pre-
dicts that the higher the level of In1 expression, the less pigment produced.
This trend fits with the phenotypes associated with the in1 allelic series: In-
D, an allele for a dominant dilute factor, produces less pigment than the In1
allele, and In1 produces less pigment than recessive in1/in1. Transcript lev-
els for In-D are higher than for In1 (Rojek et al. 1997), and In1 produces
much more RNA than in1 (Burr et al. 1996). In all three alleles, most of the
transcripts are misspliced and thus do not have the potential to code for
a full-length protein (Burr et al. 1996; Rojek et al. 1997). This may explain
why even the In-D allele, with the highest RNA expression and presumably
the highest level of IN1 repressor, does not lead to a completely colorless
phenotype.

3.4
pac1

The pac1 gene was identified in a mutational screen for new regulators of
the maize anthocyanin pathway. The recessive mutation results in pale pig-
mentation of the aleurone and seedling roots. A regulatory role for this
gene was suggested by the finding that in pale aleurones, structural gene
mRNA levels are reduced (Selinger and Chandler 1999b). The pac1 gene was
cloned by transposon tagging with Mutator (Carey et al. 2004). It codes for
a protein with high sequence similarity to WD40 repeat proteins that func-
tion as anthocyanin regulators in other plants, e.g., Petunia hybrida AN11
and Arabidopsis thaliana TTG1. The maize Pac1 gene, expressed from the
CaMV 35S promoter, complements ttg1 function in transgenic Arabidop-
sis plants, indicating functional as well as sequence conservation between
the maize and Arabidopsis proteins (Carey et al. 2004). The fact that pac1
mutants have a pale, rather than colorless, phenotype suggested there may
be a duplicate gene that provides residual function in the aleurone. This
idea is reinforced by the observation of additional hybridizing bands on
DNA blots hybridized with a pac1 probe (Carey et al. 2004) and mapping
of one of these bands to a locus distinct from pac1 (T. Dinh and K. Cone,
unpublished).
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4
Action and Interaction of the Regulatory Genes

A host of experiments have been carried out to identify and functionally de-
fine the cis-acting elements in the promoters of the anthocyanin structural
genes and the presumptive interaction domains of the regulatory proteins.
Sequence alignments of structural gene promoters revealed sequences with
similarity to binding sites for mammalian MYB proteins, as well as other
consensus regions (Bodeau and Walbot 1992; Lesnick and Chandler 1998;
Roth et al. 1991; Tuerck and Fromm 1994). Functional studies, which coupled
deletion analysis and site-directed mutagenesis of the promoter regions with
assays of binding and transcriptional activation by the C1 and R1/B1 regula-
tory proteins, defined two important types of cis-acting promoter elements:
(i) a C1-binding site, whose consensus sequence differs from the mammalian
MYB consensus; and (ii) an anthocyanin regulatory element (ARE), which is
required for R1/B1 enhanced transcription (Lesnick and Chandler 1998; Sainz
et al. 1997).

To characterize the functionally important domains of the C1 and B1 reg-
ulators, structural gene promoters were fused to reporter genes and used
as targets in transient expression assays. The results confirmed genetic ob-
servations, e.g., activation of transcription from a structural gene promoter
requires both C1 and B1; neither protein alone is sufficient (Goff et al. 1990).
In C1, the MYB domain functions in DNA binding and the C-terminal acidic
domain is required for transcriptional activation (Goff 1991). Substitution of
the C-terminal acidic domain of C1 with the truncated C-terminal domain
of C1–I abolishes the ability of the protein to function in transcriptional ac-
tivation (Goff et al. 1991). There is no evidence that any regions of the B1
protein function independently as DNA binding or transcriptional activation
domains (Goff et al. 1992). However, interaction of the N-terminal region of
B1 and the R2R3-MYB domain of C1 is required to induce transcription of
anthocyanin genes (Goff et al. 1992; Grotewold et al. 2000).

Identification of the pac1-encoded WD40 protein added another player to
the maize anthocyanin regulatory complex. Similarity of pac1 to WD40 regu-
lators that function in dicot flavonoid synthesis (reviewed in Koes et al. 2005),
together with the fact that pac1 can functionally complement a ttg1 mutation
in Arabidopsis (Carey et al. 2004), predicted that PAC1 participates directly
with R1/B1 and C1 in transcriptional activation.

A model for interaction of the anthocyanin regulatory factors with the pro-
moters of their target genes incorporates features of two previously proposed
models (Fig. 2; Hernandez et al. 2004; Koes et al. 2005). C1, R1 (or B1) and
PAC1 interact with each other to form a complex. At a structural gene pro-
moter, C1 binds via its R2R3-MYB domain to a conserved sequence motif (C1
binding site; CBS). The R1 protein does not directly bind DNA, but instead
mediates binding of a hypothetical DNA binding protein (bHLH interacting
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Fig. 2 Model for interaction among C1, R1 and PAC1 transcriptional regulators in acti-
vating transcription of an anthocyanin structural gene (Bz1). Interaction between C1, R1
and PAC1 is depicted. Uncertainty as to whether PAC1 remains associated with transcrip-
tional complex is indicated by the dashed outline. HIP is a hypothetical bHLH interacting
protein. IN1 acts as an inhibitor, perhaps by competing with R1 binding or activity. CBS
C1 binding site, ARE anthocyanin regulatory element. Adapted from Hernandez et al.
(2004) and Koes et al. (2005)

protein; HIP) to an anthocyanin regulatory element (ARE) that is adjacent to
the CBS. It is not clear whether PAC1 remains associated with C1 and R1 at
the promoter. IN1 may function as an inhibitor by interfering with the ability
of R1 to form a productive transcription complex.

5
Regulation of the Regulators

5.1
Role of Development, Light, and Hormones

The dependence of anthocyanin synthesis on developmental, light, and hor-
monal cues can be traced in part to the regulatory effect of these signals on
expression of c1. In most maize lines, pigmentation in the kernel is evident by
20–22 DAP. Prior to that time, little pigment is seen. Analysis of c1 and r1 RNA
levels in C1; R-sc aleurones using a sensitive PCR-based assay showed that
at 14 DAP only very low basal levels of c1 mRNA levels are evident (Procissi
et al. 1997). As development proceeds, c1 mRNA levels increase, becoming
maximal around 30 DAP when anthocyanin synthesis peaks (McCarty et al.
1989). In contrast, r1 mRNA is readily detectable at 14 DAP and increases only
slightly with development (Procissi et al. 1997).

The light requirement for anthocyanin synthesis is associated with light
activation of different c1 alleles. The recessive c1–p allele normally pro-
duces colorless kernels, but if the mature kernels are germinated in the
light, they become pigmented (Chen and Coe 1977). Pigmentation of ker-
nels with wild-type C1 alleles also requires light. When light is excluded from
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developing C1 ears, the seeds are colorless, but they develop pigment if sub-
sequently exposed to light (Dooner and Ralston 1994). For both c1–p and
wild-type alleles, light-induced pigmentation is correlated with light-induced
increases in c1 mRNA (Cone and Burr 1988; Procissi et al. 1997; Scheffler
et al. 1994).

The c1 gene is also regulated by an interaction between the maturation-
regulating hormone abscisic acid (ABA) and viviparous1 (vp1). Kernels ho-
mozygous for the recessive vp1 mutation are colorless and germinate preco-
ciously on the ear (Coe et al. 1988). The lack of pigmentation in vp1 kernels
was correlated with absence of c1 mRNA, suggesting that vp1 might regu-
late c1 (McCarty et al. 1989). The observation that vp1 kernels, rescued before
desiccation and germinated in the light, can produce anthocyanins suggested
that light- and vp1-activated expression of c1 might be separable (McCarty
and Carson 1990). This idea was supported by experiments aimed at func-
tionally dissecting the cis elements in the wild-type C1 promoter (Hattori
et al. 1992; Kao et al. 1996). Results indicated that there are three distinct
promoter elements. One functions in light regulation and resembles light reg-
ulatory elements from other plants. Another element is important for both
ABA and vp1 regulation, and a third element is needed for regulation by ABA,
but not vp1. Deletion of this last element recapitulates the promoter orga-
nization and phenotype of c1–p, i.e., expression during germination but not
maturation. Together, the analyses indicated that expression of c1 results from
combinatorial interaction among protein factors that integrate developmen-
tal, light, and hormonal signals (Kao et al. 1996).

5.2
Epigenetic regulation

Chromatin-mediated (epigenetic) alterations in gene expression have been
demonstrated for three of the anthocyanin regulatory loci: pl1, r1, and b1.
The epigenetic state of Pl1-Blotched confers its unusual pattern of variegated
pigmentation in both aleurone and plant tissues (Cocciolone and Cone 1993;
Hoekenga et al. 2000). Paramutation at all three loci leads to allele-directed
reduction of regulatory gene expression and hence pigmentation (reviewed
in Chandler and Stam 2004). The recent finding that the gene silencing ef-
fects of paramutation can be relieved by mutation in a RNA-dependent RNA
polymerase gene (Alleman et al. 2006) points to involvement of the small
RNA pathway in controlling expression states of the anthocyanin regula-
tory genes. Another example of epigenetic regulation is the reduction of
aleurone pigmentation due to imprinting at r1 (Coe et al. 1988); the mo-
lecular basis for this parent-of-origin effect is not yet known. For a broad
coverage of imprinting in endosperm development see Penterman et al.,
in this volume.
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6
Conclusion

Genetic, biochemical, and molecular analyses of anthocyanin synthesis have
proven extremely useful in identifying and characterizing gene regulatory
mechanisms in maize. Moreover, because this pathway has been conserved in
many plants, comparison among species will continue to provide important
evolutionary insights into the complex regulatory networks that control plant
pigmentation.
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Abstract Developing cereal endosperms accumulate storage proteins as a reserve to sup-
port the early postgerminating phase of plant growth and development. These storage
proteins are concentrated and packaged into a specialized organelle, the protein body,
which are derived from the endoplasmic reticulum lumen or vacuole. In this chapter, we
describe the biochemical and cellular events that underlies the basis for the use of these
two intracellular sites for storage protein deposition and accumulation.

1
Introduction

Storage proteins, which serve as a reservoir of carbon, nitrogen, and sulfur for
the postgerminating seedling, constitute up to 90% of the total protein frac-
tion in developing seeds. Because of their large quantities, plants have utilized
the endomembrane system for sequestering the storage proteins into a highly
compact form, the protein body (PB). Most plants, including several of the
major cereals, use the protein storage vacuole (PSV) as the site of deposition.
Other cereals have exploited the lumen of the endoplasmic reticulum (ER)
as an alternative storage site. In this chapter we describe the processes in-
volved in PB formation in the major cereals wheat, barley, maize, and rice,
with particular emphasis on how each of these cereals has contributed to our
knowledge in this topic area. The study of each of these cereals has shed light
on specific aspects of PB formation which, when viewed in total, have resulted
in a better understanding of how the storage proteins are packaged in the cell.
The reader should refer to two monographs on the subject (Larkins and Vasil
1997; Shewry and Casey 1999) for other topics not covered here.
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2
PB Formation in Wheat and Barley

The storage proteins of the Triticeae are homologous in structure (Shewry
and Casey 1999). The wheat prolamines consist mainly of two types:
monomeric gliadins solubilized by alcohol solution and polymeric glutenins
solubilized by alcohol solution in the presence of a reducing agent. The barley
prolamines are classified by their electrophoretic mobility into three groups:
B hordein, C hordein, and D hordein. The B hordein and D hordein subunits
are rich in cysteine residues and are present as monomeric and polymeric
species, while sulfur-poor C hordein subunits are present as monomers.

The prolamines of wheat (Campbell et al. 1981) and barley (Cameron-Mills
and von Wettstein 1980) are deposited within the PSV (Fig. 1a,d). The earli-
est event of PB formation in these cereal grains is the synthesis of the storage
protein on the ER and their cotranslational import into the ER lumen. De-
spite their close phylogenetic relationship, different mechanisms have been
suggested for how prolamines are exported from the ER lumen to the PSV
and the involvement of the Golgi apparatus in PB formation in these plant
species.

2.1
Golgi-Dependent Pathway in Wheat PB Formation

Consistent with the secretory pathway unraveled in animal cells, the Golgi ap-
paratus was suggested to play a prominent role in mediating the transport of
wheat storage proteins from the ER to the PSV (Buttrose 1963). Evidence for
a direct role of the Golgi apparatus in wheat PB formation was obtained by
immunocytochemical studies of the gliadins during endosperm development
(Kim et al. 1988). When viewed by electron microscopy the earliest indication
of PB formation was the packaging of gliadins within small (0.2–0.3 µm in
diameter) electron-dense vesicles connected to the Golgi cisternae (Fig. 1c).
The absence of antigen signals within the ER lumen and their presence in
(protein accumulating) vesicles suggested that the gliadins were rapidly ex-
ported from the ER lumen and concentrated within dense vesicles. The Golgi
observed during the mid-stage of grain filling were atypical from the four to
seven closely stacked cisternae structure commonly observed in other plant
tissues. Instead the Golgi apparati were highly modified in containing two
or three highly curved cisternae with associated electron-dense and electron-
lucent vesicles. Dense vesicles in the cytoplasm were commonly observed
associated with larger electron-lucent vesicles or vacuoles. Also distributed
in the cytoplasm were small to medium size vacuoles containing one or
more gliadin inclusion bodies, suggesting the coalescence of smaller inclu-
sion granules to form larger ones which, in turn, merged with the larger PSV
(Bechtel et al. 1982; Kim et al. 1988).
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Fig. 1 Morphology of cereal PBs. a Wheat PB immunolabeled with gliadin antibodies and
protein A gold particles (scale bar: 2 µm). b Small intracisternal inclusions in developing
wheat endosperm (scale bar: 0.5 µm; taken from Krishnan et al. (1991) with permission
from the author and NRC Research Press). c Unique Golgi structures containing highly
curved cisternae with associated dense vesicles and electron-lucent vesicles in develop-
ing wheat endosperm. d Barley PB containing electron-light and -dense staining globules
as well as a fibrillar matrix (scale bar: 1 µm). e Rice electron-lucent spherical prolamine-
containing PBs and irregularly shaped, electron-dense glutelin-containing PSVs (scale
bar: 2 µm)
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2.2
Golgi-Independent Pathway in Wheat PB Formation

The role of the Golgi apparatus in wheat PB formation has been a subject
of controversy ever since the first electron micrographic studies were un-
dertaken in the early 1960s (for a review, see Parker 1982). The principal
reason for dismissing the involvement of this organelle in wheat PB forma-
tion was that it was rarely detected throughout seed development or during
the biosynthetic period when protein accumulation rates were at their highest
(Bechtel et al. 1982; Campbell et al. 1981; Parker 1982). Moreover, in sev-
eral studies (Bechtel et al. 1982; Campbell et al. 1981; Krishnan et al. 1991;
Levanony et al. 1992; Parker 1982) but not all, large intracisternal inclusion
granules bounded by rough ER were observed (Fig. 1b). These inclusion gran-
ules were thought to be too large to be exported from the ER to the Golgi
via transport vesicles and were assumed to be transported to the PSV (Rubin
et al. 1992). Lastly, the lumenal chaperone binding protein BiP was observed
trapped within the PB inclusions (Levanony et al. 1992). As this protein nor-
mally resides in the ER lumen, its presence in the PB inferred the initial
assembly of the inclusion granules in the ER lumen. Collectively, these three
reasons suggested that the Golgi played, at best, a minor role in wheat PB for-
mation. In turn, various novel transport processes from the ER to the PSV
were proposed.

The latest and generally accepted rendition of a Golgi-independent path-
way for wheat PB formation was proposed by Galili’s laboratory in a series
of studies (Galili 1997; Galili et al. 1995; Levanony et al. 1992). Although
a Golgi-dependent pathway was acknowledged to exist, only small amounts
of prolamines were transported from the ER to the storage vacuole by this
pathway. The bulk of the proteins were assembled to form inclusion granules
within the ER lumen which was then released into the cytoplasm, a proposal
first suggested by Miflin et al. (1981). Once in the cytoplasm the inclusion
granules were seen to be engulfed by small vesicles through a process akin
to autophagy to form small vacuoles containing PB, which then merged with
each other and eventually the large PSV. In addition to electron micrographs
suggesting the presence of ER inclusion granules and remnant rough ER
membranes within the PSV, the PSV contained the lumenal chaperone BiP,
a marker of the ER lumen.

The existence of two pathways leading to PB formation in wheat was also
inferred by biochemical studies. Wheat PBs consist of a low-density type
(light PB) and a high-density type (dense PB) (Rubin et al. 1992). The gliadins
were present in both light PBs and dense PBs, while the high molecular weight
(HMW) glutenins were localized only in the dense PBs, suggesting that both
prolamines are transported and deposited within PSV by different processes,
one Golgi-dependent and the other Golgi-independent. Pulse–chase experi-
ments showed that the dense PBs were formed from the light PBs, but the
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dense PBs were formed not by a gradual increase in density but by a quick
process of storage protein aggregation.

2.3
PB Formation in Barley

The barley PSVs are highly complex as they contain electron-light and
electron-dense staining globules, as well as a fibrillar matrix and vesicles
(Fig. 1d) (Cameron-Mills and von Wettstein 1980). The electron-dense glob-
ules and the fibrillar matrix predominated in Risø 1508, a mutant line defi-
cient in B and C hordeins, indicating that the electron-light staining globules
were made up of B and C hordeins (Cameron-Mills and von Wettstein 1980),
a conclusion later confirmed by immunogold labeling studies (Rechinger
et al. 1993). Unlike wheat, where several studies demonstrated the existence
of ER inclusion bodies, no such entities have been described in barley except
in the Nevsky barley line, which is discussed below. Instead, dense vesicles
containing hordeins associated with the Golgi were prominently observed
(Galili and Herman 1997; Møgelsvang and Simpson 1998). In addition to
those contained within the PSV, globules were also detected free in the cyto-
plasm. These cytoplasmic globules were not surrounded by a rough ER-like
membrane. The cytoplasmic globules varied in size (0.34 µm on average) and
were smaller than those present in the PSV (average size of 1.15 µm). Over-
all, these microscopic observations discount the existence of a direct ER to
PSV pathway in developing barley endosperm. Instead, PB formation in bar-
ley is mediated by the Golgi, where the hordeins are initially concentrated
into dense vesicles, and later in cytoplasmic globules which combine to form
larger species and eventually with the PSV.

In the barley line Nevsky, which lacks γ3-hordein (a minor B hordein),
nearly all of the B and C hordeins are observed as globules contained within
the ER lumen in the central starchy endosperm (Rechinger et al. 1993). These
observations suggest a possible role for γ3-hordein in conferring transport
competence of B and C hordeins from the ER to the Golgi. Interestingly, sub-
aleurone cells exhibited a normal PB phenotype of globules contained within
the PSV and were nearly devoid of intracisternal inclusion granules in the ER.
This apparent dichotomy depending on the cell type suggests that the extent
of hordein assembly within the ER depends on relative rates of synthesis, of
protein folding, and of their export from the ER (Tooze et al. 1989). In young
subaleurone cells, the rate of hordein synthesis is lower than its export rate
from the ER, thereby favoring hordein accumulation in the PSV. In the bulky
endosperm the high rates of hordein synthesis exceed its capacity for export,
conditions leading to elevated levels in the ER lumen and their assembly to
form an inclusion granule.
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3
PB Formation in Maize

The major storage proteins in maize kernels are the alcohol-soluble zeins
(Coleman and Larkins 1999; Shotwell and Larkins 1989). Maize also contains
smaller quantities of legumin-1, an 11S globulin (Yamagata et al. 2003), which
is deposited in small PSVs. The zeins are composed of four major classes,
α, β, γ , and δ, which are readily distinguished by their different molecular
sizes and their dependence on reducing agents for their solubility in alcoholic
solutions. The α-zeins are sulfur-deficient polypeptides of relative molecular
mass (Mr) 19 000 and 22 000, and constitute the most abundant class (70%)
of the prolamine fraction. The other zein classes are sulfur-rich and con-
sist of the cysteine-rich γ -zeins, the second most abundant class, with major
species at 16 and 27 kD as well as a third minor species of 50 kD identified
by expressed sequence tag (EST) analysis of a maize developing endosperm
library (Woo et al. 2001). The two remaining classes consist of β-zeins of
Mr 15 000 and δ-zeins of Mr 10 000 (some inbred lines also have a δ-zein
of Mr 18 000). These zein classes are sulfur-rich in containing a high mole
percentage of cysteine and methionine residues. Sequence alignments indi-
cate that the β-zeins belong to the γ -zein family in sharing the conserved
N-terminal and C-terminal peptides (Woo et al. 2001). Both the γ -zeins and
β-zeins require a reducing agent for their solubilization in alcoholic solu-
tion and exist as disulfide-linked protein complexes. The δ-zeins are the
most hydrophobic and exist as monomeric species, readily extractable in the
absence of reducing agents. Further details on the physical properties and
protein gene structures can be found in Coleman and Larkins (1999) and Woo
et al. (2001).

Zeins are packaged as accretions, spherical inclusion granules 1–2 µm
in diameter, within the ER lumen (Lending et al. 1988). The zeins lack the
canonical HDEL/KDEL retention/retrieval signal, and hence their retention
and localization within the ER has been a subject of many studies over the
past decade (Coleman and Larkins 1999). Although suggestions have been
made for a peptide signal functional equivalent to HDEL/KDEL, the retention
of zeins at the ER is likely due to their ability to assemble into a stable intracis-
ternal inclusion granule (Geli et al. 1994; Kim et al. 2002) at a rate significantly
higher than its capacity for ER export.

Based on its spherical shape and the lack of an unfolded protein response
with accompanying high amounts of the lumenal chaperone BiP, zeins must
be assembled and packaged in a highly ordered structure. Indeed, Lending
and Larkins (1989) have shown in a series of elegant electron micrographs
that the zein protein bodies undergo a series of morphological changes dur-
ing their enlargement to a mature organelle. Young PBs, found in subaleurone
cells, are small and electron dense and contain only γ - and β-zeins. Dur-
ing the maturation of the endosperm cell, the enlarging PB contains small,
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electron-lucent locules containing α- and δ-zeins (Esen and Stetler 1992;
Lending and Larkins 1989). As additional α- and δ-zeins accumulate in older
endosperm cells, the electron-lucent locules fuse to form a large central core
of α- and δ-zeins surrounded by a thinner shell of β- and γ -zeins. Thus, the
development of the zein PB occurs by a strict temporal expression pattern
where the γ - and β-zeins are accumulated first, followed by the deposition
and assembly of α- and δ-zeins to form the core region and, in turn, the
displacement of γ - and β-zeins to the periphery. The spatial location of the
various zeins within the inclusion granule is likely directed by their intrinsic
physical properties.

3.1
The Role of Protein to Protein Interactions in Maize PB Formation

The biochemical basis for zein PB formation has been explored by express-
ing various zeins in a wide variety of heterologous hosts and plant tissues
(Coleman and Larkins 1999). Despite the limitations of these systems, valu-
able information has been obtained from these studies, which have provided
novel insights into how these proteins are retained and assembled to form
a spherical intracisternal inclusion granule 1–2 µm in diameter.

The 27-kD γ -zeins form ER inclusion granules when expressed in Ara-
bidopsis leaves (Geli et al. 1994). The γ -zein containing ER inclusions, how-
ever, were much smaller (< 0.5 µm) and somewhat amorphous in shape than
those seen in maize. The 27-kD γ -zein has a modular structure contain-
ing an N-terminal domain with PPPVHL tandem repeats, and a conserved
cysteine-rich C-terminal domain. Removal of the N-terminal proline-rich
tandem repeat domain resulted in the export of the truncated γ -zein from the
ER to the extracellular space, whereas removal of the conserved C-terminal
domain transformed the small ER inclusions to large reticulated ER-bound
structures. These observations indicate that the two domains have different
roles in PB formation. The proline-rich tandem repeat domain is required for
retention of the γ -zeins within the ER lumen by promoting protein to pro-
tein interactions and their assembly into a higher order protein conformation.
The conserved C-terminal peptide is essential for the formation of a highly
ordered spherical granular structure mediated by intermolecular disulfide
bonds.

The β-zeins also have the capacity to form PBs in tobacco seeds and
leaf tissues (Bagga et al. 1995), although the PB morphology was quite dis-
tinct from that seen for γ -zeins. In leaves, the PBs appeared as highly lobed,
rosette-like structures. In seeds, the PBs resembled those found in maize en-
dosperm, although multilobed PBs and multiple inclusion granules bounded
by a single ER membrane were also apparent. In contrast to an earlier re-
port (Hoffman et al. 1987), no significant levels of β-zein were observed in the
crystalloid areas of the PSV although, in rare instances, a spherical β-zein PB
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was detected in the matrix region, an event suggested to occur by autophagy.
A more recent study (Coleman et al. 2004), however, showed that the forma-
tion of ER-bound PBs is a relatively rare event and that the bulk of the β-zein
is exported to the PSV (discussed below).

The β- and γ -zeins are each capable of forming PB-like structures, whose
morphology reflects the intrinsic physical properties of each protein. In nei-
ther case were these PBs, formed by homotypic interactions of a single zein
class, identical in morphology to the spherical compact accretions observed
in maize. In light of their coordinate expression during the early endosperm
development and colocalization in an early immature PB, it is likely that the
interactions and assembly of γ - and β-zeins is a prerequisite for normal PB
formation in maize.

Unlike the γ - and β-zeins, the α-zeins failed to accumulate to any apprecia-
ble extent when expressed in most heterologous hosts (Coleman and Larkins
1999). Coexpression with the 27-kD γ -zein, however, elevated the expression
of a 22-kD α-zein by stabilizing protein levels (Coleman et al. 1996). Immuno-
cytochemical analysis showed that both zein classes were located in spherical
PBs similar in appearance to those observed during the early stages of maize
development. The PBs were 0.1–0.5 µm in diameter and consisted of α-zein-
associated electron-lucent locules contained within an electron-dense γ -zein
matrix. The results support the view that γ -zeins help retain α-zeins within
the ER by sequestering them and preventing their export from this compart-
ment.

The accumulation of α-zein was also stabilized by coexpression with β-
zein in tobacco seeds (Coleman et al. 2004). Closer examination showed that
accumulation of α-zein but not β-zein was temporally regulated, suggest-
ing that α-zein was more prone to proteolysis. Electron microscopic studies
showed the presence of both multilobed and single spherical PBs. Interest-
ingly, the multilobed PBs contained only β-zein while the single spherical PBs
harbored both α- and β-zeins, although their spatial distribution was just the
opposite from that seen in maize. The electron-lucent locules labeled with
α-zein antibody were located on the periphery and surrounded the electron-
dense β-zein core. Hence, β-zeins are capable of interacting with α-zeins and
retaining them within the ER, but are not responsible for their spatial dis-
tribution within the protein body. This role is probably assumed by γ -zeins,
which are capable of sequestering α-zeins to the core region.

Indirect immunofluorescence studies showed that although a few small
PBs were observed, most of the α- and β-zeins were localized to the PSV
(Coleman et al. 2004). The PSVs showed uniform fluorescence for both zein
species, indicating that the zeins were randomly dispersed within this com-
partment. Therefore, the increase in α-zein accumulation in these transgenic
plants was not due to their retention in the ER but, instead, to their protection
by β-zeins from proteolysis within the PSV. In addition, these observations
indicate that the α- and β-zeins are capable of ER export and at rates much
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higher than their capacity to form inclusion granules. The γ -zeins may also
be exported from the ER efficiently when expressed in Arabidopsis and to-
bacco and only a small proportion may form ER-derived PBs.

It is unclear why the α- and β-zeins exit the ER so efficiently in tobacco. It
is possible that the interaction of γ - and β-zeins and their assembly retards
their export from the ER and that these two zein species work in unison to
sequester α-zein within this compartment, as suggested by yeast two-hybrid
analysis (discussed below). The existence of a receptor-like protein that re-
tards the export of β-zein, however, cannot be excluded.

The 10-kD but not the 18-kD δ-zeins are capable of forming PBs in to-
bacco leaves and seeds (Bagga et al. 1997; Hinchliffe and Kemp 2002). These
PBs, which differ considerably in structure from the γ -zein and β-zein types,
contained amorphous inclusions surrounded by a thick layer of osmophilic
material. Coexpression with β-zein resulted in a four- to five-fold increase in
δ-zein accumulation. These results support the interaction between β- and
δ-zeins where formation of the complex stabilizes δ-zein from proteolytic
turnover. Interestingly, the mixed zein PBs were identical to that observed
in the β-zein expressing plants, indicating that the structural properties of
β-zein dictate the morphology of this inclusion granule.

The putative interactions between the various zein classes are supported by
results obtained by yeast two-hybrid analysis. In particular, the protein bind-
ing specificity of the 16-kD γ -zein and 15-kD β-zein suggest that they play
important roles in PB formation. These two zeins showed strong homotypic
interaction with themselves, and strong heterotypic interactions with each
other as well as with other zeins. The 16-kD γ -zein interacts with the 50- and
27-kD γ -zeins as well as with the 19- and 22-kD α-zeins and 10-kD δ-zein.
Likewise, the 15-kD β-zein interacts with the 22-kD α-zein and 10-kD δ-zein.
The interacting properties of the 16-kD γ -zein and 15-kD β-zein overlapped
in specificity, suggesting that they play a dominant role in the assembly and
formation of the PB.

3.2
RNA Localization in Maize

The formation of ER-bound PBs in rice has been suggested to be facilitated
by the specific targeting of prolamine RNAs to the PB-ER (see Sect. 4.1). Using
an in situ hybridization technique to visualize the density of RNAs on thin se-
cretions of developing maize endosperm, Kim et al. (2002) showed that the
22-kD α-zein and 27-kD γ -zein RNAs were not concentrated but, instead, dis-
tributed uniformly on the cisternal ER and PB-ER membranes. This random
distribution of RNAs was consistent with earlier biochemical fractionation
studies (Larkins and Hurkman 1978), which showed that microsomal mem-
branes enriched for cisternal ER and PB-ER membranes had about the same
translational capacity for zein synthesis. These results led to the conclusion
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that zein protein interactions determine PB assembly and that RNA localiza-
tion of zein RNAs played, at best, a minor role in this process.

Curiously, when expressed heterologously in developing rice endosperm,
the 10-kD δ-zein RNA displayed asymmetric localization to the PB-ER
(Washida and Okita, unpublished data). Further studies showed that this
RNA contained zip code sequences that targeted green fluorescent protein
(GFP) RNA to the PB-ER (Washida and Okita, unpublished data). To resolve
these apparent differences in RNA localization in maize and rice, the localiza-
tion of RNA coding for the various zein classes together with a legumin-like
protein were reexamined in maize endosperm (Washida et al. 2004). Reverse
transcriptase polymerase chain reaction (RT-PCR) analysis showed that the
various zein RNAs had restricted localization to the PB-ER, whereas legumin
RNAs were targeted to the cisternal ER. These results support a role for RNA
localization in PB formation in maize.

The basis for the apparent differences in results between these two studies
(Kim et al. 2002; Washida et al. 2004) remain to be resolved. Further stud-
ies must be conducted in maize to show whether these zein RNAs actually
contain zip codes that direct RNA localization to the PB-ER, and whether PB
formation is dependent on the targeting of zein transcripts to these mem-
branes.

Overall, maize PB formation is dependent on the temporal expression pat-
terns of the various zein classes, and their intrinsic properties to interact
and assemble with each other and with other zein classes to form a higher
ordered, stable inclusion granule. The initial deposition of γ - and β-zeins in
early development and the propensity of these zeins to form intracisternal
inclusion granules by homotypic protein to protein interactions support the
dominant role of these proteins in initiating PB formation. Both zein types
interact with α- and δ-zeins, which enables these zeins to be retained in the
ER lumen so that they eventually interact with themselves to form locules and
then later the central PB core.

4
PB Formation in Rice

Unlike other plants which store predominantly a single class of storage pro-
teins, rice accumulates three major types (Muench et al. 1999). The most
abundant on a weight basis are the glutelins, storage proteins homologous
to 11S globulins, which constitute up to 60% of the total protein. Two other
classes are the alcohol-soluble prolamines (∼ 20%) and α-globulins (∼ 10%).
These storage proteins are transported to and accumulated in different sites
of the endomembrane system (Krishnan et al. 1986; Tanaka et al. 1980). When
viewed by electron microscopy, two types of PBs are evident in the bulky en-
dosperm: irregularly shaped, electron-dense PSVs containing glutelins and
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globulins, and spherical ER-bound inclusion granules containing prolamines
(Fig. 1e).

The rice prolamines, which lack repetitive sequences, are composed of
sulfur-rich (10-, 13-, and 16-kD molecules) and sulfur-poor (13-kD molecule)
species (Ogawa et al. 1987). The sulfur-rich species comprise about 60% of
the total prolamine fraction and possess the ABC modular structure of the
prolamine superfamily where each domain contains a single or a pair of
conserved cysteine residues (Shewry et al. 1995). When viewed by electron
microscopy, the spherical ER-derived PBs possess a high electron density
core with a surrounding lamellar structure (Bechtel and Juliano 1980; Ogawa
et al. 1987; Yamagata and Tanaka 1986). Immunocytochemical analysis indi-
cates that the sulfur-rich prolamines reside in the electron-dense core region
surrounded by sulfur-poor prolamines (Ogawa et al., unpublished data). Tem-
poral expression studies (Ogawa, unpublished data) show that the sulfur-rich
10- and 13-kD prolamines are initially deposited within the ER lumen to form
the electron-dense core followed by the accumulation of the other prolamine
species which form the peripheral lamellar structure. This spatial relation-
ship between sulfur-rich and sulfur-poor prolamines within the intracisternal
inclusion granule is just the opposite to that seen in maize, where the sulfur-
poor zeins constitute the core which, in turn, is surrounded by the sulfur-rich
species (Lending et al. 1988). The PBs found in the endosperm of sorghum
(Shull et al. 1992) and Setaria (Rost 1971) resemble the rice prolamine PBs,
suggesting that they are formed by a similar process.

The mechanism by which prolamine polypeptides are assembled into
a structurally ordered stratified inclusion granule remains largely unex-
plored. As suggested for maize zein PB formation, specific protein to protein
interactions among the various rice prolamine classes are likely responsible
for the ordered spatial organization of the PBs. In addition to homotypic and
heterotypic interactions, there is compelling evidence that the lumenal chap-
erones are actively involved in this cellular process. Rice endosperm contains
unusually high amounts of the lumenal chaperone BiP, which can be easily
detected by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) of PB extracts (Li et al. 1993a). This lumenal chaperone was found to
be associated with nascent prolamine chains bound to polysomes, free pro-
lamine polypeptides, and on the surface of the prolamine inclusion granule.
The association with the latter was ATP dependent. Moreover, immunocyto-
chemical studies showed that BiP was not uniformly distributed to the ER
but, instead, concentrated on the periphery of the prolamine PBs (Muench
et al. 1997). Overall, these observations indicate a role for BiP in prolamine
polypeptide folding and assembly to form an intracisternal inclusion granule.

Glutelin synthesis is detected in 5-day-old developing seeds, whereas the
onset of prolamine accumulation occurs 5 days later (Yamagata and Tanaka
1986). Glutelins are initially synthesized on ER-bound polysomes (Yamagata
and Tanaka 1986) as a 57-kD precursor, which is then cleaved to acidic and
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basic subunits within the PSV (Yamagata et al. 1982). Transport from the ER
to the PSV is through the Golgi apparatus, an organelle containing two highly
curved cisternae with attached glutelin-containing dense vesicles (Krishnan
et al. 1990). Larger dense vesicles were evident in the cytoplasm, suggesting
that they were formed by fusion of smaller vesicles (Oparka and Harris 1982).
The mature PSV is composed of glutelin crystalline inclusions separated by an
electron-dense matrix (Bechtel and Juliano 1980; Krishnan et al. 1986).

Few studies have been directed at understanding the expression of the
third most abundant rice storage protein, the α-globulins. These proteins are
synthesized on the ER and exported to the Golgi apparatus where they form
dense vesicles, which are then transported to the PSV (Krishnan et al. 1992).
The globulins accumulate in the matrix located at the periphery and the bor-
der regions between the glutelin crystalline inclusions. This partitioning of
α-globulins from glutelins within the PSV suggests that these proteins are not
cotransported together to the PSV but, instead, use different pathways.

Despite its solubility in saline solutions, the 26-kD α-globulin is a member
of the prolamine superfamily (Krishnan and Pueppke 1993). Kawagoe et al.
(2005) showed in an elegant study that the conserved cysteine residues in the
motifs LxxC (A domain), CCxQL (B domain), and PxxC (C domain) formed
two intra-disulfide bonds, which were essential for proper polypeptide fold-
ing and intracellular localization. GFP fusions containing the AB domain were
found to be mislocalized to the prolamine PB, while the same protein con-
taining a C79S (CC79xQL of the B domain) replacement was properly sorted
to the PSV. As cysteine-79 forms a disulfide bond with the conserved cysteine
(PxxC) of the C domain, the unreacted residue interacts with a sulfur-rich
prolamine resulting in its retention within the ER lumen. Replacement of
cysteine-79 enables the GFP fusion to fold properly and gain competence for
protein export.

4.1
Localization of Rice Storage Protein RNAs

The presence of a signal peptide and translation by membrane-bound
polysomes indicates the synthesis of these storage proteins on the ER
(Muench et al. 1999; Takaiwa et al. 1999). Early studies have suggested that the
storage proteins were not randomly synthesized on this membrane complex
but distributed to specific subdomains. In vitro translation of polyA+-RNA
isolated from a highly enriched prolamine PB fraction produced only pro-
lamine, indicating that prolamine mRNA was highly enriched on the PB-ER
(Yamagata et al. 1986). In contrast, glutelins were present at more than
twofold greater levels than prolamine transcripts RNA in a microsomal
fraction enriched for cisternal ER vesicles (Kim et al. 1993). The nonran-
dom distribution of these storage protein RNAs on the ER subdomains was
unequivocally demonstrated by results obtained by biochemical and high-
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resolution in situ hybridization studies (Li et al. 1993b). Prolamine RNAs
were highly enriched on the PB-ER while glutelin RNA predominated on
the cisternal ER. By assessing the spatial location of RNA transcripts from
synthetic prolamine gene constructs in transgenic developing endosperm
tissue, targeting to PB-ER was dependent on signals contained within the
prolamine RNA and not its primary sequence (Choi et al. 2000). Interest-
ingly, protein synthesis was required for PB-ER localization, although this
requirement could be provided by translatable reporter gene sequences such
as β-glucuronidase (GUS) or GFP independent of prolamine sequences. Dele-
tion analysis confirmed the presence of two partially redundant cis elements
or zip codes, located in the prolamine RNA coding sequence and 3′ un-
translated region, which were required for PB-ER targeting (Hamada et al.
2003a). RNA transport was shown to occur by the formation and movement
of a particle, the latter dependent on intact actin filaments but not on intact
microtubules (Hamada et al. 2003b).

4.2
Storage Protein Mutants

Three mutants esp1, esp3, and Esp4, generated by N-methyl-N-nitrosourea
mutagenesis, contained significant alterations in prolamine accumulation.
The esp1 mutant was deficient in sulfur-poor 13-kD polypeptides, while esp3
and Esp4 contained depressed and elevated levels of the sulfur-rich pro-
lamines, respectively (Kumamaru et al. 1987, 1988). The spherical PBs in esp3
and Esp4 mutations lacked the typical lamellar structure, although Esp4 PBs
showed an enlarged electron-dense core surrounded by a region of uniform
electron density while PBs of esp1 had the same structure as wild type (Ogawa
et al. 1989), suggesting that sulfur-rich prolamines are essential for the core
formation of ER-derived PBs.

Several glup mutants have been identified that contain abnormal elevated
amounts of the 57-kD glutelin precursor, which is normally processed to
acidic and basic subunits in the PSV compartment. One mutant, esp2, lacks
a functional 60-kD protein disulfide isomerase (PDI) (Takemoto et al. 2002).
Electron microscopic analysis showed that PSVs were normal in appearance
but that the formation of prolamine-accumulating PBs was significantly al-
tered where numerous small, low electron density ER-derived PBs of uniform
size (0.5 µm in diameter) were readily observed in place of the normally
larger spherical PBs possessing stratified regions of varying electron density.
Immunocytochemical and biochemical studies showed that these abnormally
small PBs contained glutelin as well as prolamine bound together by inter-
molecular disulfide bonds (Takemoto et al. 2002). The retention of glutelins
within the ER lumen via their interaction with prolamine polypeptides in-
dicates that this lumenal chaperone is required for intramolecular disulfide
bond formation for these storage proteins. Glutelin is not absolutely depen-
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dent on PDI for intramolecular S – S bond formation as normal PSVs are
readily evident, which may occur especially in 5- to 10-day-old developing
seeds where glutelin synthesis occurs in the absence of prolamine. PDI may
be essential at 10 days and later where synthesis and accumulation of these
storage proteins are occurring at their maximum rates.

Immunocytochemistry of the glup4 mutant showed a significant disrup-
tion in transport of glutelins to the PSV. Instead of normal PSVs 2–3 µm in
size, numerous smaller cytoplasmic inclusions were present. Moreover, re-
gions of the ER were highly distended and contained glutelins. Map-based
cloning studies showed that the glup4 gene encodes a Rab5a-like protein,
which possesses GTPase activity and functions in vesicle traffic (Satoh, un-
published data). The accumulation of glutelin precursor within the ER in
glup4 endosperm may be due to a defect in the export of glutelins from the
ER.

Analysis of the glup3 mutant showed that the PSVs contained large quan-
tities of unprocessed glutelin precursors, suggesting a defect in proteolytic
processing (Kumamaru, unpublished data). Subsequent analysis revealed that
the vacuolar processing enzyme (VPE) activity in the developing seeds from
three independent glup3 lines in rice was markedly reduced compared to wild
type. DNA sequencing of the VPE gene in these glup3 lines revealed single or
multiple amino acid replacements or the formation of premature stop codons
in the coding region. The glup3 gene encodes a major VPE, which is respon-
sible for the proteolytic processing of glutelin precursor within the PSV.

5
Conclusions

The major cereal grains deposit their reserve protein in the PSV or ER lumen.
Irrespective of the endomembrane site used for storage, the processes respon-
sible for the formation of the inclusion granule within the ER lumen or within
Golgi-associated dense vesicles are likely to be functionally similar. In the ER
lumen, the storage proteins must be correctly folded into a competent state,
a process facilitated by chaperones, for subsequent protein to protein inter-
actions or for their export from the ER. Another shared requirement for PB
formation is that the storage proteins must be concentrated, a condition con-
ducive for protein to protein interactions, at its initial site of inclusion granule
formation, whether it is the ER lumen or Golgi-associated dense vesicles. Lo-
calization of RNAs to a defined ER subdomain, such as the PB-ER in rice
endosperm, would effectively concentrate the levels of the newly synthesized
prolamine polypeptide at this site. The assembly of storage proteins within
Golgi-associated dense vesicles is not known, although one obvious mechan-
ism would be the retrograde transport of vesicles from the cis-Golgi to the
ER resulting in the concentration of the storage proteins within this compart-
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ment and their assembly into an inclusion within the dense vesicle. Lastly,
the site of final deposition utilized by the different cereals may depend on the
relative rates of storage protein synthesis, rates of polypeptide folding, and
rates of export from the ER as inferred by the example seen for the barley
Nevsky line.

The proposed Golgi-independent, direct ER to PSV pathway requires fur-
ther study for its role in PB formation in wheat. Questions that remain to be
addressed include the biochemical processes involved in the release of the in-
tracisternal inclusion granule from the ER and the autophagic uptake of the
intracisternal inclusion granule into a vacuole, the biochemical basis for the
trapping of BiP within the inclusion granules, and the determination of the
relative contribution of this pathway compared to the Golgi-dependent path-
way in PB formation. These studies should provide critical insights into how
closely related wheat and barley can exploit distinct cellular pathways for the
packaging of nearly identical proteins to the PSV.
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Abstract This chapter deals with the mechanisms by which endosperm cell walls arise,
with the composition and synthesis of endosperm cell wall polysaccharides, and with
their specific functions during seed development and germination. The endosperm cell
walls differ from somatic cell walls in polysaccharide composition. Endosperm walls of-
ten contain massive amounts of storage hemicelluloses such as mannan, galactomannan,
glucomannans, xyloglucans, (1,3;1,4)-β-glucans but very little of cellulose. These hemicel-
luloses act as carbohydrate stores for the germinating embryo and, depending on their
specific physico-chemical properties, may also play additional roles in water retention
during post-imbibition drought, mechanical protection of the embryo, and signaling. In
recent years, many of the genes responsible for the synthesis of endosperm cell wall
polysaccharides have been identified. Endosperm cell walls have also evolved special
mechanisms of formation. In the nuclear-type of endosperm development, which is the
most common type in all analyzed species, the endosperm becomes multinucleate (syn-
cytial) before cellularizing. Cellularization proceeds by the simultaneous formation of
syncytial-type cell plates between sister and non-sister nuclei. Syncytial-type cell plates
form at the boundaries of nuclear cytoplasmic domains, which are defined by radial sys-
tems of microtubules that organize on the envelope of endosperm nuclei. These cell plates
are associated with clusters of microtubules called mini-phragmoplasts that transport the
cell plate-forming vesicles to the division plane. In contrast to phragmoplasts in dividing
somatic cells, mini-phragmoplasts never form a coherent cytoskeletal structure around
the expanding cell plate. Syncytial-type cell plates undergo several developmental stages
before completion of the new cell wall: vesicle fusion intermediates, wide tubules and
wide tubular networks, convoluted fenestrated sheets, and planar fenestrated sheets.

1
Introduction

Primary cell walls consist of polysaccharides, smaller proportions of glyco-
proteins and, in some specialized cell types, various non-carbohydrate sub-
stances such as lignin, suberin, cutin, or silica. Wall polysaccharides are tradi-
tionally classified into three categories: pectins, hemicelluloses, and cellulose.
Pectins and hemicelluloses are components of the wall “matrix”, within which
the cellulosic microfibrils are embedded. Cell wall formation in plants is me-
diated by the phragmoplast, an array of microtubules, actin filaments, and
associated molecules that arise from the mitotic spindle remnants and act
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as a framework for the growing cell plate. In most dividing cells, the site
where the new cell wall will form is determined at the beginning of mito-
sis by a cortical array of microtubules called preprophase band (Mineyuki
1999). Endosperm cell walls are highly specialized and differ from typical so-
matic cell walls in their composition, functions, and in most cases, in their
mechanism of formation (cytokinesis).

The endosperm cell walls are often thickened due to the presence of mas-
sive amounts of hemicelluloses. These specialized cell walls represent an im-
portant source of carbohydrates during germination and, in some cases, they
play additional functions in water retention, signaling, mechanical protection
of the embryo, and dormancy (Reid 1985; DeMason 1997; Buckeridge et al.
2000). In many seeds, the embryo cell walls are also specialized in polysac-
charide storage. However, in general terms, the endosperm can store much
larger amounts of cell wall storage polysaccharides. In fact, in some extreme
cases like fenugreek (Trigonella foenum-graecum) seeds, the endosperm cell
walls almost completely occlude the cell lumen and, at seed maturity, the en-
dosperm is a dead tissue except for an outer layer of living aleurone cells
(Meier and Reid 1977).

This chapter deals with the mechanisms by which endosperm cell walls
arise, with the composition and synthesis of endosperm cell wall polysac-
charides, and with their specific functions during seed development and
germination.

2
Mechanisms of Cell Wall Formation in the Endosperm

The temporal and spatial pattern of cell wall formation has been one of
the key features in defining the three traditional categories of endosperm
development: cellular-, nuclear-, and helobial-types (see Brown and Lem-
mon, in this volume). Whereas in the cellular-type endosperm cytokinesis is
coupled to mitosis, several cycles of nuclear division occur in the nuclear-
type endosperm before cell walls are formed. The helobial-type is a special
developmental variant in which the first mitotic division of the endosperm
cell leads to the formation of two unequally sized uninucleate cells. Later
in development, both cells become multinucleate but only the largest one
located toward the micropylar region cellularizes. The nuclear-type is the
most common pathway of endosperm development. The cytokinetic mech-
anism leading to the cellularization of the nuclear-type endosperm has been
extensively studied in cereals and Arabidopsis thaliana (see Berger et al.,
in this volume). The focus of this chapter is the mechanism of cell plate
formation in the Arabidopsis endosperm as revealed by studies that ana-
lyze cryofixed/freeze-substituted endosperm samples by conventional elec-
tron microscopy, immunolabeling, and electron tomography.
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2.1
Syncytial-Type Cell Wall Formation in Arabidopsis

Nuclear-type endosperms undergo several cycles of nuclear division and
repositioning of nuclei before cellularization. In Arabidopsis, the cellular-
ization process, which involves the simultaneous formation of multiple cell
plates between sister and non-sister nuclei, starts at the micropylar domain
when the embryo reaches the globular stage of development (Fig. 1) (Otegui
and Staehelin 2000b). This particular type of cytokinesis is called syncytial-
type cytokinesis and differs from somatic-type cytokinesis in two important
aspects: (1) there are no pre-prophase bands of microtubules determining the
position of the new cell walls (Mineyuki 1999); and (2) the phragmoplasts as-
sociated with syncytial-type cell plate do not arise from mitotic spindles but
from sets of overlapping microtubules located at the boundaries of nuclear
cytoplasmic domains (Otegui and Staehelin 2000a,b; Brown and Lemmon
2001a).

Just before syncytial-type cytokinesis occurs, microtubules assemble into
microtubule-organizing centers associated with the outer membrane of the
nuclear envelope (Canaday et al. 2000) and radiate outwards, intersecting
the microtubules extending from adjacent nuclei (Fig. 1b). The portion of
cytoplasm encompassed by a radial array of microtubules is called a nuclear–
cytoplasmic domain (Brown et al. 1994; Pickett-Heaps et al. 1999; Brown and
Lemmon 2001b). At this stage, the endosperm nuclei are located in a periph-
eral cytoplasmic layer lining the plasma membrane and the central vacuole
(or the developing embryo in the endosperm micropylar domain). Cellu-
larization starts with the formation of phragmoplasts at the boundaries of
adjacent nuclear cytoplasmic domains, where opposite sets of microtubules
overlap (Fig. 1c). These phragmoplasts consist of clusters of approximately 20
microtubules and they are called mini-phragmoplasts (Otegui and Staehelin
2000b; Otegui et al. 2001). Although conventional phragmoplasts in somatic
cytokinesis also arise as microtubule clusters or phragmoplast initials, in later
stages of cytokinesis they tend to form a continuous structure around the de-
veloping cell plate (Segui-Simarro et al. 2004; Austin et al. 2005), whereas in
the endosperm, mini-phragmoplasts never form a coherent structure.

The combination of high-pressure freezing/freeze substitution and elec-
tron tomography have revealed amazing details about the complex three-
dimensional organization of membranes and cytoskeletal elements in the
cytokinetic apparatus of syncytial-type cell plates in the endosperm of Ara-
bidopsis (Otegui and Staehelin 2000a; Otegui et al. 2001; Otegui and Austin
2006). Golgi-derived vesicles travel along mini-phragmoplast microtubules
and fuse with each other within a dense matrix called the cell plate assembly
matrix (CPAM). The exact composition of the CPAM is not known, but it ap-
pears to mediate membrane fusion events and to stabilize microtubule ends
during both somatic- and syncytial-type cytokinetic processes.



162 M.S. Otegui

Fig. 1 Model depicting the main developmental stages in the assembly of syncytial-type
cell plates. a Overview of a developing Arabidopsis seed just prior to endosperm cellu-
larization. Cellularization starts at the micropylar endosperm domain (MCE) when the
embryo (E) reaches the globular stage. b At this stage, the nuclear endosperm is orga-
nized into nuclear cytoplasmic domains (NCD) defined by radial systems of microtubules
(MT). c Cellularization starts with the assembly of mini-phragmoplast (MP) at the bound-
aries of adjacent nuclear cytoplasmic domains and vesicle fusion at the division plane.
d Assembly of multiple wide tubular networks (WTN) across the division plane.
e Formation of a coherent cell plate by fusion of adjacent wide tubular networks and
maturation of the central cell plate domains into convoluted fenestrated sheets (CFS).
f Fusion of the cell plate with the parental plasma membrane and conversion of convo-
luted sheets into planar fenestrated sheets (PFS). CPAM cell plate assembly matrix, CW
cell wall, CZE chalazal endosperm, DB dumbbell-shaped intermediate, DP division plane,
EN endothelium, G Golgi stack, GE cell plate growing edge, N nucleus, PEN peripheral
endosperm, PM plasma membrane, V Golgi-derived vesicle
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As vesicles fuse, they first form dumbbell intermediates and later, they
give rise to wide tubules of approximately 45–50 nm in diameter. These wide
tubules become longer and branched, and fuse with each other originat-
ing a wide tubular network at every mini-phragmoplast site (Figs. 1d and
2a). These wide tubular structures appear to be stabilized by the presence of
DRP1A (dynamin-related protein 1A) helical polymers, which are organized
in rings and spirals that constrict the cell plate tubules (Figs. 2b and 2b′)
(Otegui et al. 2001). As the wide tubular networks assemble in an expand-
ing division plane, they fuse with each other forming a coherent cell plate
between two adjacent endosperm nuclei. By this time, callose starts to be
synthesized in the forming cell plate and the central, more mature wide tubu-
lar network domains convert into a system of highly convoluted fenestrated
sheets, while the expanding cell plate edges keep on incorporating new vesi-
cles and wide tubules (Figs. 1e and 3a).

As the cell plate reaches the parental plasma membrane, it fuses with it.
This appears to trigger the massive removal of membrane by the budding off
of clathrin-coated vesicles and the conversion of the convoluted fenestrated
sheets into a more planar system of fenestrated sheets (Figs. 1f and 3b). In
fact, up to 75% of the total membrane surface area is removed from the cell
plate at this time. Also, the CPAM disappears from the planar fenestrated
sheet domains, although it remains at the cell plate growing edges (Otegui
et al. 2001).

Due to the asymmetric architecture of the Arabidopsis endosperm (see
Berger et al., in this volume), the cell plate forming in different endosperm
domains have different fates. Those cell plates growing in the micropylar do-
main, between the embryo and the parental endosperm cell wall facing the
endothelium, fuse with one another and with the parental plasma membrane
at both the embryo and the endothelium sides, and mature into cell walls. In
contrast, cell plates assembling in the thin layer of cytoplasm located between
the plasma membrane and the tonoplast of the central vacuole, fuse first with
the parental plasma membrane and with the adjacent cell plates, whereas the
cell plate edges facing the central vacuole keep on growing (Fig. 1f). This
particular pattern of cellularization leads to the formation of open alveoli
containing one nucleus each. Once these first set of anticlinal cell walls have
formed, the following cycles of nuclear division are coupled to cytokinesis
(Sorensen et al. 2002; Olsen 2004).

Although syncytial- and somatic-type cytokinetic mechanisms are over-
all similar and utilize many of the same enzymatic and regulatory molecules
(Jürgens 2005), syncytial-type cell plates exhibit specific architectural dif-
ferences that relate to the spatial and developmental features of the en-
dosperm. For example, whereas syncytial-type cell plates develop wide tubu-
lar membrane network intermediates, somatic type cell plates in meris-
tematic cells exhibit tubulo-vesicular network/fenestrated sheet geometries
(Segui-Simarro et al. 2004). It is reasonable to believe that the tubular net-
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Fig. 2 Tomographic analysis of syncytial-type cell plate assembly in the Arabidop-
sis endosperm. a Tomographic reconstruction of a wide tubular network. The mini-
phragmoplasts located at the edges of the cell plates are encircled by dashed lines.
Numerous vesicles and dumbbell fusion intermediates (DB) are found in the vicinity
of the cell plate. For clarity, the cell plate assembly matrix is not shown in this re-
construction but it encloses the totality of the wide tubular network. b Tomographic
slice and b′ corresponding tomographic model of a tubular domain of an endosperm
cell plate. Note the presence of an electron dense collar (arrowheads) corresponding to
a DRP1A polymer (Otegui et al. 2001) associated with a constricted membrane tubule.
CCV clathrin-coated vesicle, MT microtubules, NCV non-coated vesicle, WTN wide tubu-
lar network. Scales = 100 nm in a; 50 nm in b and b′. Panel a reprinted from Otegui et al.
(2001, © 2001 American Society of Plant Biologists)
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Fig. 3 Tomographic analysis of syncytial-type cell plates in the Arabidopsis endosperm.
a Tomographic reconstruction of a cell plate consisting of a central convoluted fenestrated
sheet domain (CFS) and peripheral wide tubules (WT) at the growing edges. At the left,
the cell plate growing edge extends toward the tonoplast of the central vacuole, whereas at
the right, the growing edge is close to the parental cell wall (PCW). b Portion of a planar
fenestrated sheet already fused to the parental cell wall via two wide tubules. A cluster
of mini-phragmoplast microtubules appears to be directing vesicles to the fusion zone
(FZ). CCB clathrin-coated bud, CCV clathrin-coated vesicle, EN endothelium, MT micro-
tubule, NCV non-coated vesicle, T tonoplast. Scales = 100 nm. Panels a and b reprinted
from Otegui et al. (2001, © 2001 American Society of Plant Biologists)

work configuration provides more mechanical flexibility to the cell plates
in the endosperm, which rapidly changes in size and shape as the embryo
enlarges.

As in the somatic-type cytokinesis, syncytial-type cell plates also synthe-
size callose during maturation (Samuels et al. 1995; Otegui and Staehelin
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2000b; Hong et al. 2001). However, in contrast to somatic-type cytokinesis,
the callose deposits produced in the syncytial cell plates persist after com-
pletion of the cell walls. Once again, this peculiar variation in cell wall com-
position might relate to the specific functions of the endosperm. Callose-rich
endosperm walls might be advantageous because: (1) in contrast to cellulose,
callose can be readily broken down into glucose residues by specific cell wall
enzymes (Verma and Hong 2001), and therefore, callose is suitable for use as
a carbohydrate reserve for the embryos; (2) callose has gel-like properties that
can confer high plasticity to the endosperm cell walls, allowing for the spa-
tial remodeling of the endosperm around the enlarging embryo. Although in
low quantities, cellulose is also synthesized in the endosperm cell plates in
Arabidopsis (Otegui and Staehelin 2000b)

2.2
Polysaccharide Composition of Mature Endosperm Cell Walls

Mature endosperm cells usually exhibit thickened cell walls. In contrast to
primary cell walls in other tissues, polysaccharide storage cell walls in the
endosperm often contain little cellulose and are highly enriched in hemicellu-
losic polysaccharides. It is not well understood how these cell walls with very
limited amounts of cellulose can stably assemble. However, this is clearly an
adaptation to their specific function as carbohydrate-storing compartments
since hemicellulosic polysaccharides are much easier to degrade than cellu-
lose. The main cell wall storage polysaccharides in the endosperm belong to
different groups of hemicellulosic polysaccharides such as mannans, galac-
tomannans, glucomannans, xyloglucans, and (1,3;1,4)-β-glucans, depending
on the species.

2.2.1
The Mannan Group: Pure Mannans, Glucomannans, and Galactomannans

These all contain backbones rich in (1,4)-linked-β-d-mannose residues,
which may also contain d-glucose residues and/or a galactosyl side chain
substitutions.

“Pure” mannans contain at least 90% mannose and few (1,6)-β-d-galactose
side chain substitutions (see Fig. 1 and 4a); they are insoluble in water and, to
some extent, crystalline in the cell wall (Buckeridge et al. 2000). Mannans con-
fer rigidity and hardness to endosperm cell walls and their structural features
have been studied in seeds of palm species, such as the date palm (Phoenix
dactylifera) and the ivory nut tree (Phytelephas macrocarpa) (Reid 1985).
In addition, mannans are abundant in the endosperm cell walls of Carum
carvi (Hopf and Kandler 1977) and others umbelliferous (Apiaceae) species,
as well as in coffee seeds (Coffea arabica, Rubiaceae) and some legumes such
as Schizolobium amazonicum (Petkowicz et al. 2001).
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Fig. 4 Main groups of storage polysaccharides in the endosperm. Partial structures and
micrographs of endosperm cell walls containing mannans and galactomannas (a), xy-
loglucans (b), and mixed-linkage (1,3;1,4)-β-glucans (c). Solid arrows indicate linkages
that are always present whereas dashed arrows in mannans/galactomanns and in xyloglu-
cans indicate variable substitution patterns. Al aleurone layer, CW cell wall, Gal galactose,
Glc glucose, Man mannose, St E starchy endosperm, St starch granule, Xyl xylose

Galactomannans are related to mannans but they contain more (1,6)-
β-d-galactosyl side chains (Fig. 4a). In contrast to mannans, galactoman-
nans with a high degree of side chain substitutions are soft and highly
hydrophilic. Galactomannans are found in the endosperm of endospermic
leguminous seeds, such as fenugreek (Trigonella foenum-graecum), guar
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(Cyamopsis tetragonoloba), and locust bean (Ceratonia siliqua); in the en-
dosperm of tomato (Solanum lycopersicum) (Fig. 4a) and coffee seeds, and
other groups such as Convolvulaceae, Asteraceae, and Arecaceae (Reid 1985;
Buckeridge et al. 2000; Dhugga et al. 2004). The degree of galactose substi-
tution in galactomannans varies from Man/Gal values of 1.1 anto about 3.5
(Reid et al. 2003) and it has a drastic effect on seed hardness and water reten-
tion capacities.

Galatomannans play multiple roles in seeds. Their hydrophilic proper-
ties enable the endosperm to retain water during post-imbibition drought,
protecting the embryo from desiccation. In addition, they are mobilized as
storage reserves during seed germination (Reid and Bewley 1979; Buckeridge
and Dietrich 1996). Galactomannans from seeds are heavily used for indus-
trial application. For example, guar and locust bean are used in food industry
as viscosifiers, stabilizers, and gelling agents.

Glucomannans contains approximately equal amounts of (1,4)-β-d-man-
nose and d-glucose residues in their backbones, and sometimes galactosyl
side chains. They are found in the endosperm of species of Liliaceae, such as
asparagus (Asparagus officinalis) (Goldberg et al. 1992; Williams et al. 2001)
and Iridaceae (Andrews et al. 1953; Reid 1985).

Thick endosperm cell walls rich in mannans and galactomannans with
low level of side chain substitution are hard, and therefore, they may impose
mechanical constraints on the germinating embryo. In some cases, such as
coffee, asparagus, tobacco (Nicotiana tabacum), and tomato, the micropylar
endosperm cells located close to the embryo radicle often differ from the re-
maining endosperm cells in having thinner cell walls. In addition, in some
seeds, enzymatic activity is required for the weakening of the micropylar en-
dosperm cell walls prior to germination. For example, in lettuce (Lactuca
sativa) and Datura ferox seeds, there is an increase in endo-β-mannanase ac-
tivity at the micropylar endosperm area prior to radicle emergence (Dutta
et al. 1997; Sanchez and deMiguel 1997). In tomato seeds, both endo-β-
mannanase and β-mannosidase activities increase prior to the completion of
germination in the micropylar endosperm, and both increase in the lateral
endosperm following germination (Mo and Bewley 2002, 2003).

2.2.2
Xyloglucans

Xyloglucans are one of the major hemicellulose polysaccharides in all primary
cell walls of flowering plants. Xyloglucans consists of a (1,4)-β-d-glucose
backbone with numerous β-d-xylose residues linked at regular sites to the O6
position of the glucose residues (Figs. 1 and 4b). Some of the xylosyl residues
are substituted further with β-l-arabinose or β-d-galactose, depending on
the species. In most primary cell walls, the side chains of xyloglucans bear
a terminal β-l-fucosyl residue.
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Biochemical studies have been conducted on seed storage xyloglu-
cans from different species and tissues, such as endosperm cell walls of
Myrsinaceae (Fig. 4b) (Otegui et al. 1998, 1999) and cotyledons of nas-
turtium (Tropaeolum majus, Tropaeolaceae), jojoba (Simmondsia chinensis,
Simmondsiaceae), and several members of the legume family: tamarind
(Tamarindus indica), jatoba (Hymenaea courbaril), Afzelia africana, Detar-
ium senegalense, and Copaifera langsdorfii (Watanabe et al. 1980; Gidley et al.
1991; Buckeridge et al. 1992, 1997; York et al. 1993; Lima et al. 1995; Wang
et al. 1996; Hantus et al. 1997; Yamagaki et al. 1998; Freitas et al. 2005; Ren
et al. 2005). The main distinctive feature of storage xyloglucans in seeds
is the low amount or complete absence of terminal fucosyl residues in the
side chains. The significance of this structural peculiarity of seed xyloglu-
cans is not clear. Fucosylation of the xyloglucan side chains does not appear
to significantly affect the wall strength (Pena et al. 2004). In fact, Arabidop-
sis mutants with drastic decrease in xyloglucan fucosylation, such as mur2
and atfut1, have no observable alterations in plant growth and cell wall
strength (Vanzin et al. 2002; Perrin et al. 2003). However, in vitro studies
suggest that the absence of fucose in storage xyloglucans may improve their
self-associating properties, leading to a more efficient packing of xyloglucan
molecules in the thick storage cell walls (Lima et al. 2004).

In addition to their role as storage polysaccharides during germina-
tion, seed xyloglucans may have important signaling functions (McDougall
and Fry 1990). Interestingly, the biological responses triggered by xyloglu-
can oligosaccharides are highly dependent on the structural features of the
xyloglucosyl oligomers and side chains. Fucosylated xyloglucan oligosac-
charides from suspension cultures of Rosa sp. act as an anti-auxin 2,4-
dichlorophenoxyacetic acid (2,4-D) growth promotor in etiolated pea stems
(McDougall and Fry 1988) and are also able to inhibit gibberelic acid growth
induction of pea segments (Yang et al. 1996). The anti-auxin activity de-
pends on the presence of the β-l-fucopyranosyl β-(1 →2)-d-galactopyranosyl
β-(1 →) side chain of the xyloglucan (Vargas-Rechia et al. 1998). Interest-
ingly, seed xyloglucan oligosaccharides from Hymenaea courbaril lack ter-
minal fucosyl residues and promote growth of wheat (Triticum aestivum)
coleoptiles independently of the presence of the auxin analog 2,4-D (Vargas-
Rechia et al. 1998).

2.2.3
(1,3;1,4) β-glucans

Mixed-linkage (1,3;1,4)-β-d-glucans, commonly referred to as β-glucans, are
abundant hemicelluloses in the order Poales, which includes cereals, but are
not present in walls of other angiosperm species. They are one of the most
abundant polysaccharide in the cereal endosperm cell walls (they constitute
up to 70% of the endosperm walls) (Carpita 1996), although the main carbo-
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hydrate store in cereal grains is starch. These β-glucans are linear molecules
with approximately 30% (1,3)- and 70% (1,4)-linkages. The composition of
the walls of the starchy endosperm and the aleurone cells is qualitatively
similar, but quantitatively different. In barley, the cell walls of the starchy
endosperm consist of about 70% β-glucan and 20% arabinoxylan, whereas
the aleurone cell walls contain 26% β-glucan and 67% arabinoxylan (Bacic
and Stone 1981a,b; Woodward et al. 1983; Brennan and Cleary 2005). The
(1,3)-linkages in the linear β-glucan backbone occur singly whereas the (1,4)-
linkages are found mostly in sequences of two or three (Skendi et al. 2003)
(Fig. 4c), but sequences of up to four have been reported (Cui et al. 2000).
Hence the molecules may be regarded as being composed of (1,3)-β-linked
cellotriosyl and cellotetraosyl units (Cui et al. 2000; Buckeridge et al. 2001;
Tosh et al. 2004).

The composition of the endosperm cell walls has important effects on ce-
real grain uses, such as baking, malting and brewing, and animal and human
nutrition (Philippe et al. 2006). As a major component of soluble fiber in
the human diet, β-glucan has been implicated in reducing the risk of col-
orectal cancer and lowering serum cholesterol and glucose levels. However,
the presence of (1,3;1,4)-β-glucans in the barley endosperm may have serious
negative effects in the brewing process. The viscous β-d-glucans can inter-
fere with fermentation and also inhibit the filtration process, leaving beer
with an unappealing haze (Brennan and Cleary 2005; Keegstra and Walton
2006).

3
Synthesis of Endosperm Cell Wall Polysaccharides

The Arabidopsis genome contain almost 800 genes encoding putative gly-
cosyltransferases or glycosyl hydrolases (approximately 3.3% of the genes),
likely involved in cell wall synthesis, remodeling, and degradation (Hen-
rissat et al. 2001; Coutinho et al. 2003; Somerville et al. 2004). Cell wall
polysaccharides are synthesized in two organelles in plant cells. Callose and
cellulose, both unsubstituted β-linked glucose polymers, are synthesized at
the plasma membrane by the callose and cellulose synthase proteins, respec-
tively, whereas the remaining non-cellulosic cell wall polysaccharides, such
as pectins and hemicelluloses, are produced in the Golgi by glycan synthases
and glycosyltransferases (Verma and Hong 2001; Scheible and Pauly 2004;
Somerville et al. 2004; Cosgrove 2005; Liepman et al. 2005).

The main components of endosperm cell walls are hemicelluloses, and
therefore, the enzymes responsible for their synthesis are assumed to be
Golgi-localized. In addition, arabino-galactan proteins, which represent an
abundant component in some endosperm cell walls, are also synthesized in
the secretory pathway, that is, the endoplasmic reticulum and the Golgi.
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Some of the putative golgi-localized glycan synthases are encoded by
cellulose-like synthase (CSL) genes, which have been identified based on their
sequence homology with the cellulose synthase catalytic subunit genes. The
CSL genes have been divided into eight different subfamilies, CSLA–H. The
Arabidopsis genome contains members of six CSL subfamilies, CSLA–E and
CSLG (Richmond and Somerville 2000, 2001) whereas two additional subfam-
ilies, CSLF and CSLH, have been identified in rice (Oryza sativa) (Hazen et al.
2002). Although only few CSL genes have been assigned a biological func-
tion, it is assumed that the CSL subfamilies are responsible for the synthesis of
the backbones of all non-cellulosic β-linked polysaccharides (with the excep-
tion of callose) such as β-(1,4)-galactans, xylans, mannans, xyloglucans, the
β-(1,3)- and β-(1,6)-galactans of arabino-galactans (Goubet et al. 2003), and
the mixed-linkage (1,3;1,4)-β-glucans found in Poales.

Galactomannans are synthesized by the combined action of a GDP-
mannose-dependent mannan synthase (ManS), which makes the β-(1,4)-
linked mannan backbone, and a galactosyltransferase, which catalyzes the
transfer of galactosyl residues from UDP-galactose to the mannan backbone
to assemble the galactosyl side chains (Edwards et al. 1999, 2002, 2004; Reid
et al. 2003). One member of the CSLA subfamily isolated from the devel-
oping endosperm of guar has ManS activity when expressed in embryonic
soybean cultured cells. The protein is highly and specifically expressed in the
guar endosperm. It is predicted to have five transmembrane domains and it
localizes to the Golgi (Dhugga et al. 2004). In addition, at least three CSLA
genes from Arabidopsis, CSLA2, CSLA7, and CSLA9, encode for ManS en-
zymes. In vitro activity assays of these enzymes indicate that they are capable
of incorporating GDP-mannose or GDP-glucose into β-linked homo- or het-
eropolymers, depending on the presence or absence of the other nucleotide
sugars in the incubation mixture (Liepman et al. 2005). Based on these stud-
ies, it has been postulated that all CSLA genes encode proteins with ManS
activity.

At least four different types of enzymes are necessary for xyloglucan syn-
thesis: a β-glucan synthase necessary for assembling the xyloglucan back-
bone, and xylosyl-, galactosyl-, and fucosyl-transferases for the synthesis of
the xyloglucan side chains. The first gene identified as being involved in xy-
loglucan synthesis was AtFUT1 (fucosyltransferase 1) (Perrin et al. 1999). In
Arabidopsis, only the AtFUT1 gene, appears to be responsible for xyloglu-
can fucosylation (Perrin et al. 2003; Scheible and Pauly 2004). However, as
mentioned above, seed storage xyloglucans are typically non-fucosylated and
therefore, xyloglucan fucosyltransferases are not expected to be highly ex-
pressed or active in endosperm cells. In Arabidopsis, a xylosyltransferase
(AtXT1) that adds xylosyl residues to cello-oligosaccharides (Faik et al. 2002)
and MUR3, a galactosyltransferease that transfers galactosyl residues to
specific xylosyl residues on xyloglucan molecules (Madson et al. 2003) have
been characterized. The β-glucan synthases necessary for assembling the xy-
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loglucan backbone have not been identified yet but they are assumed to be
encoded by one of the CSL gene subfamilies.

The mechanism of synthesis of mixed-linkage (1,3;1,4)-β-glucans has been
extensively studied in excised maize coleoptiles (Buckeridge et al. 1999,
2001). In addition, the CSLF genes from rice have been shown to encode for
(1,3;1,4)-β-d-glucan synthases (Burton et al. 2006).

4
Concluding Remarks

The endosperm is one of the most fascinating plant tissues. It is not only
a unique system for studying plant development and cell differentiation but
it is also one of the main sources of carbohydrate and proteins in the hu-
man diet worldwide. In addition, endosperm cell walls are used in multiple
industrial processes. The polysaccharide storage endosperm cell walls offer
a unique opportunity to study interactions between polysaccharide and cell
wall assembly in the presence of limited amounts of cellulose. In recent years,
many of the enzymes responsible for the synthesis of hemicelluloses present
in the endosperm cell walls have been identified. These discoveries open the
exciting possibility of designing molecular strategies to change the composi-
tion of the endosperm cell wall polysaccharides for both scientific research
and industrial applications.
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Abstract Starch comprises ∼ 70% of the dry weight of a cereal seed. Because the vast
majority of this starch is in the cereal endosperm and cereals are the major agricul-
tural plants grown world-wide, endosperm starch is the largest single contributor to the
world’s calorie supply. Starch biosynthesis in the endosperm is described herein. Empha-
sis is placed on classical “biochemical genetics”, with the central theme of deciphering
the biochemical lesions conditioned by mutants. These types of analyses have uncovered
complexities in the pathway that were/are undetectable by other methods. Unexpected
conclusions are highlighted. Starch synthesis in the endosperm is contrasted with its bio-
genesis in other tissues. Possible application of principles derived from endosperm starch
synthesis to other biochemical pathways is discussed.

1
Introduction

Typical endosperm starch is composed of two major glucose polymers, amy-
lose and amylopectin. The latter comprises usually ∼ 75% of the total starch.
Amylose is a rarely branched polymer of glucose with the sugar moieties
linked through α 1,4 bonds. Amylopectin contains the same backbone as
amylose; however this molecule is branched with α 1,6 bonds at the junction
sites. These branches constitute approximately 5% of all glycosidic bonds.
Another branched polymer, phytoglycogen is present in some plant mutants
lacking a starch debranching enzyme. In contrast to amylopectin, phytoglyco-
gen contains 10% α 1,6 bonds and is water soluble.

Cereal yields would not be nearly as high as they are today were it not for
a peculiar property of amylopectin structure. The α 1,6 branch points are not
random but rather are clustered. These clusters are believed important be-
cause the glucan side-chains are juxtaposed such that they allow formation of
double-helical structures. These, in turn, allow dense and efficient packaging
of glucose residues in an insoluble state and the synthesis of extraordinarily
large molecules. A model accounting for the clustered nature of branches is
described below.

The endosperm is the archetypical “sink” tissue for carbon storage. Sug-
ars, primarily sucrose, flow from the leaf source tissue to the endosperm
and, through a series of reactions, the carbon of sugars ends up in starch.
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Biochemical studies of two classical mutants, Sh1 (shrunken1) and Mn1
(miniature seed1) (reviewed in Koch 2004) revealed that these affect early
steps in the sucrose to starch conversion, namely the breakdown of sucrose.
Sh1 encodes the major sucrose synthase (sucrose + UDP ⇐⇒ UDP-glucose
and fructose) whereas Mn1 affects cell wall invertase (sucrose ⇒ fructose +
glucose) activity. The enzymes do not function in a redundant or parallel
fashion since a mutant kernel phenotype occurs when either gene (not both)
is homozygous for a loss-of-function mutant allele. The sucrose synthase
reaction is freely reversible; however, sucrose synthase functions physiologi-
cally as a sucrose degradase.

While developing maize kernels can synthesize sucrose as shown by the
detection of sucrose in kernels grown on only glucose and/or fructose (Cobb
and Hannah 1988), the ability to synthesize sucrose is not diminished in a sh1
mutant. This shows that the physiological role of sucrose synthase is, in fact,
the breakdown of sucrose. Hence, the most parsimonious explanation for all
data is that sucrose appears at least twice in the starch biosynthetic pathway,
an interpretation consistent with classical studies of Shannon (for example,
Shannon 1968).

In contrast to earlier ideas, it is now clear that there is extensive inter-
mediary metabolism in the sucrose to starch conversion. One of the clearest
demonstrations of this came from labeling studies. Glawischnig et al. (2002)
performed incorporation studies whereby every carbon of the incorporated
and labeled glucose or sucrose contained 13C. Analysis of the synthesized
starch showed that the most highly abundant labeling patterns in the glucose
molecules were 1,2,3-13C3 and 4,5,6-13C3. These patterns are best explained
by widespread degradation and resynthesis of glucose. As suggested (Glawis-
chnig et al. 2002) sucrose catabolism through glycolysis, glucogenesis and the
pentose phosphate pathway most likely precedes starch biosynthesis.

Four enzymatic activities catalyze steps unique to starch biosynthesis
(Table 1).

The first enzyme, adenosine diphosphate glucose pyrophosphorylase
(AGPase) synthesizes the precursor for starch formation, ADP-glucose. This
is used to elongate glucose polymers through formation of α 1,4 bonds
by a class of enzymes termed starch synthases (SS). The α 1,6 bonds are
formed by starch branching enzymes (SBE). Surprisingly, mutant analyses
have definitively identified starch debranching enzymes (DBE) as necessary
for the synthesis of wildtype starch levels. Evidence for the importance of
these enzymes is given below. Also, because of the importance of starch and
the active research in the area, a number of excellent recent reviews have been
written. Readers are referred to them for additional information (Ball and
Morell 2003; Hannah 1997, 2005; James et al. 2003; Martin and Smith 1995;
Myers et al. 2000; Nelson and Pan 1995; Preiss and Levi 1980; Preiss et al. 1991;
Tetlow et al. 2004).
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Table 1 Enzymes of maize endosperm starch synthesis and the genes that encode them.
Comparable genes have been reported in other cereals. A dichotomy exists in gene
nomenclature. Names in parenthesis refer to the altered kernel phenotype detectable by
eye. Other genes are named on the basis of the encoded enzyme.

Enzyme Gene Critical paper

Adenylate transporter Bt1 (brittle1) Sullivan et al. 1991
AGP large subunit Sh2 (shrunken2) Hannah & Nelson 1976
AGP small subunit Bt2 (brittle2) Hannah & Nelson 1976
Branching enzyme Ae (amylose-extender) Fisher et al. 1993
Branching enzyme Sbe1a Yao et al. 2004
Branching enzyme Sbe2a Blauth et al. 2001
GB starch synthase Wx (waxy) Nelson & Rines 1962
Isoamylase Su1 (sugary1) James et al. 1995
Pullulanase Zpu1 Dinges et al. 2003
Starch synthase Du (Dull) Gao et al. 1998
Starch synthase Su2 (sugary2) Zhang et al. 2004

Starch synthesis in the endosperm differs fundamentally from starch syn-
thesis in other tissues. Whereas the precursor of starch, adenosine diphos-
phate glucose is synthesized in the plastid in all non-endosperm tissues so
far examined, this sugar is synthesized in the cytosol of endosperm cells.
The biochemical genetics of the major enzymes unique to endosperm starch
formation are described below.

2
Adenosine Diphosphate Glucose Pyrophosphorylase (AGPase)

AGPase synthesizes ADP-glucose and pyrophosphate from glucose-1-PO4 and
ATP. ADP-glucose is then used as the glucose donor for amylose, amylopectin
and phytoglycogen biosynthesis. AGPase is a heterotetramer in all plant tis-
sues and is a homotetramer in virtually all bacteria. In maize, the gene Sh2
(shrunken2) encodes the large subunit of the endosperm whereas the en-
dosperm small subunit is encoded by brittle-2 (Bt2) (Hannah and Nelson
1976; Bhave et al. 1990; Bae et al. 1990). Loss-of-function sh2 and bt2 mutants
accumulate high levels of sugars at the expense of starch synthesis.

That AGPase is uniquely situated in the cytosol of endosperm cells was
mentioned above. Because earlier studies demonstrated a plastid localiza-
tion for AGPases of the spinach leaf and of the potato tuber (Kim et al.
1989; Okita et al. 1979), it was expected that this would also hold true for
endosperms. Early hints of a cytosolic positioning of AGPase came from
the lack of a plastid transit peptide on the BT2 and SH2 proteins as well
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as the barley endosperm proteins (Giroux and Hannah 1994; Villand and
Kleczkowski 1994). Also, the sizes of SH2 and BT2 proteins synthesized by
in vitro transcription and translation were identical to those of the corres-
ponding in vivo-synthesized proteins (Giroux and Hannah 1994). Definitive
proof for a cytosolic location of AGPase came from metabolite analysis of
a brittle1 (Bt1) mutant. Bt1 encodes a membrane-bound metabolite trans-
porter (Sullivan et al. 1991) and its loss leads to a high sugar/low starch
phenotype identical to that of a sh2 or bt2 mutant. Shannon and coworkers
(Cao et al. 1995; Shannon et al. 1996, 1998) showed that ADP-glucose accu-
mulated to high levels in the cytosol of a bt1 mutant; however, this did not
occur in a sh2, bt1 double mutant. The build-up in the bt1 mutant showed
that the genetic lesion associated with this mutant must come after ADP-
glucose synthesis but before its incorporation into starch. And the elevated
ADP-glucose levels in a bt1 mutant must come from the Sh2-encoded AGPase.
Since Bt1 encodes a membrane-bound transporter, the only logical conclu-
sion was that ADP-glucose is synthesized in the cytosol and then transverses
the membrane into the plastid. In addition, 85 to 95% of total AGPase activ-
ity was shown to be in the cytosol by use of enhanced cellular fractionation
techniques (Denyer et al. 1996; Thorbjornsen et al. 1996a). Subsequently, from
measurement of ADP-glucose and UDP-glucose levels, Beckles et al. (2001)
concluded that a cytosolic location for AGPase is a feature of graminaceous
endosperms but not of other starch-storing organs.

Evidence accumulated from a number of plants (and bacteria) leave no
doubt that AGPase represents a rate limiting step in starch biosynthesis. It
catalyzes the first committed step in this pathway and its allosteric proper-
ties are essential in controlling rates of starch biosynthesis (reviewed in Preiss
et al. 1991; Preiss and Romeo 1989; Hannah 1997, 2005). Definitive genetic
data proving the rate-limiting role played by this enzyme and the importance
of its allosteric properties first came from characterization of the glycogen
overproducing E. coli mutant, glgC-16. Importantly, expression of the alloster-
ically enhanced glgC-16 mutant gene in potato tubers led to greater than 35%
increase in starch levels (Stark et al. 1992).

Most plant AGPases are activated by 3-phosphoglyceric acid (3PGA) and
inhibited, or in at least one case deactivated, by inorganic phosphate (Pi).
An exception to this is the barley endosperm AGPase which appears to be
recalcitrant to allosteric effectors (Rudi et al. 1997; Doan et al. 1999). The
importance of Pi inhibition came from analysis of a Sh2 variant isolated
through transposon mutagenesis. Giroux et al. (1996) isolated a Sh2 variant
via excision of the transposable element dissociation (Ds) termed Rev6, that
conditioned a phosphate less-sensitive maize endosperm AGPase. This vari-
ant can cause up to a 40% increase in seed weight, depending on the genetic
background and the growing conditions. Starch and other components were
increased in this variant, suggesting that enhanced starch synthesis creates
a stronger carbon sink within the endosperm. Likewise another allosterically
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enhanced E. coli AGPase variant was shown to increase seed weight up to 11%
when expressed in rice (Sakulsingharoj et al. 2004).

Another important parameter affecting AGPase activity is the enzyme’s la-
bility to heat (reviewed in Greene and Hannah 1998a,b). Compared to other
enzymes in the starch biosynthetic pathway, AGPase is one of the most if
not the most heat labile enzyme. Accordingly, a more heat stable maize en-
dosperm AGPase termed HS33 was isolated by use of an E. coli expression
system and by monitoring glycogen synthesis at elevated temperatures of
mutagenized Sh2 or Bt2 genes (Greene and Hannah 1998b). This mutant func-
tions by enhancing interactions between the SH2 and BT2 proteins.

The two variants, HS33 and Rev6 were placed in one gene and expressed in
wheat (Smidansky et al. 2002), rice (Smidansky et al. 2003) and maize (Han-
nah and Greene, in preparation). Yield increases of 38% (wheat), 23% (rice)
and 68% (maize) were recorded under standard field conditions. High tem-
peratures amplified the yield difference observed in maize. These data point
to the critical roles played by AGPase’s allosteric and heat stability proper-
ties in conditioning grain yield. Surprisingly, yield increase in all three cereals
was due to enhanced seed number rather than larger seeds. How alteration
in the endosperm starch biosynthetic pathway affects seed number is under
active research in a number of laboratories. Also, it would be interesting to
determine whether the altered maize AGPase would enhance seed number
in barley since the barley AGPase apparently is little effected by allosteric
modifiers.

As is the case for many enzymes, different isoforms of AGPase are ex-
pressed in maize. The maize endosperm, embryo and leaf (Hannah et al.
2001) employ three different isoenzymes. A fourth form, a minor activity in
the maize (Giroux and Hannah 1994) and wheat endosperm (Burton et al.
2002) has also been described.

Sequences of small and large subunits point to a series of gene duplications
underlying the different isoforms. The small and large subunits share much
sequence similarity with the lone bacterial subunit. This suggests that a gene
duplication event occurred early in plant evolution. Subsequent duplications
gave rise to the various forms of the small and of the large subunits.

It should be noted that while the small and large subunits share a common
origin, mutant analysis has revealed that they have diverged to the point that
they have complementary rather than duplicate functions. Loss of Sh2 func-
tion or Bt2 function leads to > 90% loss in maize endosperm AGPase activity
(Hannah and Nelson 1976). If the two subunits retained duplicate function,
a 90% activity loss would require mutation at both structural genes. Each
subunit however, when expressed alone in an E. coli expression system, condi-
tions 2 to 3% wildtype enzymes (Burger et al. 2003) showing that the ability to
catalyze ADP-glucose synthesis is not the exclusive domain of either subunit.

While genes encoding each subunit have undergone duplications, the
number and timing of these events differ dramatically for the two subunits.
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Compared to the small subunit, duplication of the large subunit gene oc-
curred early in evolution whereas the initial duplications of the small subunit
did not occur until after the separation of monocots and eudicots (Hannah
et al. 2001). Whether this timing in duplication events explains the more con-
served nature of the small subunit is an open question. Another possibility
was offered by Cross et al. (2004). They noted that the sequences of small sub-
unit introns show greater conservation compared to introns of large subunit
genes. This observation points to different intrinsic mutation rates of the two
gene families.

A third feature that may explain the difference in sequence conservation
is the fact that plants generally contain fewer small subunit genes than large
subunit genes. For example, Arabidopsis contains only one small subunit but
four large subunit genes (Crevillén et al. 2003) while rice has two small and
four large subunit genes (Akihiro et al. 2005). In the case of barley, wheat,
probably rice but not maize, one gene encodes the small subunit employed
in the endosperm and leaf (Thorbjørnsen et al. 1996b; reviewed in Hannah
2005). Alternative RNA splicing facilitates the use of two different first exons,
producing proteins with or without the chloroplast transit peptide. Hence,
one small subunit must interact with more than one large subunit and must
function in different cells types and in different subcellular locations. This
may place constraints on the small subunits that do not affect the large sub-
unit.

While it is clear that ADP-glucose is the primarily if not exclusive glu-
cose donor for starch synthesis, how the remaining enzymes of the path-
way, reviewed below, interact to give rise to the non-random placement of
α 1,6 bonds remains the most important unanswered question of starch
biosynthesis.

3
Starch Synthases (SS)

A series of different starch synthase isoenzymes elongates the linear chains of
glucose residues. One form is exclusively bound to the starch granule and is
termed the GBSS, while four others (SSI, SSII, SSIII and SSIV/V) are termed
soluble starch synthases although some can also be found within the gran-
ule (reviewed in James et al. 2003; Ball and Morell 2003; Tetlow et al. 2004).
Enzymes of the five classes bear much sequence similarity and the most
parsimonious explanation is they were derived from a common progenitor
through gene duplication events. In addition, there exist multiple forms of
each isoenzyme. A recent expression analysis of rice seed development de-
tected one functional gene for SSI, three genes for SSII, and two genes each
for SSIII, SSIV and GBSS (Hirose and Herao 2004). While all are expressed in
the developing seed, their developmental profiles do differ.
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The first biochemical-genetic characterization of this enzyme system oc-
curred over 40 years ago (Nelson and Rines 1962) with the enzymatic char-
acterization of the maize waxy (wx) locus and mutants therein. It was known
that endosperm starch lacking the Wx function is composed exclusively of
amylopectin. Nelson and Rines showed that the enzymatic function associ-
ated with the Wx locus was the starch-bound, ADP-glucosyl transferase or
starch synthase. This led to the surprising conclusion that branched amy-
lopectin is not synthesized from straight-chained amylose.

With the advent of transposon tagging, the functions of two additional
classic maize mutants with visible phenotypes were identified. Cloning and
sequencing of the genes dull1 (Du1) (Gao et al. 1998) and sugary2 (Su2)
(Zhang et al. 2004) showed that they encode the starch synthases, SSIII and
SSIIa, respectively. Loss of these gene functions alters starch structure. Loss
of SSIII in the du1 mutation increases the relative amounts of amylose, de-
creases the number of long chains, and increases the frequency of branching
(Wang et al. 1993). Loss of SSIIa in su2 gives rise to an apparent increase
in the amount of amylose and amylopectin composed of an increased pro-
portion of short glucan chains (one to nine glucose residues) in length and
a proportional decrease in chains of intermediate (10 to 23 glucose residues)
length.

Recently, mutants of SS1 were isolated in rice via transposon mutagene-
sis (Fujita et al. 2006). An analysis of a series of allelic mutants showed that
none conditioned a phenotype detectable by eye, nor was the size or shape of
the seed or starch granules affected. Interestingly, glucans having 8 to 12 glu-
cose residues were reduced in amount whereas chains with 6 to 7 and 16 to 19
glucose moieties were increased.

Mutant analyses are consistent with a model put forward by Commuri and
Keeling (2001). This model is based on kinetic analysis of the various starch
synthases and the lengths (in glucose residues) of likely substrates. Com-
muri and Keeling (2001) propose that SSI elongates short chain (< 10 glucose
residues) glucans. Importantly, while increased chain length enhances bind-
ing, it drastically slows the catalytic reaction of elongation. Commuri and
Keeling speculate that this phenomenon explains the fact that most SSI en-
zyme is found entrapped in the starch granule and that other starch synthases
catalyze the longer chain elongation reactions. With the recent demonstration
that only one SSI enzyme exists in rice (Hirose and Herao 2004) and knock-
out mutations in it do not destroy amylopectin synthesis, it seems reasonable
to suggest that other starch synthases must have the ability to elongate short
chains as well.

Some evidence points to the importance of phosphorylation and possible
interaction with 14-3-3 regulatory proteins in controlling starch synthase ac-
tivity. SSIIa activity is phosphorylated in the wheat endosperm (Tetlow et al.
2004) and this is associated with enhanced activity. The N-terminus of the
Du1-encoded SSIII is much longer than that of other starch synthases and
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bears a binding motif for 14-3-3 protein. Interestingly, expression of an an-
tisense 14-3-3 construct in Arabidopsis leaves doubles leaf starch content
(Sehnke et al. 2001).

4
Starch Branching Enzymes (SBE)

Synthesis of α 1,6 linkages occurs via a series of starch branching enzymes.
Acting perhaps in concert with starch synthases, these enzymes first cleave
an α 1,4 bond generating a chain of glucose moieties. This is then attached to
a glucose residue with formation of an α 1,6 bond.

Two major classes (I and II) of branching enzymes have been identified,
based on sequence similarity and substrate preference. Longer glucans are
transferred by SBEI which tends to branch polymers with fewer branches,
compared to SBEII (reviewed in Satoh et al. 2003). Three distinguishable
endosperm SBE isoforms are known; SBEIa, SBEIIa and SBEIIb (reviewed
in Yao et al. 2004). In maize these are encoded by Sbe1a, Sbe2a and Ae
(amylose-extender), respectively. The first two genes were defined via molecu-
lar analyses whereas Ae was first identified by its visible kernel phenotype
and subsequently named for its increase in amylose content compared to
amylopectin composition. Mutants and silencing constructs for branching
enzymes have now been described in maize, rice and wheat. Analyses of these
variants point to significant plant specific differences these endosperm en-
zymes play.

SBEI mutants have been reported in maize (Blauth et al. 2001; Yao et al.
2004) and in rice (Satoh et al. 2003). Whereas loss of SBEI in maize is reported
to have no impact on amylopectin structure, Satoh and colleagues report that
loss of this enzyme in rice changes the amylopectin structure. Chains contain-
ing 12 to 21 and more than 37 glucose residues were reduced in the mutant
whereas chains having less than 10 and between 24 to 34 glucoses were en-
hanced relative to wildtype. Whether the maize/rice difference is caused by an
additional maize SBEI gene has yet to be elucidated.

Loss of SBEIIa has been reported in maize (Blauth et al. 2001; Yao et al.
2004) and in wheat (Regina et al. 2006). Transposon mutagenesis was used
in maize while a gene silencing construct was exploited in wheat. Whereas
loss of SBEIIa in maize gave rise to leaf starch with little to no branching and,
in turn, to non-lethal leaf senescence, endosperm starch was virtually unal-
tered in this mutant. In contrast, an SBEIIa gene silencing gene construct in
wheat effectively doubled endosperm amylose content at the expense of amy-
lopectin. Contrasting wheat/maize phenotypes have also been noted for loss
of SBEIIb. The classical maize amylose-extender mutation is now known to
encode SBEIIb. Loss of this gene product produces amylopectin with longer
chains and fewer branches per cluster. In contrast, loss of SBEIIb function in
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wheat has no discernable effect. It is also of note that the relative levels of
gene expression of SBEIIa and IIb differ in wheat and maize. This likely ex-
plains the difference in mutant phenotypes. Another surprising result is that
removal of SBEIIb and SBEIa in the maize endosperm increases rather than
decreases the number of branches within a cluster and decreases rather than
increases chain length. Perhaps the presence of SBEIa activity somehow in-
hibits SBEIIa activity in the maize endosperm (Yao et al. 2004). Removal of
SBEIa allows SBEIIa function.

Phosphorylation also appears to play a role in branching activity and per-
haps other starch biosynthetic enzymes (Tetlow et al. 2004). The presence
of ATP stimulates amylopectin but not amylose synthesis in the wheat en-
dosperm. This led to studies showing that all three SBE enzymes require
phosphorylation for maximal activity. Furthermore, phosphorylation is re-
quired to strengthen interactions involving SBEIIb, SBEI and starch phos-
phorylase. This latter observation provides an explanation for the partial
loss of SBEI activity when SBEIIb activity is removed genetically (James
et al. 2003).

5
Starch Debranching Enzymes (DBE)

Surprisingly, hydrolysis of α 1,6 linkages by starch debranching activity is
required for synthesis of wildtype amylopectin levels. This unanticipated con-
clusion was first suggested by Pan and Nelson (1984) who reported that de-
branching activity was reduced in a sugary1 (Su1) mutant. Mutant su1 alleles
are characterized by increased sucrose content, reduced starch, and, uniquely,
a buildup of the highly branched polymer termed phytoglycogen. In contrast
to amylopectin, phytoglycogen is water soluble and 10% of its glucose-glucose
linkages are in an α 1,6 configuration (reviewed in Dinges et al. 2001; James
et al. 2003). Amylopectin structure is altered in su1 mutants.

DBE enzymes fall into two classes as judged by substrate specificity. The
two isoforms are termed pullulanase and isoamylase. James et al. (1995) used
transposon mutagenesis to clone Su1 and showed that it encodes isoamylase.
Pullulanase activity, however, is also reduced in su1 mutants. Analysis of a se-
ries of su1 mutants has highlighted the complexity of isoamylase function, its
position in the starch pathway and its possible interaction with other starch
metabolizing enzymes.

One sugary1 mutant, termed sugary1-Reference (su1-R) has been partic-
ularly informative. This mutant genetically defined the Su1 locus over 100
years ago. Sequencing of this allele (Dinges et al. 2001) revealed three amino
acid changes, and from comparison to other su1 alleles, su1-R appears to
be a total loss-of-function allele. Likewise, a second total loss-of-function al-
lele caused by insertion of the transposable element, Mutator and termed
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su1-R4582::Mu1 produces no protein. A third allele, termed su1-st (sugary-
starchy) was caused by insertion of a transposable element termed Toad. It
exhibits alternative RNA splicing and produces drastically reduced amounts
of the SU1 protein. While the protein is reduced in amount, it is sufficient to
condition an intermediate phenotype in one, two or three doses in the en-
dosperm, as judged by kernel phenotype and chemical composition. Crosses
involving the null allele su1-R4582::Mu1 and su1-st gives rise to kernels with
an intermediate phenotype. However, endosperms containing both su1-R and
su1-st exhibit the extreme, total loss-of-function phenotype of su1-R.

Molecular investigations provide a possible explanation for these intrigu-
ing dominance relationships exhibited by the two heterozygotes. Isoamylase
appears to be a large multimer of SU1 proteins (reviewed in James et al. 2003).
Given this structure, the presence of the mutant SU1-R protein could “poi-
son” or otherwise inactivate debranching activity of SU1 polymers. This in-
activation would not occur in heterozygotes harboring su1-R4582::Mu1 since
this latter mutant does not produce a SU1 protein.

Another fascinating fact gleaned from characterization of su1 mutants was
the finding that the other debranching enzyme, pullulanase, is also reduced
in su1 mutants. This reduction appears to be related to elevated sugar levels
since pullulanase is also reduced in sh2 mutants (Wu et al. 2002). Another
captivating feature of the sugary1 locus is that although its enhancement of
sugars has been exploited by the sweet corn industry for many years, the un-
derlying reason for increased sugar is not known. It is possible that the lack
of efficiently packaged glucose in starch backs up the pathway, giving rise to
enhanced sugar levels.

A pullulanase maize mutant was recently isolated via transposon muta-
genesis (Dinges et al. 2003). Mu insertion into the maize pullulanase1 gene
(Zpu1) and consequent mutant analysis showed that maize contains only one
gene encoding this enzymatic activity. Furthermore, the enzyme is expressed
into several tissues and is involved in both starch synthesis and degradation.
Loss of Zpu1 activity reduces the rate of leaf starch breakdown, increases
the percentage of amylose in leaf starch and reduces germination and early
seedling growth. Surprisingly, endosperm starch shows only minor modifica-
tion. Total endosperm starch and sugars are unaffected, although phytoglyco-
gen is moderately reduced. The lengths of phytoglycogen side branches in the
mutant were noticeably shorter.

Double mutant analysis (Dinges et al. 2003) revealed that isoamylase and
pullulanase likely have partially overlapping roles. Loss of both debranch-
ing enzymes conditions phytoglycogen content five times that of either single
mutant and reduces starch content below that of either mutant. Interest-
ingly, mutational obliteration of either pullulanase or isoamylase causes loss
of starch branching enzyme IIa in endosperms. These data point to the
complexity of starch synthesis and the likely involvement of complexes in-
volving several enzymatic activities.
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The physiologically relevant substrate(s) for starch debranching activity
has been the topic of much debate and has been the focus of an immense
amount of research. Elucidation of the true role of SBE will likely provide im-
portant insight into the actual mechanism of starch synthesis. No less than
three roles have been proposed (reviewed in Myers et al. 2000; James et al.
2003; Ball and Morell 2003; Tetlow et al. 2004). These include the following:
(1) creation of glucose chains to initiate starch synthesis, (2) synthesis of sub-
strates for starch synthesis (the clearing model) through the degradation of
phytoglycogen, and (3) removal of excess branches from amylopectin (the
trimming model), thereby causing clustered branch points.

Note that of the three models, only the latter (the trimming model) ac-
counts for altered amylopectin structure in a debranching mutant. As noted
above, amylopectin structure is altered in su1 mutants. Glucan side chains
having 2 to 12 glucose residues are elevated relative to wildtype whereas
chains with 15 to 25 glucose moieties are decreased in amount. In addition,
the trimming model (Ball et al. 1996) provides an explanation for the clus-
tering of α 1,6 linkages in amylopectin. As originally proposed the trimming
model noted that the close spacing of α linkages within a cluster gives rise to
parallel glucans. These can intertwine into double helices and, in turn, give
rise to the crystalline structure of starch and to the growth of glucan side-
chains that potentially are unlimited in length. Clustered α 1,6 linkages could
come about if branching and debranching occur at random, but because of
steric hindrance, debranching activity cannot cleave closely spaced branches
(Myers et al. 2000).

6
Conclusion

The importance of starch biosynthesis to plant life and to mankind and agri-
culture as we know them can not be overstated. As pointed out by Myers et al.
(2000), the evolutionary capture by plants of genes encoding enzymatic ac-
tivities of bacterial glycogen biosynthesis and the selection of mutant forms
of these enzymes that now synthesize very large, finely packaged, inert forms
of glucose is a fabulous evolutionary success story. Key to this evolution was
the ability to synthesize α-1,6 linkages in a non-random, clustered fashion.
Debranching enzymes are essential to this process.
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Abstract The cereal endosperm stores several types of protein. All cereals appear to
store 7S globulins in their aleurone cells and prolamins in their starchy endosperm
cells. In addition, the major storage proteins in the starchy endosperm of rice and
oats are related to the 11S globulins of dicotyledonous seeds. Smaller amounts of pro-
teins related to 11S globulins are also present in wheat while rice, maize and wheat
also contain α-globulins. There are also clear gradients in protein amount and compo-
sition within the starchy endosperm, with higher protein contents in the subaleurone
cells and in the vitreous parts of the maize endosperm. A number of mutant genes
have been identified in maize, sorghum and barley which result in reductions in the
accumulation of either all prolamins or specific prolamin groups leading to a high ly-
sine phenotype. The prolamins are encoded by multigene families whose expression is
regulated temporally and spatially. This regulation is determined by promoter elements
such as the prolamin box which comprises endosperm (E) and nitrogen (N) elements,
the opaque-2 (O2) binding site and the HMW glutenin subunit gene enhancer. Tran-
scription factors that bind to these sites include prolamin box binding factor (PBF)
(a Dof class Cys2Cys2 zinc finger DNA binding protein), opaque-2 (O2) and OHP1 (ba-
sic leucine zipper transcription factors) from maize, and ESBF-I and -II, SPA and BLZ1
from wheat. Prolamin genes may be silenced by several mechanisms including the pres-
ence of in-frame stop codons within coding sequences, promoter inactivity and reduced
RNA stability.

1
Introduction

The cereal endosperm typically comprises over 70% starch and hence is fre-
quently regarded primarily as a source of calories for human and animal
nutrition. However, it also contains significant amounts of protein (typic-
ally about 8–15% dry wt) and it can be calculated that the amount of cereal
protein consumed in food and feed for animals greatly exceeds that con-
sumed in more protein-rich seeds such as legumes and oilseeds. For example,
Shewry (2000) calculated that the total protein yield from cereal grains ex-
ceeded 250 million tonnes a year compared with about 110 million tonnes
of protein from pulses, soybean, groundnut and oilseeds combined [based
on yield data reported by FAO (1997)]. Hence, cereal seeds are the major
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source of protein in many livestock diets as well as for human communities
in some parts of the world. Finally, it must be remembered that the grain
proteins of wheat form the gluten fraction which confers the cohesive and vis-
coelastic properties that are essential for processing wheat flour into bread,
other baked goods, pasta and noodles. Hence, understanding the control of
storage protein gene expression in the developing endosperm is important
in relation to improving the protein content and composition for nutrition
and for food processing.

In the present work we review our current knowledge of the structure
and expression of storage protein genes focusing on wheat, barley and maize.
However, before doing this it is necessary to briefly introduce the major types
of storage proteins present in these species and to describe their distributions
within the grain.

2
Storage Protein Families

It can be argued that many of the proteins present in the mature cereal en-
dosperm are present in sufficient quantities to act as storage proteins (ie., are
digested during germination and provide nutrition to the seedling). However,
the discussion in this work will be restricted to two groups of proteins which
are the quantitatively major components and appear to have no biological role
except storage: the prolamins and globulins.

2.1
Prolamins

Prolamins were initially defined on the basis of their solubility properties, be-
ing insoluble in water but soluble in alcohol-water mixtures (Osborne 1924).
Furthermore, the name “prolamin” was coined to reflect their high contents
of proline and amide nitrogen (now known to be derived from glutamine).
This definition has subsequently been refined to reflect our increased know-
ledge, particularly the fact that a proportion of the prolamins may be present
in disulphide-stabilised polymers which are only extracted in the presence
of a reducing agent. Nevertheless, the prolamins still form a clearly defined
group of proteins which are present only in the starchy endosperm cells of
cereal seeds.

The prolamins of wheat, barley and rye (the tribe Triticeae) have been
most intensively studied. They are called gliadins (monomeric components)
and glutenins (polymeric) in wheat, hordeins in barley and secalins in rye.
The prolamins in the three species have a high degree of structural relat-
edness and form part of a larger group of proteins called the “prolamin
superfamily” (Kreis et al. 1985). In addition to prolamins from other species
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this superfamily also includes a range of small sulphur-rich proteins, many
but not all of which are restricted to seeds (including puroindolines, cereal
inhibitors of trypsin or α-amylase, 2S storage albumins, non-specific lipid
transfer proteins), and a group of hydroxyproline-rich cell wall proteins (see
Shewry et al. 2004).

The prolamins of the Triticeae are classified into three families based
on their amino acid sequences (and hence evolutionary relationships). The
sulphur-rich prolamins comprise the α-gliadins, γ -gliadins (monomeric) and
low molecular weight (LMW) subunits of glutenin (polymeric) of wheat, the
sulphur-poor prolamins comprise the ω-gliadins (monomeric) and the high
molecular weight (HMW) prolamins comprise the high molecular weight
subunits of glutenin (also polymeric). The characteristics of these groups are
summarised in Table 1. It should be noted that all contain repeated sequences
but these vary in their sequence motifs and extent of re-iteration. These re-
peated sequences are responsible for the unusual amino acid compositions
of the prolamins and also appear to adopt unusual extended conformations,
which may be similar to those formed by structural proteins from animal tis-
sues (see Tatham and Shewry 2000; Shewry et al. 2003). Homologous groups
of proteins related to γ -gliadins (γ -hordeins), ω-gliadins (C hordeins), LMW
subunits (B hordeins) and HMW subunits (D hordeins) are also present in
barley (see Shewry and Darlington 2002).

The prolamins of the Triticeae are also related to three groups of prolamins
present in maize, called the β-, γ - and δ-zeins. These proteins have limited
sequence similarity to the S-rich and HMW prolamins, notably in the num-
ber and distributions of cysteine residues. However, only the Mr 27 000 and
Mr 16 000 γ -zeins contain repeated sequences, which are either two or eight
tandem repeats of Pro.Pro.Pro.Val.His.Leu. The β-zeins and δ-zeins are rich in
methionine residues which in the β-zeins are clustered in a region close to the
C-terminus.

In contrast, the major α-zeins of maize appear to be unrelated to the
prolamins of the Triticeae or indeed to any other protein family with the ex-
ception of α-type prolamins in related cereals (sorghum and millets) (Shewry
and Halford 2002). The α-zeins comprise two sub-classes of proteins which
are often called Z19 and Z22 zeins based on their relative mobilities on
SDS-PAGE, although their true masses are higher (about 23 000–24 000 and
26 500–27 000, respectively). They both contain repeated blocks of about 20
amino acids (nine in the Z19 and 10 in the Z22 proteins) but these are poorly
conserved in sequence and rich in Leu, Val and Ala (ie., amino acids with
aliphatic side chains) as well as in Gln.

The β-, γ - and δ-zeins are also relatively rich in cysteine and present only
in polymers whereas the α-zeins contain only one or two cysteine residues
and are present as monomers, dimers and oligomers.
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Table 1 Summary of the types and characteristics of wheat grain prolamins (gluten pro-
teins) and zeins of maize. Based on Shewry and Halford (2002) incorporating data on
zeins from Coleman and Larkins (1999) and other sources

Components Mr (% total Polymers or Partial amino acid
prolamins) monomers composition (mol%)

Gluten protein

HMW prolamins
HMW subunits of 65–90 000 polymers 30–35% Gly, 10–16% Pro,
glutenin (6–10%) 15–20% Gly, 0.5–1.5% Cys,

0.7–1.4% Lys
S-rich prolamins
γ -gliadins 30–45 000 monomers 30–40% Gln, 15–20% Pro,
α-gliadins (70–80%) monomers 2–3% Cys, < 1.0% Lys
B- and C-type LMW polymers
subunits of glutenin a

S-poor prolamins
ω-gliadins 30–75 000 monomers 40–50% Gln, 20–30% pro,
D-type LMW sub- (10–20%) polymers 8–9% Phe, 0–0.5% Lys,
units of glutenin a 0–0.5% Cys b

Zeins

α-zeins
Z19 c 23–24 000 monomers, ≈ 20% Gln, 13–14% Ala,
Z22 c 26 500–27 000 dimers and 17–19% Leu, 3–7% Val,

(75–85%) oligomers 9–10% Pro, < 1% Cys,
0% Trp

β-zein
17 500 Polymers 16.5% Gln, 9% Pro,
(10–15%) d 14% Ala, 4.4% Cys, 11.4%

Met, 0% Trp
γ -zeins
27K c 22 000 polymers 15–19% Gln, 15–25% Pro,
16K c 17 800 polymers ≈ 7% Cys, < 2% Met,

(5–10%) d 0–0.6% Trp
δ-zeins
10K c 14 400 polymers 12% Gln, 16% Pro,
18K c 21 100 polymers 2–4% Cys, 23–27% Met,

(< 5%) d 0–1% Trp

a C-type LMW subunits are essentially polymeric forms of γ -and α-gliadins and D-type
subunits polymeric ω-gliadins. The B-type LMW subunits constitute a discrete group of
S-rich prolamins;
b Cys is present in D-type LMW subunits but not ω-gliadins;
c Designations based on relative molecular mass determined by SDS-PAGE;
d Quantitative data on zeins are from Esen (1987) but Coleman and Larkins (1999) de-
scribe γ -zeins as the second most abundant group.
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2.2
Globulins

Globulins are classically defined on their solubility in dilute salt solutions,
typically 0.5–1.0 M NaCl. Maize, barley and wheat all contain 7S storage glob-
ulins which are related to the “vicilin-like” globulins of dicotyledonous seeds
(notably legumes) (see Burgess and Shewry 1986; Yupsanis et al. 1990; Kriz
1999). However, in all three species they appear to be restricted in distribution
to the embryo and aleurone layer, where they form the major storage protein
fraction. They have been studied in most detail from maize embryos, where
two components called GLB1 and GLB2 together account for about 10–20%
of the total protein (Kriz 1999). They resemble the 7S globulins of legumes in
having low contents of cysteine and methionine residues and probably have
a similar structure with three subunits of Mr 50–70 000 which undergo post-
translational processing (Yupsanis et al. 1990; Kriz 1999).

The major storage protein type present in most dicoyledonous seeds is
a 11-12S globulin (“legumin”), with related proteins forming the major stor-
age protein fractions in oats and rice (see Casey 1999; Shotwell 1999; Takaiwa
et al. 1999). A related protein is also present in wheat where it is called trit-
icin and has been estimated to account for up to 5% of the total grain protein
(Singh et al. 1991a,b). Triticin resembles typical 11S globulins in comprising
subunits which are post-translationally cleaved to give heavy (Mr 52 000, Mr
58 000) and light (Mr 23 000, Mr 22 000) chains but has not been established
to have the typical hexameric structure of 11S globulins. Triticins are present
in protein bodies in the starchy endosperm, confirming that they are storage
proteins (Singh and Shepherd 1987; Bechtel et al. 1991).

Related 11S globulin proteins are presumably also present in barley but
have not been characterised but Woo et al. (2001) have demonstrated the
presence of transcripts encoding legumin-like proteins in developing en-
dosperms of maize.

It appears, therefore, that most, if not all, cereals contain 7S and 11S stor-
age proteins which are related to those present in dicotyledonous seeds and
belong to the “cupin” superfamily of plant proteins as defined by Dunwell and
colleagues (Dunwell and Gane 1998; Dunwell et al. 2004).

However, recent work has shown that a third class of globulin storage pro-
teins may also be present, the α-globulins. Woo et al. (2001) demonstrated
the presence of transcripts encoding an Mr 18 000 protein in developing
endosperms of maize and called it α-globulin based on a previously char-
acterised protein from rice seeds (Nakase et al. 1996), although the protein
was not characterised and there was no evidence that it had typical glob-
ulin solubility properties. They subsequently used antibodies raised against
recombinant protein to locate the protein in protein bodies of starchy en-
dosperm cells. We have since used a similar approach to demonstrate the
presence of a related storage protein in wheat endosperm (unpublished re-
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sults of PR Shewry and co-workers). The α-globulins have not been quantified
but the fact that they were initially detected at the transcript level rather than
as proteins indicates that they are not major components. It should also be
noted that they are members of the “prolamin superfamily”, being related
in sequence to prolamins, 2S storage albumins and other small S-rich seed
proteins.

3
Location of Storage Proteins in the Endosperm

The cereal endosperm comprises two distinct tissues, the aleurone and
starchy endosperm (Becraft, in this volume; Brown and Lemmon, in this
volume), which differ in their protein composition. In particular, the aleu-
rone cells contain 7S storage globulins which are not present in the starchy
endosperm. Despite its separate ontogeny, 7S globulins are also stored in
the embryo, being present in the scutellum and axis of maize embryos
(Kriz 1999). This may reflect the functional similarity between the em-
bryo and aleurone during seed germination. The starchy endosperm is
also non-homogeneous, exhibiting clear gradients in protein content and
composition.

3.1
Maize

It is well established that the cells in the floury parts of the maize endosperm
contain less protein than those in the vitreous (horny) parts (see Watson
1987), with one or more layers of small sub-aleurone cells being particularly
rich in protein (up to almost 30%) (Hinton 1953). Larkins and co-workers
have shown that there are also gradients in protein composition, using spe-
cific antibodies and in situ hybridisation to study protein deposition and
gene expression, respectively, during grain development. Immunolocalisa-
tion using light and electron microscopy showed clear differences in zein
distribution at 14 and 18 days after pollination, with α-zeins being concen-
trated in the interior part of the starchy endosperm tissue and β- and γ -zeins
in the outer (ie., sub-aleurone) layers of cells (Lending and Larkins 1989).
In situ analyses (Woo et al. 2001) carried out between 10 and 25 days after
pollination gave results which were consistent with those from immunolo-
calisation but failed to show significant levels of any storage protein tran-
scripts in the crown and central regions which were not studied by Lending
and Larkins (1989). Woo et al. (2001) also showed that transcripts for the
α-globulins were not as abundant as those for most zeins and were partic-
ularly concentrated in the outer cells on the opposite side of the grain to
the embryo.
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3.2
Wheat and Barley

There is also considerable variation in the protein content of wheat and bar-
ley starchy endosperm cells with the sub-aleurone cells being rich in protein
but containing little starch. In fact, Kent (1966) was able to prepare flour
fractions corresponding to the sub-aleurone and inner endosperm cells con-
taining about 45% and 11% protein, respectively, compared with about 13%
protein for whole flour.

A different approach was used by Millet et al. (1991) to determine the dis-
tribution of protein in the barley grain. They used a pearling mill to remove
sequential fractions from the outside of the grain by abrasion. This showed
differences in the distribution of hordeins and of hordein polymers between
the outer and inner layers of the starchy endosperm of two cultivars dif-
fering in their malting quality. In particular, the central part of the starchy
endosperm was enriched in D hordein (16–23% compared with 14–16%)
and the peripheral starchy endosperm in polymeric B hordeins. Shewry et al.
(1996) used a similar approach to show that whereas the sub-aleurone layer
of barley was richer in hordein this comprised mainly the S-rich and S-poor
components (B and C hordeins, respectively) with the HMW D hordein being
concentrated in fractions obtained from between the sub-aleurone and inner
starchy endosperm. Complementary studies were reported by Davies et al.
(1993) who used in situ hybridisation of serial sections cut from developing
barley grain to show that mRNA for B hordein was most highly expressed in
the sub-aleurone cells.

Although detailed studies of the distribution of gluten proteins in wheat
have not been reported, evidence currently available indicates that similar
differences in distribution of S-rich, S-poor and HMW components may
exist to those reported in barley. In particular, the use of the GUS reporter
gene to study promoter activity in the developing grain of transgenic lines
shows clear differences in the patterns of expression conferred by promot-
ers from LMW subunit (Stöger et al. 2001) and HMW subunit (Lamacchia
et al. 2001) genes. This clearly shows that the LMW subunit promoter is most
strongly expressed in the sub-aleurone cells and outer part of the starchy en-
dosperm and the HMW subunit promoter in the central part of the starchy
endosperm —these distributions are consistent with the analyses of barley
discussed above.

3.3
Implications of Differences in Protein Distribution

The differences in protein distribution discussed above imply that the stor-
age protein gene promoters have elements which specify their spatial as well
as their temporal expression within the starchy endosperm. The differences
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also imply that flour fractions derived from different parts of the wheat en-
dosperm will differ in their nutritional quality and functional properties as
well as in their total protein content. This means that endosperm fraction-
ation could be used to prepare flour fractions for specific end uses. In the
longer term it may also be possible to use mutagenesis or transgenesis to al-
ter the distributions of individual proteins within the endosperm to produce
flours with improved or modified end use properties.

4
Mutant Genes that Affect Storage Protein Synthesis

A number of mutant genes have been identified which affect the accumu-
lation or processing of storage proteins. In maize these are readily identi-
fied due to their effect on the phenotype of the grain, giving kernels which
are soft and opaque to transmitted light. The demonstration that two well-
characterised maize mutants, opaque 2, and floury 2, are enriched in the
essential amino acid lysine (Mertz et al. 1964; Nelson et al. 1965) led to
more systematic screening of maize mutants for genetic sources of the high
lysine phenotype (see Bright and Shewry 1983) and to attempts to iden-
tify similar mutants in barley and sorghum. Similar phenotypic screening
was used to identify two “high lysine” genes in sorghum, the spontaneous
mutant hl gene (Singh and Axtell 1973) and the induced P721opaque gene
(Axtell et al. 1979).

However, screening for a visual phenotype cannot be carried out in bar-
ley and it was necessary to use a direct chemical screen for total basic amino
acid content. As in sorghum this led to the identification of one spontaneous
mutant gene, the lys gene, present in the Ethiopian line Hiproly (Munck et al.
1970). In addition a number of other mutant genes were identified after treat-
ment with a range of chemical and physical mutragens (Doll et al. 1974; Bright
and Shewry 1983).

No systematic searches have been carried out for high lysine genes in
wheat. Furthermore, to have an effect in the hexaploid or tetraploid back-
ground they would need to be dominant in their effect. Most high lysine genes
in other cereals are recessive, although two dominant genes have been discov-
ered in maize (as discussed below).

Many, but not all, of these high lysine mutations are characterised by low
contents of prolamins (zein in maize, kafirins in sorghum and hordeins in
barley) and in some cases also in the compositions of their prolamin frac-
tions. Only a small number of these effects are understood at the level of gene
regulation and these are discussed here.
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4.1
The lys3a Gene of Barley

The mutant lys3a gene was generated by treating barley cv Bomi with the
chemical mutagen ethylinimine (Doll et al. 1974). It is characterised by a re-
duction in the proportion of the total grain N present in hordein from about
45% to 15%, with compensatory increases in other proteins and free amino
acids (Shewry et al. 1980). There are also dramatic changes in the compo-
sition of the hordein fraction, with an absence of C hordein, changes in the
pattern of the S-rich B and γ -hordeins but no apparent effects on D hordein
(Shewry et al. 1980).

4.2
The opaque2 and opaque15 Genes of Maize

opaque2 was the first high lysine cereal gene to be discovered (Mertz et al.
1964) and has been the most intensively studied. It results in an overall de-
crease in zeins, but a specific decrease in the Z22 α-zeins. This effect results
from the wild-type 02 gene encoding a transcriptional activator of the Z22
zein genes (Ueda et al. 1992).

The opaque2 mutation was initially identified by the presence of a soft
floury phenotype, which may result from the presence of smaller protein bod-
ies which affect the packing of the starch granules (Coleman and Larkins
1999; Kumamaru et al., in this volume). This floury texture also results
in a number of negative impacts which limited exploitation of the trait
by breeders, in particular greater damage during harvesting and handling
and increased susceptibility to pests and pathogens (Coleman and Larkins
1999). This soft phenotype can be converted to the wild-type state by “ge-
netic modifiers” allowing the production of “Quality Protein Maize” (QPM)
with a hard phenotype (Villegas et al. 1992; Geevers and Lake, 1992). One
impact of these genetic modifiers is an increase in the amount of γ -zein
(Wallace et al. 1990) and this increase appears to be correlated with the
degree of modification of the phenotype (Lopes and Larkins 1991, 1995).
The effects of the opaque2 mutation on zein gene expression are discussed
in detail below.

The opaque15 gene was identified by screening a mutagenised population
of maize for reduced levels of γ -zein and appears to map to the same locus
as one of the opaque2 modifier genes (Dannenhoffer et al. 1995). The gene
has not been isolated and its mechanism of action is not known but it clearly
causes reductions in the amounts of γ -zein mRNA and protein.
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4.3
The floury2, De*B30 and Mucronate (Mu) Mutations of Maize

floury2 was the second high lysine gene to be discovered in maize (Nelson
et al. 1965) while De*B30 and Mu were discovered more recently by Salamini
et al. (1979, 1983). Although the three mutant genes result in similar pheno-
types, they differ in that fl2 is recessive while De*B30 and Mu are dominant.
They also all result in broad decreases in all zeins accompanied by increases
in the ER-located chaperone BiP (Boston et al. 1991). The fl2 and De*B30
genes also result in the synthesis of apparently novel zein components with
slightly slower mobilities on SDS-PAGE than the major Z22 and Z19 α-zeins,
respectively (Gillikin et al. 1997; Kim et al. 2004). These proteins appear to be
encoded by mutant genes in which amino acid substitutions prevent cleavage
of the signal peptide (Gillikin et al. 1997; Kim et al. 2004). This results in bind-
ing of the malfolded protein to BiP and tethering to the ER, disrupting zein
synthesis and protein body formation (both mutations are associated with
small misshapen protein bodies). It is possible that the Mu gene has a similar
effect but this has not been established.

5
Endosperm-Specific Gene Expression

5.1
Prolamin Gene Families

Prolamin genes are organized into a number of multigenic loci. In barley,
these loci are all present on chromosome 1H, with the Hor1, Hor2 and Hor5
loci, at which the C, B and γ hordein genes, respectively, are located, on the
short arm and the Hor3 locus, at which the D hordein genes are located, on
the long arm.

The pattern is more complicated in wheat and analysis is made more diffi-
cult by the presence of multiple genomes. The Glu-1 loci encoding the high
molecular weight subunits of glutenin are present on the long arms of the
group 1 chromosomes and each locus comprises two genes, designated x and
y. Durum wheat cultivars therefore have four HMW subunit genes (Margiotta
et al. 1993), while hexaploid wheat contains six: Glu-A1x, Glu-A1y, Glu-B1x,
Glu-B1y, Glu-D1x and Glu-D1y (Forde J. et al. 1985). However, the Glu-A1y
gene is always silent, while the Glu-A1x and Glu-B1y genes are silent in some
cultivars.

The Gli-2 loci encoding α-type gliadins are present on the group 6 chro-
mosomes. Estimates of the number of genes at these loci range from 25-35
copies per haploid genome (Harberd et al. 1985) to 100 or more (Okita et al.
1985; Anderson and Greene et al. 1997). This far exceeds the number of pro-
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teins that can be separated by 2D electrophoresis, suggesting again that gene
silencing has occurred.

The Gli-1/Glu3 loci encoding the γ -gliadins and ω-gliadins (including the
D group of the LMW subunits) on the group 1 chromosomes have proved par-
ticularly difficult to study, with an estimated 39 γ gliadin genes, 16 ω gliadin
genes and 39 LMW subunit genes (Sabelli and Shewry 1991). As with the
other gene families, the presence of some silent genes has been demonstrated
(Rafalski 1986; Hsia and Anderson 2001).

The α-zein gene family of maize is even more complex, comprising an esti-
mated 75–100 genes (Hagen and Rubenstein 1981; Wilson and Larkins 1984).
The number that are expressed remains unclear, but evidence from the an-
alysis of cDNA libraries suggests that many are silent (Marks et al. 1985a,b).
The genes encoding α-zeins can be subdivided into three groups with the Z22
zeins being encoded by genes at loci on the short arm of chromosome 4 and
Z19 zeins encoded by genes at loci on the long arms of chromosome 4 (B
group) and chromosome 1 (D group) (reviewed by Woo et al. 2001).

In contrast, only one or two genes encoding β-, γ - and δ-zeins are present
per genome (Pederson et al. 1986; Prat et al. 1987; Kirihara et al. 1988; Chui
and Falco 1995). The β-zein genes are located on the short arm of chromo-
some 6, the γ -zein genes on the long arm of chromosome 7 and the δ-zein
genes on the long arm of chromosome 9 (reviewed by Woo et al. 2001).

There is evidence for differential temporal expression of endosperm stor-
age protein genes. For example, γ -zeins are expressed in maize endosperm
before the α- and δ-zeins and show a more even distribution of expression
(Woo et al. 2001). Similarly, although evidence from electrophoretic analyses
of gluten proteins is inconclusive, expression profiling has shown that α/β
gliadin genes can be divided into two groups showing early and late expres-
sion (Kawaura et al. 2005). However, broadly speaking prolamin genes are
subject to similar tissue-specific and developmental regulation, the genes be-
ing expressed exclusively in the starchy endosperm during mid- and late-
development, and nutritional regulation, responding sensitively to the avail-
ability of nitrogen and sulphur in the grain (Duffus and Cochrane 1992; Giese
and Hopp 1984; DuPont et al. 2006). The expression of prolamin genes is con-
trolled primarily at the transcriptional level (Bartels and Thompson 1986;
Sørensen et al. 1989).

5.2
The Prolamin Box

A comparison of the nucleotide sequences of promoters of several wheat
gliadin and barley hordein genes identified a conserved sequence approxi-
mately 30 bp long around 300 bp upstream of the ATG translation start site
(Forde B.G. et al. 1985). This was first called the – 300 element and subse-
quently the prolamin box or endosperm element. It contains two conserved
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motifs, the endosperm or E motif, TGTAAAG, and the GCN4-like motif
(GLM), nitrogen element or N motif, ATGAGTCAT (Hammond-Kosack et al.
1993; Müller and Knudsen 1993).

“Complete” prolamin boxes are present in the promoters of a wide range
of prolamin genes, from wheat, barley, rye and oats. α-Zeins also contain
a prolamin box, although the N motif is not perfectly conserved, while β-
and γ -zeins contain an E motif in the expected position but the N motif is
further upstream, in other words the two elements of the prolamin box are
separate (the maize community often refers to the E motif as the prolamin or
P element).

The α-gliadin and LMW subunit gene promoters also contain additional
complete or partial boxes further upstream of the primary prolamin box, but
these do not appear to be required for promoter activity and are not present
in the γ - or ω- gliadin promoters. There is no evidence of a prolamin box or
either of the E or N elements in the δ-zein promoters that have been charac-
terised to date.

The E motif was shown to bind one or more maize endosperm proteins
as long ago as 1987 (Maier et al. 1987) but it was not until 1997/1998 that
maize and barley transcription factors that recognised the motif were cloned
(Vicente-Carbajosa et al. 1997; Mena et al. 1998) (Fig. 1a). These transcrip-
tion factors, called prolamin box binding factor (PBF) are members of the Dof
class of Cys2-Cys2 zinc finger DNA binding proteins. In the meantime, an-
other transcription factor that regulates zein gene expression had been the
subject of much study. This was opaque-2 (O2), a basic leucine zipper tran-
scription factor (Schmidt et al. 1990).

Mutations in O2 principally affect the Z22 class of α-zeins (Pedersen et al.
1980; Burr and Burr 1982; Langridge et al. 1982), causing a severe reduction
in gene expression. The binding site for O2 was identified by Schmidt and co-
workers (1992) and is adjacent to the prolamin box (Fig. 1b, Fig. 2b). PBF and
O2 have been shown to interact in vitro (Vicente-Carbajosa et al. 1997), and
to act additively to promote prolamin promoter activity in transient expres-
sion experiments (Hwang et al. 2004). There is also evidence that O2 activity
is regulated diurnally through phosphorylation (Ciceri et al. 1997). O2 homo-
logues have been identified in both sorghum and Coix (Pirovano et al. 1994;
Vettore et al. 1998).

A second basic leucine zipper transcription factor that binds the O2 tar-
get site has been identified; this factor was given the name OHP1 (Pysh
et al. 1993) (Fig. 2) and can bind to the site either as a homodimer or as
a heterodimer with O2. However, OHP1 does not interact with PBF (Vicente-
Carbajosa et al. 1997).

The primary O2 binding site that is present in Z22 α-zein genes is not
present in other prolamin genes and even single base pair changes in the site
have been shown to reduce O2 binding significantly (Ueda et al. 1992). There
is evidence that O2 will also recognise the N motif (Yunes et al. 1994) and co-
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Fig. 1 Regulatory elements in prolamin promoters. (a) The prolamin box or – 300 element
in the promoters of α, γ and ω gliadins (Genbank accession numbers X00627, AF234649
and AF280605), B hordein (X87232), C hordein (M36941), γ hordein (M36378), ω secalin
(X60295), avenin (AY294282), α-zein (X61085), β-zein (M13507) and γ -zein (X58197).
(b) The prolamin box and Opaque-2 binding site in a 22 kDa α-zein (X55722). (c) Com-
parison of the yeast GCN4 binding site with the N motif consensus from the prolamin
box. (d) The HMW prolamin enhancer. Nucleotides matching the consensus sequence for
the E and N motifs, the O2 and GCN4 binding sites and the HMW prolamin enhancer are
highlighted.
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Fig. 2 (a) Schematic diagram showing the prolamin box of genes encoding α, γ and ω

gliadins, B, C and γ hordeins, ω secalins, avenins, α-, β- and γ -zeins. The prolamin box
contains two distinct elements, the E and N motifs that bind transcription factors of the
Dof and bZip families, respectively. Note that the promoters of some but not all of these
genes contain additional E and N motifs elsewhere in the promoter. (b) Schematic di-
agram of a 22 kDa α-zein gene promoter. The prolamin box is adjacent to the primary
binding site for the Opaque-2 (O2) transcription factor. This site is also recognised by
another transcription factor, OHP1, which can bind as a homodimer or as a heterodimer
with O2. O2 also recognises the N motif and interacts with the Dof-class transcription fac-
tor that binds to the E motif, whereas OHP1 does not. (c) Schematic diagram of a HMW
prolamin promoter. The primary enhancer is unique to the HMW prolamin genes, al-
though it contains a sequence that is similar to the E motif. Part of it is repeated further
upstream in the promoter. Additional E and N motif sequences are also present further
upstream in the promoter but the primary enhancer on its own drives high levels of
endosperm-specific expression



The Structure and Expression of Cereal Storage Protein Genes 209

expression of O2 has been shown to enhance the expression of a reporter gene
driven by a wheat LMW glutenin subunit gene promoter in plant protoplasts
and yeast (Holdsworth et al. 1995); this promoter contains an N motif but not
a primary O2 binding site. However, it should be remembered that O2 appears
to regulate the Z22 class of α-zeins specifically, despite the prolamin box being
present in other groups of zein genes.

The first functional analyses of wheat prolamin promoters involved the
stable transformation of tobacco with LMW subunit gene promoter/chlor-
amphenicol acetyl transferase (CAT) reporter gene constructs (Colot et al.
1987). Perhaps surprisingly, the promoter conferred the same tissue-specific
and developmental regulation of gene expression in tobacco as it did in wheat.
The shortest promoter length tested in the study and found to be active was
326 bp, long enough to include the prolamin box. More detailed analyses
were carried out by Müller and Knudsen (1993), establishing conclusively
a regulatory role for the prolamin box by using a transient expression sys-
tem involving particle bombardment of cultured barley endosperms with
C hordein promoter/β-glucuronidase (GUS) constructs. These experiments
also confirmed that the E and N motifs were separate elements, with the N
motif acting as a negative element at low nitrogen levels and interacting with
the E motif to give high expression when nitrogen levels were adequate.

In the same year, Hammond-Kosack and co-workers used in vivo foot-
printing and gel retardation assays to show that the E motif within the pro-
lamin box of a LMW subunit gene bound a putative transcription factor,
ESBF-1, during early grain development (Hammond-Kosack et al. 1993). The
N motif bound a second putative transcription factor, ESBF-II, prior to max-
imum expression of the gene. A functional analysis of the prolamin box of
this gene in transgenic tobacco showed that both motifs were required for
seed-specific expression. Transcription factors of the BZIP class that recog-
nize the N motif of the prolamin box have since been cloned from wheat and
barley and given the names SPA and BLZ1, respectively (Albani et al. 1997;
Vicente-Carbajosa et al. 1998). They show some similarity to O2 and OHP1
from maize.

Full activation of the LMW subunit gene promoter, when introduced into
yeast, requires a functional yeast GCN4; much lower levels of activation are
obtained in yeast containing a defective GCN4 gene (Holdsworth et al. 1995).
This is intriguing given that the N motif matches the yeast GCN4 binding
site (Fig. 1c) (Hill et al. 1986). GCN4 is a transcriptional activator, the expres-
sion of which is controlled at the translational level in response to amino acid
levels through the action of a protein kinase, GCN2 (Hinnebusch and Natara-
jan 2002). GCN2 phosphorylates eukaryotic translation initiation factor-2α
(eIF-2α), bringing about a general reduction in protein synthesis at the same
time as an increase in the synthesis of GCN4. The primary action of GCN4
is to induce the expression of amino acid biosynthesis genes, but it regulates
a plethora of other genes affecting numerous areas of metabolism micro-
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array analysis identified 539 yeast genes that are induced by GCN4 (Natarajan
2001). It is tempting to suggest that a GCN4-like transcription factor could
be involved in regulating prolamin gene expression in response to nitrogen
availability, since nitrogen deprivation could lead to a reduction in amino
acid levels. If there is a functional homologue in plants, it has not been pos-
sible to identify it based solely on sequence similarity despite the extensive
plant genome information that is now available. However, plants do contain
a homologue of the protein kinase, GCN2 (Zhang et al. 2003).

5.3
The HMW Prolamin Enhancer

HMW prolamin genes show the same patterns of gene expression as gliadin
and LMW subunit genes. However, the HMW prolamin enhancer shows only
very limited similarity with the prolamin box and was identified indepen-
dently. As with other prolamin genes, HMW prolamin gene promoters are
active in tobacco and drive high levels of endosperm-specific expression. This
has been demonstrated using a complete HMW glutenin subunit gene from
wheat (Robert et al. 1989) and chimaeric constructs of HMW subunit gene
promoters attached to CAT and GUS reporter genes (Colot et al. 1987; Halford
et al. 1989).

Halford et al. (1989) showed that the region of the promoter of a Glu-D1x
gene from – 277 to + 39 with respect to the transcription start site was suf-
ficient to drive high levels of GUS expression, and the major enhancer was
finally located in a 38 bp sequence from position – 186 to – 148 of a Glu-
D1y gene by Thomas and Flavell (1990) (Figs. 1d and 2c). Simple BLAST
searches with this sequence using the tools and databases available at the Na-
tional Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov)
reveal that it is extremely tightly conserved in HMW prolamins from a var-
iety of species, with identical or near-identical sequences being present in D
hordein genes from barley and HMW secalin genes from rye, as well as HMW
prolamin genes from a range of wild and cultivated Triticum and Aegilops
species, and ornamental grasses of the genus Leymus. However, no similar
sequences have been identified to date in maize or rice.

In HMW glutenin subunit genes from wheat, the palindromic sequence
TTTGCAAA within the primary enhancer is repeated further upstream. Part
of this sequence resembles the E motif of the prolamin box (above) and it
has been referred to as a prolamin box or P element by some workers (Norre
et al. 2002). Sequences corresponding to parts of the E and N motifs are also
present further upstream. Both the primary enhancer and the upstream N
motif have been shown to bind maize nuclear proteins, one of which could be
O2 (Norre et al. 2002). However, it is not clear how relevant this is to other
species, since maize does not make HMW prolamins and no maize genes
contain the HMW prolamin enhancer.
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These “additional” E and N motifs upstream of the primary enhancer are
not required for activity of the HMW subunit promoter in transgenic tobacco.
In the experiments of Halford and co-workers, higher levels of expression
were obtained with a promoter that included the N-box than with shorter
promoters that contained the HMW enhancer but none of the other motifs,
but a statistically significant difference could not be demonstrated (Halford
et al. 1989).

The high level of endosperm-specific expression driven by HMW prolamin
promoters [each active HMW subunit gene in bread wheat encodes a pro-
tein that accounts for approximately 2% of the total seed protein at maturity
(Halford et al. 1992)] make them potentially very useful for the seed-specific
expression of transgenes. High levels of expression have been obtained from
additional copies of HMW subunit genes introduced into transgenic wheat
(Altpeter et al. 1996; Barro et al. 1997), and a HMW subunit gene promoter
has been shown to drive tight, readily-detectable, endosperm-specific expres-
sion of a GUS reporter gene in transgenic wheat (Lamacchia et al. 2001).
A word of caution, however: there is some evidence that the wheat HMW
subunit gene promoter is active in pollen when introduced into maize or bar-
ley (Scott et al. 2002; Zhang et al. 2001). There are reports from confidential
sources that the minimal HMW subunit gene promoter (ie the region includ-
ing the primary enhancer but no more) does not give this problem but these
reports remain anecdotal to date.

5.4
Gene Silencing

As we describe above, many prolamin genes contain in-frame stop codons. Ex-
amples include the Glu-D1x gene from A. cylindrica, which contains a CAA
(Gln) → TAA (Stop) mutation in the 343rd codon (Wan et al. 2002), and the Glu-
A1y and Glu-A1x genes of Triticum aestivum (Forde J. et al. 1985; Bustos et al.
2000), resulting from similar CAG (Gln) → TAG (Stop) and CAA (Gln) → TAA
(Stop) mutations. Stop codons are present in silent gliadin and LMW subunit
genes (Anderson and Greene 1997; Rafalski 1986), and in zein genes, including
for example the Z22 zein genes pML1, pML2, zA1 and Z7 (Langridge and Feix
1983; Wandelt and Feix 1989; Spena et al. 1982; Kridl et al. 1984). However, mu-
tation is not the only way in which the coding regions of prolamins have been
disrupted, one wheat Glu-A1y allele, for example, having been shown to contain
a large transposon-like insertion (Harberd et al. 1987).

The presence of a stop codon would not necessarily prevent a gene from
being expressed, but a prolamin gene that has been truncated in this way has
never been shown to be active. Where the presence of a protein on an SDS-
PAGE gel can readily be attributed to a particular gene as in the case of the
HMW prolamins, no protein has ever been shown to be encoded by a gene
containing an internal, in-frame stop codon. Western blot analysis of total
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proteins extracted from single seeds of A. cylindrica, for example, failed to de-
tect any protein of the size predicted for a truncated HMW subunit protein
encoded by the Glu-D1x gene (Wan et al. 2002).

The obvious conclusion to be drawn from this is that the promoters of pro-
lamin genes that contain internal stop codons or are disrupted in another
way have become silent and this has been demonstrated for the promoter
of a silent Glu-A1y gene (Halford et al. 1989). However, the basis for the in-
activity has never been explained satisfactorily because the silent Glu-A1y
gene contains an apparently intact enhancer element. Similarly, the silent
Z22 α-zein genes listed above contain either a perfect O2 binding site (pML2
and zA1) or a site with only a single nucleotide substitution (pML1 and Z7)
(Schmidt et al. 1992).

There is evidence that prolamin gene silencing could be caused in part by
RNA instability. Escherichia coli cells containing a plasmid designed to ex-
press the truncated Glu-D1x gene from A. cylindrica failed to accumulate any
RNA transcribed from the heterologous gene (Wan et al. 2002), while four
other HMW subunit genes expressed well in the same system. However, RNA
instability would not explain why a promoter from a silent HMW subunit
gene would fail to drive expression of a reporter gene.

6
Conclusions

We now have a reasonably complete understanding of the various regulatory
elements present in the promoter regions of the genes encoding major types
of cereal prolamins and of the factors that bind to these. However, little is
known about how gene expression is actually triggered by developmental and
environmental cues. Similarly, we have no explanation for the wide differ-
ences (10-fold or greater) in expression levels which occur within multigene
families or for the subtle differences in temporal and spatial patterns of ex-
pression which may exist both within and between gene families (as discussed
above). Furthermore, once we extend beyond the major groups of prolamins
our level of understanding falls to practically zero. A more detailed under-
standing of the control of endosperm gene expression is clearly required if
we are to exploit the potential to use the cereal endosperm as a factory for
novel and modified products, for example to produce high value pharmaceu-
ticals or high volume biomaterials. We therefore hope that the current interest
in such applications will stimulate more research on fundamental aspects of
gene expression in the developing cereal endosperm.

Acknowledgements Rothamsted Research receives grant-aided support from the Biotech-
nology and Biological Sciences Research Council of the UK.



The Structure and Expression of Cereal Storage Protein Genes 213

References

Albani D, Hammond-Kosack MCU, Smith C, Conlan S, Colot V, Holdsworth M, Bevan
MW (1997) The wheat transcriptional activator SPA: A seed-specific bZIP protein that
recognizes the GCN4-like motif in the bifactorial endosperm box of prolamin genes.
Plant Cell 9:171–184

Altpeter F, Vasil V, Srivastava V, Vasil IK (1996) Integration and expression of the high-
molecular-weight glutenin subunit 1Ax1 gene into wheat. Nat Biotechnol 14:1155–1159

Anderson OD, Greene FC (1997) The α-gliadin gene family. II. DNA and protein sequence
variation, subfamily structure, and origins of pseudogenes. Theor Appl Genet 95:59–65

Axtell JD, Van Scoyoc SW, Christensen PJ, Ejeta G (1979) Current status of protein quality
improvement in grain sorghum. In: Seed Protein Improvement in Cereals and Grain
Legumes, vol II. Int Atomic Energy Agency, Vienna, pp 357–365

Barro F, Rooke L, Békés F, Gras P, Tatham AS, Fido R, Lazzeri PA, Shewry PR, Barceló P
(1997) Transformation of wheat with high molecular weight subunit genes results in
improved functional properties. Nat Biotechnol 15:1295–1299

Bartels D, Thompson RD (1986) Synthesis of messenger-RNAs coding for abundant en-
dosperm proteins during wheat grain development. Plant Sci 46:117–125

Bechtel DB, Wilson JD, Shewry PR (1991) Immunocytochemical localization of the wheat
storage protein triticin in developing endosperm tissue. Cereal Chem 68:573–577

Boston RS, Fontes EBP, Shank BB, Wrobel RL (1991) Increased expression of the maize
immunoglobulin binding protein homolog b-70 in three zein regulatory mutants.
Plant Cell 3:497–505

Bright SWJ, Shewry PR (1983) Improvement of protein quality in cereals. CRC Crit Rev
Plant Sci 1:49–93

Burgess SR, Shewry PR (1986) Identification of homologous globulins from embryos of
wheat, barley, rye and oats. J Exp Bot 37:1863–1871

Burr FA, Burr B (1982) Three mutations in Zea mays affecting zein accumulation: a com-
parison of zein polypeptides, in vitro synthesis and processing, mRNA levels, and
genomic organization. J Cell Biol 94:201–206

Bustos AD, Rubio P, Jouve N (2000) Molecular characterisation of the inactive allele of the
gene Glu-A1 and the development of a set of AS-PCR markers for HMW glutenins of
wheat. Theor Appl Genet 100:1085–1094

Casey R (1999) Distribution of Some Properties of Seed Globulins. In: Shewry PR, Casey
R (eds) Seed Proteins. Kluwer Academic Publishers, Dordrecht, pp 4159–4169

Chui C-F, Falco SC (1995) A new methionine-rich seed storage protein from maize. Plant
Physiol 107:291

Ciceri P, Gianazza E, Lazzari B, Lippoli G, Genga A, Hoschek G, Schmidt RJ, Viotti A
(1997) Phosphorylation of Opaque2 changes diurnally and impacts its DNA binding
activity. Plant Cell 9:97–108

Coleman CE, Larkins BA (1999) The Prolamins of Maize. In Shewry PR, Case R (eds) Seed
Proteins. Kluwer Academic Publishers, Dordrecht, pp 109–139

Colot V, Robert LS, Kavanagh TA, Bevan MW, Thompson RD (1987) Localization of se-
quences in wheat endosperm protein genes which confer tissue-specific expression in
tobacco. EMBO J 6:3559–3564

Dannenhoffer JM, Bostwick DE, Or E, Larkins BA (1995) opaque-15, a maize mutation
with properties of a defective opaque-2 modifier. Proc Natl Acad Sci USA 92:1931–
1935

Davies JT, Shewry PR, Harris N (1993) Spatial and temporal patterns of B hordein synthe-
sis in developing barley (Hordeum vulgare L.) caryopses. Cell Biol Int Rep 17:195–203



214 N.G. Halford · P.R. Shewry

Doll H, Køie B, Eggum BO (1974) Induced high lysine mutants in barley. Rad Bot 14:73–80
Duffus CM, Cochrane MP (1992) Grain structure and composition. In: Shewry PR (ed)

Barley: Genetics, Biochemistry, Molecular Biology and Biotechnology. CAB Interna-
tional, Wallingford, pp 291–317

Dunwell JM, Gane PJ (1998) Microbial relatives of seed storage proteins: conservation of
motifs in a functionally diverse superfamily of enzymes. J Mol Evol 46:147–154

Dunwell JM, Purvis A, Khuri S (2004) Cupins: the most functionally diverse protein su-
perfamily? Phytochem 65:7–17

DuPont FM, Hurkman WJ, Vensel WH, Chan R, Lopez R, Tanaka CK, Altenbach SB (2006)
Differential accumulation of sulfur-rich and sulfur-poor wheat flour proteins is af-
fected by temperature and mineral nutrition during grain development. J Cereal Sci
44:101–112

Esen A (1987) A proposed nomenclature for the alcohol-soluble proteins (zeins) of maize
(Zea mays L). J Cereal Sci 5:117–128

FAO (1997) Production Volume 51, FAO, Rome
Forde BG, Heyworth A, Pywell J, Kreis M (1985) Nucleotide sequence of a B1 hordein gene

and the identification of possible upstream regulatory elements in endosperm storage
protein genes from barley, wheat and maize. Nucl Acids Res 13:7327–7339

Forde J, Malpica J-M, Halford NG, Shewry PR, Anderson OD, Greene FC, Miflin BJ (1985)
The nucleotide sequence of a HMW glutenin subunit gene located on chromosome 1A
of wheat (Triticum aestivum L.). Nucl Acids Res 13:6817–6831

Geevers HO, Lake JK (1992) Development of modified opaque-2 maize in South Africa. In:
Mertz E (ed) Quality Protein Maize. Am Soc Cereal Chem, St Paul, MN, pp 49–78

Giese H, Hopp E (1984) Influence of nitrogen nutrition on the amount of hordein, protein
Z and β-amylase messenger RNA in developing endosperms of barley. Carlsberg Res
Commun 49:365–383

Gillikin JW, Zhang F, Coleman CE, Bass HW, Larkins BA, Boston RS (1997) A defective
signal peptide tethers the floury-2 zein to the endoplasmic reticulum membrane. Plant
Physiol 114:345–352

Hagen G, Rubenstein I (1981) Complex organisation of zein genes in maize. Gene 13:239–249
Halford NG, Forde J, Shewry PR, Kreis M (1989) Functional analysis of the upstream re-

gions of a silent and an expressed member of a family of wheat seed protein genes in
transgenic tobacco. Plant Sci 62:207–216

Halford NG, Field JM, Blair H, Urwin P, Moore K, Robert L, Thompson R, Flavell RB,
Tatham AS, Shewry PR (1992). Analysis of HMW glutenin subunits encoded by chro-
mosome 1A of bread wheat (Triticum aestivum L.) indicates quantitative effects on
grain quality. Theor Appl Genet 83:373–378

Hammond-Kosack MCU, Holdsworth MJ, Bevan MW (1993) in vivo footprinting of a low
molecular weight glutenin gene (LMWG-1D1) in wheat endosperm. EMBO J 12:545–
554

Harberd NP, Bartels D, Thompson RD (1985) Analysis of the gliadin multigene loci in
bread wheat using nullisomic-tetrasomic lines. Mol Gen Genet 198:234–242

Harberd NP, Flavell RB, Thompson RD (1987) Identification of a transposon-like insertion
in a Glu-1 allele of wheat. Mol Gen Genet 209:326–332

Hill DE, Hope IA, Macke JP, Struhl K (1986) Saturation mutagenesis of the yeast his3
regulatory site: requirements for transcriptional induction and for binding by GCN4
activator protein. Science 234:451–457

Hinnebusch AG, Natarajan K (2002) Gcn4p, a master regulator of gene expression, is
controlled at multiple levels by diverse signals of starvation and stress. Eukaryot Cell
1:22–32



The Structure and Expression of Cereal Storage Protein Genes 215

Hinton JJC (1953) The distribution of protein in the maize kernel in comparison with that
of wheat. Cereal Chem 30:441–445

Holdsworth MJ, Munoz-Blanco J, Hammond-Kosack M, Colot V, Schuch W, Bevan MW
(1995) The maize transcription factor Opaque-2 activates a wheat glutenin promoter
in plant and yeast cells. Plant Mol Biol 29:711–720

Hsia CC, Anderson OD (2001) Isolation, characterization of wheat ω-gliadin genes. Theor
Appl Genet 103:37–44

Hwang Y-S, Ciceri P, Parsons RL, Moose SP, Schmidt RJ, Huang N (2004) The maize O2
and PBF proteins act additively to promote transcription from storage protein gene
promoters in rice endosperm cells. Plant Cell Physiol 45:1509–1518

Kawaura K, Mochida K, Ogihara Y (2005) Expression profile of two storage protein gene
families in hexaploid wheat revealed by large-scale analysis of expressed sequence
tags. Plant Physiol 139:1870–1880

Kent NL (1966) Subaleurone endosperm cells of high protein content. Cereal Chem
43:585–601

Kim CS, Gunter BG, Kraft J, Boston RS, Yans S, Jung R, Larkins BA (2004) A defective
signal peptide in a 19-kD α-zein protein causes the unfolded protein response and an
opaque endosperm phenotype in the maize De*-B30 mutant. Plant Physiol 134:380–
387

Kirihara JA, Petri JB, Messing JW (1988) Isolation and sequence of a gene encoding
a methionine-rich 10-kDA zein protein from maize. Gene 71:359–370

Kreis M, Forde BG, Rahman S, Miflin BJ, Shewry PR (1985) Molecular evolution of the
seed storage proteins of barley, rye and wheat. J Mol Biol 183:499–502

Kridl JC, Vieira J, Rubenstein I, Messing J (1984) Nucleotide sequence analysis of a zein
genomic clone with a short open reading frame. Gene 28:113–118

Kriz AL (1999) 7S Globulins of Cereals. In: Shewry PR, Casey R (eds) Seed Proteins.
Kluwer Academic Publishers, Dordrecht, pp 477–498

Lamacchia C, Shewry PR, Di Fonzo N, Forsyth J, Harris N, Lazzeri PA, Napier JA, Halford
NG, Barcelo P (2001) Endosperm-specific activity of a storage protein gene promoter
in transgenic wheat seed. J Exp Bot 355:243–250

Langridge P, Feix G (1983) A zein gene of maize is transcribed from two widely separated
promoter regions. Cell 34:1015–1022

Langridge P, Pintor-Toro JA, Feix G (1982) Direction of zein gene transcription in maize
genomic clones. Biochem Biophys Res Commun 107:1236–1242

Lending CR, Larkins BA (1989) Changes in the zein composition of protein bodies during
maize endosperm development. Plant Cell 1:1011–1023

Lopes MA, Larkins BA (1991) Gamma-zein content is related to endosperm modification
in quality protein maize. Crop Sci 31:1655–1662

Lopes MA, Larkins BA (1995) Genetic analysis of opaque-2 modifier gene activity in
maize endosperm. Theor Appl Genet 19:274–281

Maier U-G, Browm JWS, Toloczyki C, Feix G (1987) Binding of a nuclear factor to a con-
sensus sequence in the 5’ flanking region of zein genes from maize. EMBO J 6:17–22

Margiotta B, Colaprico G, D’Ovidio R, Lafiandra D (1993) Characterization of high Mr
subunits of glutenin by combined chromatographic (RP-HPLC) and electrophoretic
separations and restriction fragment length polymorphism (RFLP) analyses of their
encoding genes. J Cereal Sci 17:221–236

Marks MD, Lindell JS, Larkins BA (1985a) Quantitative analysis of the accumulation of
zein mRNA during maize endosperm development. J Biol Chem 260:16445–16450

Marks MD, Lindell JS, Larkins BA (1985b) Nucleotide sequence analysis of zein mRNAs
from maize endosperm. J Biol Chem 260:16451–16459



216 N.G. Halford · P.R. Shewry

Mena M, Vicente-Carbajosa J, Schmidt RJ, Carbonero P (1998) An endosperm-specific
DOF protein from barley, highly conserved in wheat, binds to and activates transcrip-
tion from the prolamin-box of a native β-hordein promoter in barley endosperm.
Plant J 16:53–62

Mertz ET, Bates LS, Nelson OE (1964) Mutant gene that changes protein composition and
increases lysine content of maize endosperm. Science 145:279–280

Millet M-O, Montembault A, Autran J-C (1991) Hordein compositional differences in var-
ious anatomical regions of the kernel between two different barley types. Sciences des
Alimentations 11:155–161

Müller M, Knudsen S (1993) The nitrogen response of a barley C-hordein promoter is
controlled by positive and negative regulation of the GCN4 and endosperm box. Plant
J 4:343–355

Munck L, Karlsson KE, Hagberg A, Eggum BO (1970) Gene for improved nutritional value
in barley seed protein. Science 168:985–987

Nakase M, Hotta H, Adachi T, Aoki N, Nakamura R, Masumura T, Tanaka K, Matsuda
T (1996) Cloning of the rice seed α-globulin-encoding gene: sequence similarity of
the 5’-flanking region to those of the genes encoding wheat high-molecular-weight
glutenin and barley D hordein. Gene 170:223–226

Natarajan K, Meyer MR, Jackson BM, Slade D, Roberts C, Hinnebusch AG, Marton MJ
(2001) Transcriptional profiling shows that Gcn4p is a master regulator of gene expres-
sion during amino acid starvation in yeast. Mol Cell Biol 21:4347–4368

Nelson OE, Mertz ET, Bates LS (1965) Second mutant gene affecting the amino acid
pattern of maize endosperm proteins. Science 150:1469–1470

Norre F, Peyrot C, Garcia C, Rancé I, Drevet J, Theisen M, Gruber V (2002) Powerful effect
of an atypical bifactorial endosperm box from wheat HMWG-Dx5 promoter in maize
endosperm. Plant Mol Biol 50:699–712

Okita TW, Cheesbrough V, Reeves CD (1985) Evolution and heterogeneity of the alpha-
/beta-type and gamma-type gliadin DNA sequences. J Biol Chem 260:8203–8213.

Osborne TB (1924) The Vegetable Proteins, 2nd edn. Longmans, Green & Co, London,
p 154

Pedersen K, Bloom KS, Anderson JN, Glover DV, Larkins BA (1980) Analysis of the com-
plexity and frequency of zein genes in the maize genome. Biochem 19:1644–1650

Pedersen K, Argos P, Naravanna SVL, Larkins BA (1986) Sequence analysis and character-
isation of a maize gene encoding a high-sulfur zein protein of Mr 15 000. J Biol Chem
261:6279–6284

Pirovano L, Lanzini S, Hartings H, Lazzaroni N, Rossi V, Joshi R, Thompson RD (1994)
Structural and functional analysis of an Opaque-2 related gene from sorghum. Plant
Mol Biol 24:515–523

Prat S, Perez-Grau L, Puigdomenech P (1987) Multiple variability in the sequence of
a family of maize endosperm proteins. Gene 52:41–49

Pysh LD, Aukerman MJ, Schmidt RJ (1993) OHP1: a maize basic domain/leucine zipper
protein that interacts with opaque2. Plant Cell 5:227–236

Rafalski JA (1986) Structure of wheat gamma-gliadin genes. Gene 43:221–229
Robert LS, Thompson RD, Flavell RB (1989) Tissue-specific expression of a wheat high

molecular weight glutenin gene in transgenic tobacco. Plant Cell 1:569–578
Sabelli P, Shewry PR (1991) Characterization and organisation of gene families at the Gli-

1 loci of bread and durum wheats by restriction fragment analysis. Theor Appl Genet
83:209–216

Salamini F, Di Fonzo N, Gentinetta E, Soave C (1979) A dominant mutation interferring
with protein accumulation in maize seeds. In: Seed Protein Improvement in Cereals



The Structure and Expression of Cereal Storage Protein Genes 217

and Grain Legumes. Proceedings of Food and Agriculture Organisation—Int Atomic
Energy Agency Symp. Int Atomic Energy Agency, Vienna, pp 97–108

Salamini F, Foranasani E, Gentinetta E (1983) Mucuronate, Mc, a dominant gene of maize
which interacts with opaque-2 to suppress zein synthesis. Theor Appl Genet 65:123–
128

Schmidt RJ, Burr FA, Aukerman MJ, Burr B (1990) Maize regulatory gene opaque-2 en-
codes a protein with a “leucine-zipper” motif that binds to zein DNA. Proc Natl Acad
Sci USA 87:46–50

Schmidt RJ, Ketudat M, Aukerman M, Hoschek G (1992) Opaque-2 is a transcriptional ac-
tivator that recognizes a specific target site in 22-kDa zein genes. Plant Cell 4:689–700

Scott MP, Sangtong V, Moran D (2002) A Wheat DNA Fragment Exhibits Reduced Pollen
Transmission in Transgenic Maize. Maize Genetics Conference Abstracts 44:130

Shewry PR (2000) Seed Proteins. In: Black M, Bewley JD (eds) Seed Technology and its
Biological Basis. Sheffield Academic Press, Sheffield, pp 42–84

Shewry PR, Darlington H (2002) The proteins of the mature barley grain and their role
in determining malting performance. In: Slafer GA, Molina-Cano JL, Savin R, Araus
JL, Romagosa I (eds) Barley Science: Recent Advances from Molecular Biology to
Agronomy of Yield and Quality. Food Products Press, NY, pp 503–521

Shewry PR, Halford NG (2002) Cereal seed storage proteins: structures, properties and
role in grain utilization. J Exp Bot 53:947–958

Shewry PR, Faulks AR, Miflin BJ (1980) The effect of high-lysine mutations on the protein
fractions of barley grain. Biochem Genet 18:133–151

Shewry PR, Brennan C, Tatham AS, Warburton T, Fido R, Smith D, Griggs D, Cantrell I,
Harris N (1996) The development, structure and composition of the barley grain in re-
lation to its end use properties. In: Cereals 96—Proc 46th Australian Cereal Chemistry
Conf, Sydney, September 1996 158–162

Shewry PR, Halford NG, Belton PS, Tatham AS (2003) Gluten, the elastomeric protein of
wheat seeds. In: Shewry PR, Tatham AS, Bailey A (eds) Elastomeric Proteins. Cam-
bridge University Press, Cambridge, pp 279–301

Shewry PR, Jenkins J, Beaudoin F, Mills ENC (2004) The classification, functions and evo-
lutionary relationships of plant proteins in relation to food allergens. In: Mills ENC,
Shewry PR (eds) Plant Food Allergens. Blackwell Science, Oxford, pp 24–41

Shotwell MA (1999) Oat Globulins. In: Shewry PR, Casey R (eds) Seed Proteins. Kluwer
Academic Publishers, Dordrecht, pp 389–400

Singh NK, Axtell JD (1973) High lysine mutant gene (hl) that improves protein quality
and biological value of grain sorghum. Crop Sci 3:535–539

Singh NK, Shepherd KW (1987) Solubility behaviour, synthesis, degradation and subcel-
lular location of a new class of disulphide-linked proteins in wheat endosperm. Aust J
Plant Physiol 14:245–252

Singh NK, Shepherd KW, Langridge P, Green LC (1991a) Purification and biochemical
characterization of triticin, a legume-like protein in wheat endosperm. J Cereal Sci
3:207–219

Singh NK, Shepherd KW, Langridge P, Gruen LC (1991b) Purification and biochemical
characterization of triticin, a legumin-like protein in wheat endosperm. J Cereal Sci
13:207–219

Sørensen MB, Cameron-Mills V, Brandt A (1989) Transcriptional and post-transcriptional
regulation of gene expression in developing barley endosperm. Mol Gen Genet
217:195–201

Spena A, Viotti A, Pirrotta V (1982) A homologous repetitive block structure underlies
the heterogeneity of heavy and light chain zein genes. EMBO J 1:1589–1594



218 N.G. Halford · P.R. Shewry

Stöger E, Parker M, Christou P, Casey R (2001) Pea legumin overexpressed in wheat
endosperm assembles into an ordered paracrystalline matrix. Plant Physiol 125:1732–
1742

Takaiwa F, Ogawa M, Okita TW (1999) Rice Glutelins. In: Shewry PR, Casey R (eds) Seed
Proteins. Kluwer Academic Publishers, Dordrecht, pp 401–425

Tatham AS, Shewry PR (2000) Elastomeric proteins—biological roles, structures and
mechanisms. Trends Biochem Sci 25:567–571

Thomas MS, Flavell RB (1990) Identification of an enhancer element for the endopserm-
specific expression of high molecular weight glutenin. Plant Cell 2:1171–1180

Ueda T, Waverczak W, Ward K, Sher N, Ketudat M, Schmidt RJ, Messing J (1992) Mu-
tations of the 22- and 27-kD zein promoters affect transactivation by the opaque-2
protein. Plant Cell 4:701–709

Vettore AL, Yunes JA, Cord Neto G, Da Silva M, Arruda P, Leite A (1998) The molecular
and functional characterization of an opaque-2 homologue gene from Coix and a new
classification of plant bZIP proteins. Plant Mol Biol 36:249–263

Villegas E, Vasal SK, Bjarnarson M (1992) Quality Protein Maize—What is it and how was
it developed. In: Mertz ET (ed) Quality Protein Maize. Am Soc Cereal Chem, St Paul,
MN, pp 27–48

Vicente-Carbajosa J, Carbonero P (2005) Seed maturation: developing an intrusive phase
to accomplish a quiescent state. Int J Dev Biol 49:645–651

Vicente-Carbajosa J, Moose SP, Parsons R, Schmidt RJ (1997) A maize zinc-finger protein
binds the prolamin box in zein gene promoters and interacts with the basic leucine
zipper transcriptional activator Opaque2. Proc Natl Acad Sci USA 94:7685–7690

Wallace JC, Lopes MA, Paiva E, Larkins BA (1990) New methods for extraction and quan-
titation of zeins reveal a high content of γ -zein in modified opaque-2 maize. Plant
Physiol 92:191–196

Wan Y, Wang D, Shewry PR, Halford NG (2002) Isolation, characterization of five novel
high molecular weight subunits of glutenin genes from Triticum timopheevi and
Aegilops cylindrica. Theor Appl Genet 104:828–839

Wandelt C, Feix G (1989) Sequence of a 21 kD zein gene from maize containing an in-
frame stop codon. Nucl Acids Res 17:2354

Watson SA (1987) Structure and Composition. In: Watson SA, Ramstad PE (eds) Corn:
Chemistry and Technology. Am Assoc Cereal Chem, St Paul, MN, pp 53–82

Wilson DR, Larkins BA (1984) Zein gene organization in maize and related grasses. J Mol
Biol 20:330–340

Woo Y-M, Hu DW-N, Larkins BA, Jung R (2001) Genomics analysis of genes expressed
in maize endosperm identifies novel seed proteins and clarifies patterns of zein gene
expression. Plant Cell 13:2297–2317

Yupsanis T, Burgess SR, Jackson PJ, Shewry PR (1990) Characterization of the major
component from aleurone cells of barley (Hordeum vulgare L). J Exp Bot 41:385–392

Yunes JA, Cord Neto G, Silva G, Leite A, Ottoboni LMM, Aruda P (1994) The transcrip-
tional activator Opaque-2 recognizes two different target sequences in the 22 kDa-like
prolamin genes. Plant Cell 6:237–249

Zhang Y, Shewry PR, Jones H, Barcelo P, Lazzeri PA, Halford NG (2001) Expression of an-
tisense SnRK1 protein kinase sequence causes abnormal pollen development and male
sterility in transgenic barley. Plant J 28:431–442

Zhang Y, Dickinson JR, Paul MJ, Halford NG (2003) Molecular cloning of an Arabidopsis
homologue of GCN2, a protein kinase involved in co-ordinated response to amino acid
starvation. Planta 217:668–675



Plant Cell Monogr (8)
O.-A. Olsen: Endosperm
DOI 10.1007/7089_2007_112/Published online: 19 May 2007
© Springer-Verlag Berlin Heidelberg 2007

Genomic Imprinting in Arabidopsis thaliana and Zea mays

Jon Penterman · Jin Hoe Huh · Tzung-Fu Hsieh · Robert L. Fischer (�)

Department of Plant and Microbial Biology, University of California,
Berkeley, California 94720, USA
rfischer@calmail.berkeley.edu

Abstract Genomic imprinting is the differential expression of paternal and maternal alle-
les. In plants, gene imprinting occurs in the endosperm and has not been found in the
embryo or adult plants. Imprinting can affect every allele of a locus (locus-dependent
imprinting) or be specific to a particular allele (allele-dependent imprinting). Allele-
dependent imprinting was the first type of gene imprinting discovered and has only been
documented in maize. Locus-specific imprinting is found in both maize and Arabidop-
sis. Recent studies have revealed the integral role of female and male gametophytes in
gene imprinting and mechanisms by which the parental alleles are distinguished from
one another. Herein we will focus on the mechanisms of locus-specific gene imprinting
in Arabidopsis and maize.

1
Introduction

Gene imprinting is the differential expression of parental alleles in the same
nucleus and has independently evolved in both angiosperm and mammal lin-
eages. Gene imprinting occurs primarily in the placenta of mammals (Fowden
et al. 2006) and in the endosperm of angiosperms (Gehring et al. 2004). Both
of these structures nourish the next generation and are integral to the success
of their respective progenies. According to the parental conflict theory, it is
this vital function that led to the evolution of imprinting in angiosperms and
mammals (Haig and Westoby 1989, 1991).

The parental conflict theory states that both paternal and maternal par-
ents compete over the amount of resources allocated to their progeny (Haig
and Westoby 1989, 1991). The maternal parent, which may have progeny with
multiple fathers, equally divides her resources among all of her progeny. The
paternal parent might sire only a subset of the total progeny nourished by
the mother. It is therefore advantageous for him to direct the most maternal
resources to his progeny. During evolution this conflict would lead to a situ-
ation where the alleles of genes that repress endosperm growth are largely
maternally expressed, whereas the alleles of genes that promote endosperm
growth are largely paternally expressed. There are four known genes im-
printed in the endosperm of Arabidopsis: MEDEA (MEA), FERTILIZATION
INDEPENDENT SEED2 (FIS2), FWA, and PHERES1 (PHE1) (Kinoshita et al.
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1999, 2004; Kohler et al. 2005; Jullien et al. 2006a). MEA, FIS2, and FWA are
maternally expressed and paternally silent in the endosperm whereas PHE1
is paternally expressed and maternally repressed. In maize, locus-specific
imprinting occurs at fertilization independent endosperm1 (fie1), fie2, mater-
nally expressed gene1 (meg1), and no-apical-meristem related protein1 (nrp1)
(Danilevskaya et al. 2003; Guo et al. 2003; Gutierrez-Marcos et al. 2003, 2004),
all of which are maternally expressed and paternally silenced during en-
dosperm development.

For genes to be imprinted, the alleles must be treated differently from one
another in the same nucleus. In a highly inbred population like Arabidopsis,
these alleles often have identical DNA sequences. The differential regulation
of imprinted genes is therefore not encoded within the DNA sequence but is
determined by inherited epigenetic modifications at the locus. These epige-
netic modifications include cytosine methylation and histone modifications,
both of which can repress gene transcription. Epigenetic modifications can
be established, stably maintained during development, and reversed. Most
importantly, the epigenetic modifications of one allele can co-exist with dif-
ferent epigenetic modifications of another allele, the end result of which is
differential expression of alleles.

Chromatin is the environment in which genes function. Chromatin is
composed of non-histone proteins and nucleosomes. A nucleosome is DNA
wound around a histone octamer, which consists of two subunits each of
histones H2A, H2B, H3, and H4. Nucleosomes are linked by histone H1. Cova-
lent modifications of histones and associated chromatin remodeling can have
a profound effect on gene activity (Hsieh and Fischer 2005; Martin and Zhang
2005). Polycomb group (PcG) proteins, which modify histones and chromatin
structure, are directly involved in Arabidopsis gene imprinting (Kohler et al.
2005; Baroux et al. 2006; Gehring et al. 2006; Jullien et al. 2006b). PcG pro-
teins form a multimeric complex that covalently methylates lysine 27 of H3
(H3K27) and compacts chromatin (Guitton and Berger 2005; Grimaud et al.
2006). Chromatin compaction can form heterochromatin, which makes genes
physically inaccessible to transcription factors and transcriptional complexes
(Hsieh and Fischer 2005; Martin and Zhang 2005).

Cytosine DNA methylation can also lead to heterochromatin formation
and transcriptional repression. Cytosine methylation is found in CG, CNG,
and CNN contexts (N = A, C, or T). CG methylation is maintained by
METHYLTRANSFERASE 1 (MET1) and non-CG methylation is maintained
by CHROMOMETHYLTRANSFERASE3 and DOMAINS REARRANGED DNA
METHYLTRANSFERASE2 (DRM2) (Bender 2004). At many loci, there is an
intimate connection between DNA methylation and histone modifications
(Jackson et al. 2002; Lippman et al. 2004; Ebbs et al. 2005). These epigenetic
modifications are often interdependent; loss of DNA methylation coincides
with a loss of histone modifications and vice versa (Lippman and Martienssen
2004; Chan et al. 2005). DNA methylation and histone modifications are
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integral to heterochromatin formation and maintenance (Lippman and Mar-
tienssen 2004; Chan et al. 2005).

CG methylation regulates the imprinting of several Arabidopsis genes
(Xiao et al. 2003; Kinoshita et al. 2004; Jullien et al. 2006a) and has been
implicated in maize genomic imprinting, too (Gutierrez-Marcos et al. 2006).
Methylation at CG sites is symmetrical with cytosines methylated on both
DNA strands. CG methylation is established by the de novo methyltransferase
DRM2 and can be maintained indefinitely by MET1, which methylates CG
sites of the daughter strand immediately after DNA replication (Bender 2004).
Establishment and maintenance of Arabidopsis CG methylation are indepen-
dent processes; the majority of CG methylation is maintained by MET1 with
little or no contribution by DMR2 (Bender 2004; Chan et al. 2005).

In this work, we discuss the functions of Arabidopsis and maize imprinted
genes and focus on the molecular mechanisms that operate to establish and
maintain their imprinting in the endosperm. Readers also might wish to read
the following reviews on the relationship of ploidy and genomic imprinting
(Dilkes and Comai 2004), the history of plant genomic imprinting (Gehring
et al. 2004), mechanisms of mouse genomic imprinting (Lewis and Reik 2006),
and the comparison of mammalian and plant genomic imprinting (Scott and
Spielman, 2006).

2
Functions of Imprinted Genes

MEA, FIS2, FWA, and PHE1 imprinted genes are expressed in the endosperm.
In the sections below, we review the functions of MEA, FIS2, FWA, and PHE1
and the evidence showing that these genes are imprinted.

2.1
Arabidopsis Imprinted Genes

2.1.1
MEA and FIS2 Functions and Imprinting

Genetic experiments indicate that MEA and FIS2 have several functions dur-
ing Arabidopsis reproduction. Unfertilized female gametophytes that inherit
a mutant mea or fis2 allele develop endosperm-like tissue because of preco-
cious nuclear replication of the diploid central cell (Chaudhury et al. 1997;
Kiyosue et al. 1999). These seed-like structures cause siliques to elongate in
the absence of fertilization. Thus, one function of FIS2 and MEA is to repress
nuclear division of the central cell prior to fertilization.

mea and fis2 mutations also have effects when ovules are fertilized. Siliques
from self-pollinated MEA/mea and FIS2/fis2 heterozygotes contain a 1 : 1 ratio
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of aborted to viable seed. Reciprocal crosses to wild type showed that mea
and fis2 seed abortion is caused by the maternal inheritance of these muta-
tions and that paternally inherited fis2 and mea mutations do not affect seed
development (Grossniklaus et al. 1998; Kiyosue et al. 1999). Thus, mea and
fis2 have a parent-of-origin effect on seed development. The endosperm of
mea and fis2 aborting seeds fails to cellularize, lacks a morphologically de-
fined anterior-posterior polarity, and is enlarged due to proliferation of nuclei
(Grossniklaus et al. 1998; Kiyosue et al. 1999; Luo et al. 1999; Sorensen et al.
2001; Gehring et al. 2004) (See Berger et al. in this volume). Thus, one func-
tion of the maternal MEA and FIS2 proteins is to repress endosperm growth.
Imprinting of the MEA and FIS2 genes is therefore in accord with the pre-
dictions of the parental conflict theory because MEA and FIS2, which repress
endosperm growth, are only expressed from the maternal allele.

MEA encodes a SET-domain PcG protein that is homologous to Drosophila
Enhancer of Zeste [E(z)] (Grossniklaus et al. 1998; Kiyosue et al. 1999), and
FIS2 encodes a zinc-finger transcription factor homologous to Drosophila
Suppressor of Zeste 12 [Su(z)12](Luo et al. 1999). Su(z)12, E(z), and other PcG
proteins in Drosophila form a large multimeric complex that can remodel
chromatin and methylate histone 3 on lysine 27 (H3K27) (Guitton and Berger
2005; Grimaud et al. 2006). H3K27 is methylated by the histone methyltrans-
ferase activity of the E(z) SET domain. MEA has also been found to function
in a large, multimeric PcG complex (Kohler et al. 2003b), and plants with
mutations in other components of the MEA/FIS2 PcG complex, such as FER-
TILIZATION INDEPENDENT ENDOSPERM (FIE), have phenotypes similar
to mea and fis2 mutants (Hsieh et al. 2003; Guitton and Berger, 2005) (See
Berger et al., in this volume). It is not known whether the SET domain of
MEA has histone methyltransferase activity, however, H3K27 methylation
at a MEA/FIS2 polycomb target requires MEA (Gehring et al. 2006; Jullien
et al. 2006b).

Imprinting of FIS2 and MEA has been shown using a number of tech-
niques. One method is to cross two ecotypes polymorphic for FIS2 or
MEA coding sequence and then amplify MEA and FIS2 transcripts from
seeds or tissues of dissected seeds (i.e. embryo, endosperm) using reverse
transcriptase-polymerase chain reaction (RT-PCR) (Kinoshita et al. 1999; Jul-
lien et al. 2006a). The RT-PCR products are then incubated with a restriction
enzyme that specifically cuts transcripts from one ecotype, making it pos-
sible to distinguish transcripts from maternal and paternal alleles. For the
imprinted MEA and FIS2 genes, only the transcripts from the maternal MEA
and FIS2 alleles are detected in the endosperm (Kinoshita et al. 1999; Gehring
et al. 2006; Jullien et al. 2006a).

Another technique is to monitor the expression of a reporter gene in
reciprocal crosses. In this method, the promoter and coding sequence of
the gene of interest are fused to the GREEN FLUORESCENT PROTEIN
(GFP) or β-GLUCURONIDASE (GUS). The expression of a FIS2::GUS reporter
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gene mirrors the expression of the endogenous gene. Maternally inherited
FIS2::GUS is expressed in the central cell and endosperm whereas pater-
nally inherited FIS2::GUS is silent in the endosperm (Luo et al. 2000; Jullien
et al. 2006a).

Imprinting has also been shown using in situ hybridization to detect
nascent transcripts from the primary endosperm nuclei (Vielle-Calzada et al.
1999). In this method, probes hybridizing to nascent transcripts appear as nu-
clear dots. If a gene is not imprinted, then there should be three nuclear dots,
representing two maternal genomes and one paternal genome. In the primary
endosperm cell only two nuclear dots were observed, suggesting that the two
maternal MEA alleles are expressed and paternal allele is silenced. Besides
showing MEA imprinting, this method indicates that the endosperm inherits
a transcriptionally active maternal MEA allele.

2.1.2
FWA Function and Imprinting

FWA encodes a homeodomain transcription factor and is best known for
its effect on Arabidopsis flowering time when it is aberrantly expressed in
vegetative tissues (Soppe et al. 2000). The promoter and transcription start
site of FWA reside within two pairs of near-perfect direct repeats. Repeti-
tive sequences are often targets of DNA methylation and repressive histone
modifications. The DNA methylation status of these repeats is correlated with
the transcriptional state of FWA (Soppe et al. 2000). FWA is expressed when
these sites are not methylated and transcriptionally silent when they are
methylated. Mutations that cause genome-wide loss of CG methylation in-
variably lead to FWA expression and late flowering (Soppe et al. 2000; Kankel
et al. 2003). FWA is normally expressed in the central cell and endosperm but
nowhere else (Soppe et al. 2000; Kinoshita et al. 2004). The FWA gene was
shown to be imprinted using RT-PCR followed by ecotype-specific restriction
enzyme analysis and reporter genes (Kinoshita et al. 2004). Loss-of-function
mutations in fwa do not affect flowering time and seed development and
the function of FWA in the seed is not known (Soppe et al. 2000; Kinoshita
et al. 2004).

2.1.3
PHE1 Function and Imprinting

PHE1 encodes a type 1 MADS box transcription factor that is expressed in the
endosperm and embryo (Kohler et al. 2003a). PHE1 imprinting was shown
using RT-PCR followed by ecotype-specific restriction enzyme analysis and
by analyzing a reporter gene (Kohler et al. 2005). In seeds, the paternal PHE1
allele is transcribed significantly more than the maternal PHE1 allele, and the
expression of the PHE1 reporter gene suggests that PHE1 is imprinted in the
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endosperm. Mutations in PHE1 have no overt effect on seed development.
However, PHE1 is a direct target of the MEA/FIS2 PcG complex, and down-
regulation of PHE1 partially rescues mea seed abortion (Kohler et al. 2003a).
This indicates that one of the reasons mea seeds abort is because PHE1 is not
properly repressed.

2.2
Maize Imprinted Genes

In Zea mays there are a number of imprinted genes that fall into two general
groups. In one group are genes that exhibit locus-specific imprinting and in
the other group are genes that exhibit allele-specific imprinting. In the sec-
tion below we focus on the genes fie1, fie2, meg1, and nrp1, the imprinting
of which is inherent to the locus. For a review of allele-specific imprinting we
refer our readers to the review by Gehring et al. (2004).

2.2.1
fie1 and fie2 Function and Imprinting

fie1 and fie2 were the first maize genes found to exhibit locus-specific im-
printing (Danilevskaya et al. 2003; Gutierrez-Marcos et al. 2003). These genes
encode WD-repeat PcG proteins homologous to the Arabidopsis FIE gene
and Drosophila Extra Sex Combs (Springer et al. 2002). Genes encoding other
components of the PcG complex have also been identified in maize, sug-
gesting that there is a large multimeric PcG complex that regulates tran-
scription (Springer et al. 2002). Mutations in fie1 and fie2 have not been
found and their functions during maize seed development are not known.
fie1 expression is only detected in the endosperm (Danilevskaya et al. 2003;
Gutierrez-Marcos et al. 2003) whereas fie2 expression is detected in all repro-
ductive and vegetative tissues tested so far (Springer et al. 2002; Danilevskaya
et al. 2003).

The fie1 and fie2 genes were shown to be imprinted by reciprocally
crossing maize inbred lines and using RT-PCR to follow expression of
line-specific polymorphisms in the endosperm (Danilevskaya et al. 2003;
Gutierrez-Marcos et al. 2003, 2006). For both genes only expression from
the maternal alleles are detected in the endosperm of young developing
seeds. fie1 imprinting is stable throughout seed development (Danilevskaya
et al. 2003; Gutierrez-Marcos et al. 2003). By contrast, fie2 imprinting is less
stable and expression from both maternal and paternal alleles is detected
in the endosperm during later stages of seed development (Danilevskaya
et al. 2003; Gutierrez-Marcos et al. 2003). Imprinting of the pFIE1-GUS
and pFIE2-GUS reporter genes suggests that epigenetic modifications at
the promoter are sufficient for fie1 and fie2 imprinting (Gutierrez-Marcos
et al. 2006).
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2.2.2
meg1 Function and Imprinting

meg1 is specifically expressed in the endosperm basal transfer region
(Gutierrez-Marcos et al. 2004), a tissue whose primary function is to facilitate
nutrient transfer from the maternal tissue to the developing seed (see Royo et al.
in this volume). meg1 encodes a novel protein that is glycosylated and localized
in or adjacent to the cell wall ingrowths of basal transfer cells (Gutierrez-Marcos
et al. 2004). The role of MEG1 in seed development is not known.

Locus-specific imprinting of meg1 was discovered using allelic message
display (AMD) (Gutierrez-Marcos et al. 2004). AMD is a differential display
PCR technique that allows the detection and visualization of multiple tran-
scripts and was used to monitor the transcriptome of endosperm from seeds
produced by selfing and reciprocally crossing Mo17 and F2 inbred maize lines
(Gutierrez-Marcos et al. 2003). These inbred lines are highly polymorphic
and produce differently sized transcripts for many genes. Gutierrez-Marcos
et al. (2004) followed the maternal and paternal expression of transcripts
and found that meg1 was maternally expressed and paternally silenced dur-
ing early endosperm development. At later stages of endosperm development
biallelic expression of meg1 was observed (Gutierrez-Marcos et al. 2004),
indicating that meg1 imprinting is not stable throughout endosperm devel-
opment. A pMEG1-GUS reporter gene was also imprinted, suggesting that the
regulation of meg1 imprinting lies in the promoter region (Gutierrez-Marcos
et al. 2004). The epigenetic mechanism operating at meg1 is not known.

2.2.3
nrp1 Function and Imprinting

nrp1 encodes a putative transcription factor of the NAM gene family. The
nrp1 gene is expressed exclusively in the endosperm; there is no expression
detected in the gametophyte generations or in any other sporophytic tissue
(Guo et al. 2003). The function of nrp1 in seeds is not known.

Imprinting of nrp1 was discovered in a global gene expression study of
endosperm tissues of multiple maize hybrids and their inbred parents (Guo
et al. 2003). Gene expression was analyzed using GeneCalling (Shimkets et al.
1999), which is a differential display PCR technique. Restriction enzyme sites
are essential to the GeneCalling technique and therefore polymorphisms be-
tween inbred lines allow the origin of transcripts to be inferred. In this
analysis nrp1 transcripts in the hybrid endosperm were almost totally de-
rived from the female parent (Guo et al. 2003). After discovering line specific
polymorphisms, Guo et al. (2003) confirmed nrp1 imprinting using RT-PCR
followed by high-performance liquid chromatography, which allowed them to
observe and quantify the expression levels of maternal and paternal alleles.
The epigenetic mechanism underlying nrp1 imprinting is not known.
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3
Epigenetic Regulation of Arabidopsis and Maize Gene Imprinting

The mechanisms regulating gene imprinting span the generational divide be-
tween gametophyte and sporophyte. Recent research has revealed the integral
roles of the female and male gametophytes and uncovered several epigenetic
mechanisms used to regulate gene imprinting. In this section, we discuss the
regulatory mechanisms that operate at maternal and paternal alleles of the
imprinted genes FWA, MEA, FIS2, fie1, fie2, and PHE1.

3.1
Regulation of the Maternal FWA, FIS2, and MEA Alleles

The maternal FWA, FIS2, and MEA alleles are expressed in the central cell
and endosperm. The epigenetic regulation of the maternal MEA allele is
a paradigm that likely applies to FWA, FIS2, and other unknown imprinted
genes. In the paragraphs that follow, we introduce two genes, DEMETER
(DME) and MET1, and explain how these genes interact at and transcrip-
tionally regulate the MEA locus. We then discuss how the paradigm of MEA
regulation applies to the regulation of the maternal FWA and FIS2 alleles.

Like mea and fis2, mutations in dme have a parent-of-origin effect on seed
viability (Choi et al. 2002). Seeds that inherit a maternal dme allele abort re-
gardless of the paternal allele. DME is primarily expressed in the central cell
before fertilization and decreases substantially afterward (Choi et al. 2002).
DME expression was not detected in stamens and DME reporter genes were
not expressed in the egg cell, embryo, and endosperm (Choi et al. 2002). One
of the reasons dme seeds abort is because MEA expression is absent in unfer-
tilized female gametophytes and during early endosperm development (Choi
et al. 2002). Thus, DME is required for expression of MEA in the central cell
and during the early stages of endosperm development.

DME is a bifunctional helix-hairpin-helix DNA glycosylase. DNA glyco-
sylases function in the base excision repair (BER) pathway that replaces
damaged, mismatched, and methylated bases from DNA (Scharer and Jir-
icny 2001). The DNA glycosylase activity of DME is required for Arabidopsis
seed viability (Choi et al. 2004). Bifunctional helix-hairpin-helix DNA glyco-
sylases have both DNA glycosylase and apurinic/apyrimidinic (AP) lyase ac-
tivities. DME DNA glycosylase activity initiates the BER pathway by excising
a 5-methylcytosine and the phosphate backbone is then nicked by DME AP
lyase activity. An AP endonuclease subsequently generates a 3’-hydroxyl to
which a repair DNA polymerase adds a non-methylated cytosine. A DNA lig-
ase seals the nick, completing the BER process.

The discovery that met1 methyltransferase mutations suppress dme seed
abortion provided clues about the function of DME at the MEA locus. Mu-
tations in met1 suppressed dme only when inherited maternally, indicating



Genomic Imprinting in Arabidopsis thaliana and Zea mays 227

that met1 suppression of dme occurred in the female gametophyte (Xiao et al.
2003). Furthermore, met1 suppression of dme required a functional mater-
nal MEA allele and mutations in met1 also fully restored MEA expression in
dme mutants (Xiao et al. 2003). This indicates that met1 suppression of dme
is upstream of or at the MEA locus. The MEA locus is methylated at four re-
gions: three distinct 5’ promoter regions and a repetitive region flanking the
3’ end of MEA (MEA-ISR) (Cao and Jacobsen 2002; Xiao et al. 2003). Mu-
tations in met1 eliminate most CG methylation at the MEA promoter (Xiao
et al. 2003). These observations led to the hypothesis that MET1 methylation
directly represses maternal MEA allele expression and 5-methylcytosine ex-
cision (i.e. demethylation) by DME DNA glycosylase leads to maternal MEA
allele transcription in the central cell.

This hypothesis was tested by reciprocally crossing ecotypes with poly-
morphisms in MEA’s methylated regions and extracting and bisulfite se-
quencing DNA from both endosperm and embryo (Gehring et al. 2006).
Bisulfite sequencing quantitatively measures the methylation of each cyto-
sine, and because the methylated regions have polymorphisms, the methy-
lation of both paternal and maternal alleles could be distinguished. The
maternal MEA allele in the endosperm was found to be hypomethylated rela-
tive to the paternal endosperm allele at the 3’ repeats and a promoter region
about – 500 base pairs upstream of the transcription start site (Gehring et al.
2006). In the embryo, both the paternal and maternal alleles were as highly
methylated as the paternal MEA endosperm allele. Thus, maternal MEA allele
expression in the endosperm is correlated with hypomethylation.

The maternal endosperm allele is derived from the central cell, which
expresses DME DNA glycosylase. Hypomethylation of the maternal MEA al-
lele in the endosperm might be due to DME DNA glycosylase excision of
methylated cytosine. Indeed, the maternal MEA allele is not hypomethy-
lated in endosperm derived from dme mutant females crossed to wild-
type males (Gehring et al. 2006). DME excises 5-methylcytosine in E. coli
(Gehring et al. 2006), and purified DME DNA glycosylase protein excises
5-methylcytosine in CG, CNG, and CNN contexts from double-stranded
oligonucleotides (Gehring et al. 2006; Morales-Ruiz et al. 2006). Collectively,
these data indicate that DME excises 5-methylcytosine from the MEA locus,
which leads to transcriptional activation of MEA in the central cell.

DME is also required for the expression of the maternal FWA allele
and FWA-GFP reporter gene in the central cell and endosperm (Kinoshita
et al. 2004). In the sporophyte, FWA is transcriptionally silenced by MET1-
maintained CG methylation (Soppe et al. 2000; Kankel et al. 2003). Therefore,
in the gametophyte, maternal FWA expression might be the result of hy-
pomethylation of FWA. Kinoshita et al. used bisulfite sequencing to show that
the FWA loci of the endosperm were indeed hypomethylated (Kinoshita et al.
2004). Lack of FWA expression in embryo and seed coat correlated with high
levels of FWA methylation as observed in the sporophyte (Kinoshita et al.
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2004). It is likely that endosperm FWA hypomethylation and expression is due
to DME-dependent demethylation in the central cell.

The maternal FIS2 allele and FIS2::GUS reporter genes are also positively
regulated by DME (Jullien et al. 2006a). There is MET1-dependent methy-
lation at the promoter of FIS2, and the paternal FIS2 endosperm allele is
silenced by DNA methylation. It seems likely that DME demethylates the FIS2
locus in the central cell, which leads to upregulation of the maternal FIS2
allele in the central cell and early endosperm.

3.2
Regulation of the Paternal FWA, FIS2, and MEA Alleles

In contrast to maternal allele regulation, the epigenetic mechanisms that reg-
ulate the paternal MEA, FIS2, and FWA alleles are distinct. The paternal FWA
and FIS2 alleles are silenced by DNA methylation in the endosperm whereas
PcG proteins silence the paternal MEA endosperm allele. Identification of the
epigenetic mechanisms that silence the paternal FWA, FIS2, and MEA alleles
has revealed the critical role of the male gametophyte in gene imprinting. In
the following paragraphs, we first discuss the paternal regulation of the FWA
and FIS2 alleles and then the paternal regulation of the MEA allele.

3.2.1
Paternal FWA and FIS2 Allele Regulation

During vegetative development FWA expression is repressed by a combina-
tion of DNA and histone methylation. In met1 mutants CG methylation at the
FWA promoter is lost and FWA is expressed (Bender, 2004). Thus, CG methy-
lation is one factor silencing FWA. Another epigenetic modification involved
in repressing FWA is methylation of histone 3 at lysine 9 (H3K9). Mutations
in DECREASE IN DNA METHYLATION1 (DDM1), which is a SWI/SNF chro-
matin remodeling factor, cause loss of both DNA and H3K9 methylation at the
FWA promoter (Soppe et al. 2000; Lippman et al. 2004). The combination of
DNA and H3K9 methylation is a hallmark of silent heterochromatin, which
makes promoters inaccessible to transcription factors (Lippman et al. 2004;
Lippman and Martienssen 2004).

The paternal FWA allele is silent in both the endosperm and embryo
(Kinoshita et al. 2004). Because FWA is silenced in the sporophyte, it was
hypothesized that silencing of the paternal FWA allele might be an inher-
ited condition from the paternal parent. To test this hypothesis, Kinoshita
et al. examined FWA imprinting in the endosperm of seeds from WT fe-
males crossed to met1 mutant males (Kinoshita et al. 2004). In this cross they
found that the paternal FWA allele was expressed in the endosperm. Crosses
to cmt3 and drm2 methyltransferase mutant males, which lack FWA CNG
and CNN methylation, did not affect paternal FWA allele silencing (Kinoshita
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et al. 2004). Thus, the silencing of the paternal FWA allele requires MET1-
maintained CG methylation.

FIS2 expression is restricted to the central cell and endosperm. Unlike
FWA, FIS2 is not expressed in vegetative tissues of met1 mutant plants and
thus, the restricted pattern of FIS2 expression is not due solely to MET1
methylation. However, silencing of the paternal FIS2 endosperm allele de-
pends on MET1-mediated CG methylation (Jullien et al. 2006a). In crosses
to met1 homozygous and met1/MET1 heterozygous males, expression of the
paternal FIS2 allele is detected in the endosperm (Jullien et al. 2006a).

FIS2 and FWA are methylated and silenced in WT anthers, but are ex-
pressed in anthers of MET1/met1 heterozygotes (Jullien et al. 2006a). FWA and
FIS2 expression in MET/met1 heterozygotes likely reflects allele hypomethyla-
tion and expression in male gametophytes because in MET1/ met1 heterozy-
gotes methylation is lost during the mitotic divisions of haploid gametophytes
that inherit a met1 mutation (Saze et al. 2003). Indeed, pFWA::FWA-GFP gene
fusion, which is normally silenced in pollen, is expressed in pollen produced
by a MET1/met1 plant (Jullien et al. 2006a). Thus, MET1-mediated methyla-
tion is required in the male gametophyte to maintain a transcriptionally silent
allele of both FWA and FIS2. The transcriptional silence of FWA and FIS2 is
then transmitted to and presumably maintained by MET1 in the endosperm.

3.2.2
Paternal MEA Allele Regulation

Paternal allele silencing of MEA is distinct from FWA and FIS2. In crosses
to met1, cmt3, and drm2 males, the paternal MEA allele is transcriptionally
silent in the endosperm, indicating that methylation is not required for pater-
nal MEA allele silencing (Gehring et al. 2006; Jullien et al. 2006b). Thus, while
the maternal allele is repressed by DNA methylation, an epigenetic mechan-
ism other than DNA methylation represses the paternal MEA allele.

Clues as to what regulates the paternal MEA allele arose from studies on
other PcG proteins. In rosette leaves, MEA expression was found to be down-
regulated by the PcG proteins FIE and CURLY LEAF (CLF), which encode
a WD40 protein homologous with Drosophila extra sex combs and a SET
domain PcG protein, respectively (Katz et al. 2004; Jullien et al. 2006b). Mu-
tations that disrupt other PcG proteins, such as VERNALIZATION 2 and
EMBRYONIC FLOWER 2, also lead to MEA up-regulation (Jullien et al.
2006b). PcG-dependent H3K27 methylation is observed at the 5’ and 3’ ends
of the MEA locus, indicating that PcG proteins directly regulate MEA expres-
sion (Gehring et al. 2006; Jullien et al. 2006b). Imprinting of the MEA gene
in the endosperm depends on PcG proteins. The paternal MEA allele is ex-
pressed in the endosperm of seeds derived from crosses with heterozygous
FIE/fie males (Jullien et al. 2006b). This observation indicates that paternal
MEA allele silencing in the endosperm requires functional PcG complexes
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during male gametophyte development. In seeds that inherit a maternal fie
or mea allele, the paternal MEA allele is also expressed (i.e. derepressed) in
the endosperm (Baroux et al. 2006; Gehring et al. 2006; Jullien et al. 2006b).
Derepression of the paternal MEA allele in endosperm correlates with loss
of H3K27 methylation at the 5’ region of the paternal MEA locus in seeds
(Gehring et al. 2006). Thus, maternal and paternal PcG proteins, including
maternal MEA, maintain the epigenetic modifications and transcriptional si-
lence of the paternal MEA endosperm allele.

3.3
Regulation of fie1 and fie2 Imprinting

An impressive study by Gutierrez-Marcos et al. (2006) has identified a po-
tential epigenetic mechanism governing maize fie1 and fie2 imprinting. Both
fie1 and fie2 are maternally expressed and paternally silent during endosperm
development (Danilevskaya et al. 2003). Because pFIE1::GUS and pFIE2::GUS
reporter genes recapitulate the expression of fie1 and fie2 genes, it was hy-
pothesized that the epigenetic mechanism controlling fie1 and fie2 imprinting
lies in the promoter regions (Gutierrez-Marcos et al. 2006). Bisulfite sequenc-
ing uncovered two methylated regions at the fie1 promoter and one methy-
lated region at the fie2 promoter (Gutierrez-Marcos et al. 2006). Methylated
promoter regions of fie1 contain CG and CNG methylation and the methylated
promoter region of fie2 contains CG, CNG, and CNN methylation. In early
stage endosperm tissue, the promoters of the transcriptionally active mater-
nal fie1 and fie2 alleles were hypomethylated and the promoters of the silent
paternal fie1 and fie2 alleles were hypermethylated (Gutierrez-Marcos et al.
2006). Thus, in maize endosperm tissue the methylation level of parental fie1
and fie2 alleles correlates with their transcriptional state. These data suggest
that differential DNA methylation is one epigenetic mechanism regulating
maize fie1 and fie2 imprinting.

Further bisulfite sequencing showed that the methylation pattern of fie1 al-
leles in the endosperm is the result of alleles inherited from the gametes. The
fie1 locus is hypermethylated in the egg cell and sperm cells, however, fie1 is
significantly hypomethylated in the central cell (Gutierrez-Marcos et al. 2006).
Thus, in the endosperm hypomethylation of maternal fie1 alleles and hyperme-
thylation of the paternal fie1 allele is the product of epigenetic alleles inherited
from the central cell and sperm cell, respectively. Interestingly, hypomethy-
lated fie1 alleles in the central cell are not expressed in the ovule (Danilevskaya
et al. 2003), indicating that factors other than DNA methylation regulate fie1
expression. Collectively, these data show that differential DNA methylation of
endosperm fie1 alleles is established in the gametophyte generation.

Unlike fie1, the differential DNA methylation of endosperm fie2 alleles is
not the product of inheritance. Bisulfite sequencing of egg, central, and sperm
cells showed that the fie2 promoter is not methylated in any gamete, indicat-



Genomic Imprinting in Arabidopsis thaliana and Zea mays 231

ing that the endosperm does not inherit a hypermethylated paternal fie2 allele
(Gutierrez-Marcos et al. 2006). Instead, hypermethylation at the paternal fie2
allele appears to be established at fertilization or during early endosperm
development. Paternal fie2 hypermethylation might be established by the de
novo methyltransferase DRM2 (Gutierrez-Marcos et al. 2006). The mechan-
ism behind preferential hypermethylation of the paternal fie2 allele is not
known. It is also not known if the gametophyte generation has a role in fie2
imprinting.

3.4
Regulation of PHE1 Imprinting

PHE1 imprinting is not an on/off situation, but instead, the paternal PHE1
allele is preferentially expressed while the maternal allele is expressed at
a significantly lower level (Kohler et al. 2005). The epigenetic modification
regulating maternal PHE1 allele repression has been identified.

PHE1 is negatively regulated by a PcG complex that includes MEA, FIE,
and FIS2 proteins. PHE1 expression is significantly up-regulated in siliques
of selfed MEA/mea, FIE/fie, or FIS2/fis2 plants, and chromatin immunopre-
cipitation assays show that MEA and FIE bind to the PHE1 promoter (Kohler
et al. 2003a). PcG proteins regulate PHE1 imprinting by repressing the ma-
ternal endosperm allele. The maternal PHE1 allele and a maternally derived
PHE1::GUS reporter gene are significantly up-regulated in seeds that inherit
a maternal mea mutation (Kohler et al. 2003a, 2005). At present, the role of
the gametophyte generation in PHE1 imprinting is not known.

4
Paradigms of Plant Gene Imprinting

At least three paradigms of gene imprinting exist in plants: DNA methyla-
tion and demethylation regulate FWA and FIS2 imprinting; DNA methylation,
demethylation and PcG proteins regulate MEA imprinting; and PcG proteins
regulate PHE1 imprinting. In the following paragraphs, we use the models
of FWA and MEA imprinting to highlight some intriguing and important as-
pects of plant gene imprinting (Fig. 1a, b). We also discuss maize fie1 and fie2
imprinting, the latter of which might represent another distinct paradigm of
gene imprinting.

4.1
FWA and FIS2 Imprinting

The gametophyte generations are integral to FIS2 and FWA imprinting. Ac-
tivation of the maternal FIS2 and FWA alleles is likely mediated by DME-
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Fig. 1� Model of FWA and MEA imprinting. (A) In the sporophyte, FWA is transcription-
ally silenced by MET1-maintained DNA methylation. A methylated and transcriptionally
silent FWA allele is transmitted to the progenitors of the female and male gametophyte
generation. During male gametophyte development, MET1 maintains the methylation
at and transcriptional silence of FWA. During female gametophyte development, FWA
methylation and transcriptional silence is maintained by MET1 in the cellular lineages
leading to the egg cell. However, in the lineages leading to the central cell, the mater-
nal FWA alleles are transcriptionally activated in a DME-dependent manner. The DME
DNA glycosylase likely removes repressive DNA methylation. At fertilization, the primary
endosperm nucleus inherits hypomethylated, transcriptionally active maternal FWA al-
leles and a methylated, transcriptionally silent paternal FWA allele. During endosperm
development, the differential methylation of parental alleles is maintained by MET1 and
the maternal FWA alleles are expressed while the paternal FWA allele is transcriptionally
silent. The embryo, which gives rise to the sporophyte, inherits methylated, transcription-
ally silent paternal and maternal FWA alleles. The silent state is maintained by MET1.
(B) MEA imprinting is established in the gametophyte generation. In the female game-
tophyte, MEA transcription is repressed by DNA methylation. Activation of MEA in the
central cell is due to DME-dependent demethylation of the MEA loci. MEA, FIS2, and
other PcG genes are expressed and PcG protein complexes that contain MEA and FIS2 are
assembled. Presumably MEA is not activated by DME in the egg. During male gameto-
phyte development, PcG protein complexes transcriptionally silence MEA by methylating
H3K27 and compacting chromatin. These PcG protein complexes do not contain MEA
and FIS2 because MEA and FIS2 are not expressed in the male gametophyte (Choi et al.
2004; Jullien et al. 2006a). At fertilization, the primary endosperm nucleus inherits hy-
pomethylated, transcriptionally active MEA alleles and PcG protein complexes from the
female gametophyte. A transcriptionally silent MEA allele is inherited from the male ga-
metophyte. During endosperm development, PcG protein complexes that include MEA
and FIS2 maintain the transcriptional silence of the paternal MEA allele and do not si-
lence the expression of the maternal MEA allele. The embryo, which gives rise to the
sporophyte, expresses both maternal and paternal MEA alleles even though it inherited
a PcG-repressed paternal MEA allele and a highly DNA methylated maternal MEA allele.
This may be due to the lack of maternally derived MEA and FIS2 PcG in the early embryo
and the fact that DNA methylation does not repress MEA in the sporophyte

induced demethylation in the central cell (Fig. 1a) (Kinoshita et al. 2004; Jul-
lien et al. 2006a). The endosperm inherits methylated, transcriptionally silent
paternal alleles of FIS2 and FWA from the male gametophyte (Fig. 1a) (Ki-
noshita et al. 2004; Jullien et al. 2006a). During endosperm development, the
transcriptionally active maternal alleles of FIS2 and FWA remain hypomethy-
lated because CG methylation at FWA and FIS2 is likely not re-established.
The methylated paternal alleles, on the other hand, remain methylated during
endosperm development because MET1 maintains the methylation during
DNA replication (Jullien et al. 2006a). In wild-type plants, expression of FWA
and FIS2 genes is from the maternal allele and only occurs in the central cell
and endosperm (Fig. 1a).

Throughout the plant the default state for FWA and FIS2 is transcriptional
silence, which for FWA is mediated by DNA methylation. Unlike the embryo,
the endosperm does not genetically contribute to the next generation and
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therefore is a dead end for the hypomethylated and expressed maternal FWA
and FIS2 alleles. Silent FWA and FIS2 alleles are inherited in the embryo every
generation and maintained each generation by MET1 methylation (Fig. 1a)
(Kinoshita et al. 2004; Jullien et al. 2006a; Scott and Spielman 2006).

4.2
MEA Imprinting

MEA imprinting is also established in the gametophyte generation (Fig. 1b).
In the central cell, the MEA locus is demethylated by DME, which leads to its
transcriptional activation (Fig. 1b) (Choi et al. 2002; Gehring et al. 2006). The
transcriptionally active maternal MEA allele is transmitted to the endosperm.
In the male gametophyte, PcG proteins repress the MEA allele and ensure that
a silent paternal MEA allele is transmitted to the endosperm (Fig. 1b) (Jul-
lien et al. 2006b). In the endosperm, PcG proteins, of which MEA and FIS2 are
maternally derived, form a complex that maintains the transcriptionally re-
pressed state of the paternal MEA allele (Fig. 1b) (Gehring et al. 2006; Jullien
et al. 2006b). The maternal MEA allele of the endosperm remains transcrip-
tionally active.

MEA is expressed outside of the central cell and endosperm (Kinoshita
et al. 1999; Kiyosue et al. 1999; Vielle-Calzada et al. 1999; Gehring et al.
2006). Biallelic MEA expression is observed in the embryo, seedling, roots,
and stems (Kinoshita et al. 1999). Thus, unlike FIS2 and FWA, the default
state of the MEA locus is not transcriptional silence. In the rosette leaf,
male gametophyte and endosperm, PcG protein complexes repress MEA
transcription, which suggests that PcG repression is a general mechanism
that regulates MEA expression. PcG silencing of MEA in the male gameto-
phyte may be a transcriptional state inherited from the sporophyte (Jullien
et al. 2006b).

In the embryo, both MEA alleles are expressed despite being methylated
(Gehring et al. 2006). Thus, DNA methylation is not repressing MEA tran-
scription in the embryo. Yet, in the central cell, MET1 and DME functionally
antagonize each other at the MEA locus (Xiao et al. 2003). The data suggest
that DNA methylation at MEA has a repressive role in the central cell (Gehring
et al. 2006).

4.3
Location and Timing of DNA Demethylation are Crucial to Gene Imprinting

DME regulates the imprinting of FIS2, MEA, and FWA directly and PHE1
indirectly. DME expression is restricted to the central cell where the DME
protein likely demethylates the maternal FIS2, MEA, and FWA alleles (Fig. 1a,
b). After fertilization, DME expression is not detected in the primary en-
dosperm nucleus, and thus, there is minimal exposure of the paternal MEA,
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FIS2, and FWA to DME-dependent demethylation. The temporal regulation of
DME demethylation is key to gene imprinting.

DME-dependent DNA demethylation occurs at the maternal MEA allele of
the endosperm and not at the maternal MEA allele of the embryo (Fig. 1b).
These alleles are derived from the central and egg cells, respectively. DME
reporter genes are expressed in the central cell but not in egg cell, which sug-
gests that egg cells lack DME-dependent demethylation because DME is not
expressed there.

The restriction of DME-dependent DNA demethylation to the central
cell is essential for FWA gene imprinting in the endosperm (Fig. 1a). FWA
imprinting in the endosperm depends on the default state of FWA being
transcriptionally silent. One unique characteristic of the FWA gene is that
a hypomethylated FWA allele can be stably expressed for generations be-
cause remethylation is sporadic and slow (Soppe et al. 2000; Kankel et al.
2003). Thus, to maintain the transcriptionally silent default state of FWA and
therefore FWA imprinting, the methylation at FWA must be maintained in
the sporophyte and the lineages that give to the sporophyte. In wild-type
plants, FWA is expressed only in the central cell and endosperm because
DME demethylates the maternal FWA allele only in the central cell. If DME-
dependent demethylation and transcriptional activation of FWA occurred
in the egg cell, the embryo (i.e. sporophyte) would inherit a hypomethy-
lated, transcriptionally active FWA allele and FWA imprinting would be dis-
rupted in the next generation. Thus, the spatial regulation of DME-dependent
demethylation in the female gametophyte is key to FWA imprinting.

4.4
fie1 and fie2 Imprinting

It is tempting to speculate that fie1 imprinting is similar to FWA imprinting
in Arabidopsis. Like FWA, hypomethylated maternal fie1 alleles are inherited
from the central cell and a hypermethylated paternal fie1 allele is inher-
ited from the sperm cell (Kinoshita et al. 2004; Gutierrez-Marcos et al. 2006;
Jullien et al. 2006a). Additionally, fie1 expression is restricted to the maize
endosperm and this resembles the pattern of FWA expression in Arabidop-
sis (Danilevskaya et al. 2003; Kinoshita et al. 2004). The default state for fie1
might be hypermethylation and transcriptional silence, which is maintained
in the male gametophyte and transmitted to the endosperm. DNA demethy-
lation by a maize DME homolog could lead to fie1 hypomethylation in the
central cell, which is transmitted to and expressed in the endosperm. These
events would lead to differential DNA methylation at and imprinting of fie1
in maize endosperm tissue.

Imprinting of fie2 might represent a new paradigm of plant gene imprint-
ing. Paternal fie2 allele hypermethylation in the endosperm is not inherited
from the male gamete (Gutierrez-Marcos et al. 2006). Unlike FWA, FIS2, and
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MEA, there is no DNA methylation at the fie2 promoter in the gametes and
embryo (Gutierrez-Marcos et al. 2006). These findings strongly suggest that
hypomethylation is the default state for fie2, which is in agreement with the
broad expression of fie2 in maize (Danilevskaya et al. 2003; Kinoshita et al.
2004; Jullien et al. 2006a). A novel gene imprinting pathway might be regu-
lating fie2 (Gutierrez-Marcos et al. 2006). This pathway would involve specific
de novo DNA methylation of the paternal fie2 allele at fertilization or during
early endosperm development.

5
Conclusion

In plants, two epigenetic mechanisms, DNA methylation and PcG proteins,
regulate gene imprinting. Proper gene imprinting in Arabidopsis and possibly
in maize requires DME-dependent DNA demethylation, which is spatially
and temporally compartmentalized in the female gametophyte. Arabidopsis
gene imprinting also requires pathways that maintain epigenetic marks, such
as DNA and H3K27 methylation, during the male gametophyte generation.
For genes imprinted in Arabidopsis, the transcriptional activity of mater-
nal and paternal alleles often reflects their transcriptional state in the female
and male gametophyte, respectively. Finally, the molecular events that estab-
lish gene imprinting are also necessary for endosperm development and seed
viability.
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central cell, 1, 81, 92
CG methylation, 221
chalaza, 99
chalazal cyst, 100
chalazal endosperm, 65
chalcone, 121
–, flavanone isomerase, 121, 123
–, synthase (CHS), 121
chromatin, 220
chromatin condensation, 33
chromatin remodeling, 220
CHROMOMETHYLTRANSFERASE3, 220
CKIs, 26
clathrin-coated
–, vesicles, 163
CLE, 63
closure, 7
CLV1/CLV2, 63
CLV3, 63
coleoptiles, 129
colorless1 (c1), 126
colorless2 (c2), 122
companion cells, 74
concanavalin A columns, 61
convoluted
–, fenestrated sheets, 163
cortical array of microtubules, 93
cr4, 50, 51
CRE/AHK4, 103
Crinkly4, 101
culm, 128, 129
cupin, 199
CURLY LEAF (CLF), 229
cuticular layer, 75
CW invertase inhibitor, 80
CWI-2, 79
cyanidin, 121, 124
Cyclin B11, 66
cyclin, 26
–, A/CDKs, 26
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–, B13, 28
–, B13/CDK, 29
–, D/CDKs, 26
–, D21, 28, 29
–, D51, 28
–, E/CDKs, 26
cytokinesis, 96
cytokinin receptors, 103
Cytokinins, 31, 103
cytoplasmic globules, 145
cytosine
–, DNA methylation, 220
–, methylation, 220
cytosolic positioning of AGPase, 181

D hordeins, 197
d-glucose, 168
dal1, 16
dal2, 16
DDM1, 228
De*B30, 204
defense-related peptides, 79
defensin-like protein, 62
defensins, 62
dehydrins, 48
dek, 31
DEK1, 101
dek1, 49–51
DEMETER (DME), 100, 226, 234
dense PBs, 144
desiccation tolerance, 36
dictyosomes, 59
differential screening, 80
dihydroflavonol, 121
–, 4-reductase (DFR), 122, 124
disulphide-stabilised polymers, 196
DNA
–, fragmentation, 33
–, ladder, 34
–, ploidy, 23
DNA methyltransferase MET1, 96
DOMAINS REARRANGED DNA

METHYLTRANSFERASE2 (DRM2),
220

dominant inhibitor C1–I, 127
dormancy, 36
double
–, fertilization, 1, 3

DRM2, 221, 231
Drosophila salivary glands, 27
DRP1A, 163
dull1 (Du1), 185
dumbbell
–, intermediates, 163
Durum wheat, 204

E motif, 206
E2F, 27
electron
–, tomography, 161
electron-dense globules, 145
embryo, 199
–, sac, 1
embryo, 57
–, specific mutants, 63
embryonic cavern, 63
EMBRYONIC FLOWER 2,, 229
END-1, 82
endoplasmic
–, reticulum, 170
endoplasmic reticulum, 59, 77, 98
endoreduplication, 22, 23, 27, 95
Endosperm
–, role in gene imprinting, 234
endosperm coenocyte, 59
endosperm-specific genes, 79
ends, 5
–, of microtubules, 5
Enhancer of Zeste [E(z)], 222
epigenetic modifications, 220
Epigenetic regulation, 134
ER inclusion granules, 144
ESBF-1, 209
ESBF-II, 209
esp1, 153
esp3, 153
Esp4, 153
ESR, 57, 81
Esr gene family, 57
ESR and defense, 62
ESR and metabolism, 60
ESR and signaling, 63
ESR and the embryonic cavern, 63
ESR in corn, 58
ESR-6, 82
ESR-specific promoters, 64
ethylene, 36
ethylinimine, 203
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exocytosis, 59
exogenous ethylene, 36

Female gametogenesis, 92
FERTILIZATION INDEPENDENT

ENDOSPERM (FIE), 222
FERTILIZATION
–, INDEPENDENT SEED2 (FIS2), 219
FERTILIZATION INDEPENDENT SEED

(FIS), 92
fibrillar matrix, 145
FIE, 100
fie1, 224, 230, 235
fie2, 224, 230, 235
FIE::GFP transcriptional reporter, 101
filial tissues, 75
FIS, 100
FIS2, 100
FIS2, 221, 226, 229
FIS2::GUS, 222
flavanone, 121
–, 3-hydroxylase (F3H), 121, 122, 124
flavonoid, 121
–, 3′-hydroxylase (F3′H), 124
flavonols, 127
floury2, 202, 204
floury, 203
Formins, 97
FWA, 219, 223, 226, 228

GA, 36, 45
galactosyl
–, side chains, 168
–, transferase, 171
gametophyte, 1, 92
γ -hordeins, 197
γ -zeins, 148
γ3-hordein, 145
gamma- and beta-VPE, 35
γ -gliadins, 197
γ -tubulin
–, microtubule organizing centers, 5
GBSS, 184
GCN2, 209
GDP-mannose-dependent
–, mannan synthase (ManS), 171
Gene imprinting, 219
–, techniques to show, 223
genes booster1 (b1), 126
germination, 35, 36, 168

giant cells, 85
ginkgo, 1
GLB1, 199
GLB2, 199
glgC-16, 182
Gli-2, 204
gliadins, 196, 204
globby-1, 85
globular stage embryo, 102
Globulins, 199
Glu-1, 204
Glu-D1x, 210
(1 : 3)-β-d-glucan (callose), 10
glucogenesis, 180
glup, 153
glutathione
–, S-transferase (GST), 122, 125
glutelin
–, containing dense vesicles, 152
–, crystalline inclusions, 152
glutenin, 196, 197, 204
glycan
–, synthases, 170
glycolysis, 180
glycosyl
–, hydrolases, 170
glycosylation, 61
glycosyltransferases, 170
Golgi, 170
–, derived vesicles, 161
Golgi cisternae, 142
guar, 167, 171
gymnosperms, 1

H+/ATPase pumps, 79
haematoxylin stain, 59
HAIKU (IKU), 95
HAIKU, 103
helobial, 2
hemicellulose, 170
–, polysaccharides, 168
hemicellulosic
–, polysaccharides, 166
heterochrony, 100
hexaploid wheat, 204
hexose transporters, 80
high lysine mutations, 202
high-pressure
–, freezing/freeze substitution, 161
Hiproly, 202
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hl, 202
HMW prolamin enhancer, 210
HMW prolamin genes, 210
hoop-like
–, cortical microtubules, 15
Hor1, 204
hordein, 142, 201
husks, 128
hydroxyproline-rich cell wall proteins, 197

imprinting, 2, 30, 81
in situ
–, hybridization, 79
in vitro
–, antifungal activity, 82
In-D, 131
in1, 130
in vivo
–, foot-printing, 209
INCW1, 61
INCW2, 32
INCW4, 61
INNER NO OUTER, 104
inorganic phosphate (Pi), 182
intensifier1, 123
–, (in1), 126
interzonal
–, arrays, 5
intracisternal
–, inclusion, 151
–, inclusion granule, 146
–, inclusion granules, 144, 145
intracisternal spaces, 59
invertase, 79
–, inhibitors, 80
invertase inhibitor, 60
isoamylase, 187
IVR2, 61

jekyll, 82

KIP1, 103
KNOLLE, 96

late heart stage, 93
LEA, 48
leaf sheath, 128
legumin-1, 146
legumin-like proteins, 199

leucoanthocyanidin
–, dioxygenase (LDOX), 125
leucoanthocyanidin dioxygenase/reductase

(LDOX), 122
leucoanthocyanidins, 122, 125, 127
light activation, 133
light PBs, 144
lipid droplets, 48
locus-specific imprinting, 220
lys3a, 203
Lytic vacuoles, 48

M-phase promoting factor (MPF), 28
maize mrp, 126
malonyl-CoA, 121
mangled, 9
mannans, 166
ManS, 171
maternal excess, 30
maternally expressed imprinted, 96
mature TC, 77
MCM proteins, 27
MEA, 100
MEA, 221, 226, 234
MEA imprinting of, 223
MEA/FIS2 PcG complex, 222
MEDEA (MEA), 219
MEG-1, 81
meg1, 225
MET1, 221, 226
METHYLTRANSFERASE 1 (MET1), 220
micropylar
–, domain, 161
micropylar endosperm, 65
micropyle, 99
microtubules, 161
mini-phragmoplasts, 9, 161
Mini3, 65
mini3, 95
miniature-1, 14
Miniature-1, 79
miniature1, 32
mitochondria, 59
Mn1 (miniature seed1), 180
mn1, 32
modified
–, aleurone, 79
–, aleurone cells, 77
monomeric
–, gliadins, 142
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Mu, 204
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–, resistance transporter (MDR), 126
–, resistance-like transporter (MRP), 122
multinucleate nodules, 100
mur2, 169
MUR3, 171
myb, 127

N motif, 206
N9307, 100
nasturtium, 169
NCD, 93
NCD model, 5, 8
no-apical-meristem related protein1 (nrp1),

220
non-cellulosic
–, β-linked polysaccharides, 171
non-specific lipid transfer proteins, 197
NOZZLE/SPOROCYTELESS, 104
nrp1, 225
nucellar
–, epidermis, 78
–, projection, 77
–, TC, 82
nucellar projection, 35
nucellus, 34
nuclear, 2
–, cytoplasmic domains, 5, 161
–, type endosperms, 161
nuclear size, 23
nucleo-cytoplasmic domain, 93

O2 binding site, 206
ω-gliadins, 197
opaque15, 203
opaque2, 202, 203, 206
ORC, 27
ovule morphogenesis, 104

p-chlorophenoxyisobutyric acid, 31
p-coumaroyl-CoA, 121
P721opaque, 202
pac1, 131
paclobutrazol, 37
pale aleurone color1 (pac1), 126
papillate projections, 77

paradigms
–, of gene imprinting, 231
Paramutation, 134
parental
–, conflict theory, 219
parthenogenetic embryos, 92
pathogens, 62
PCIB, 31
pectins, 170
pedicel, 62, 85
pelargonidin, 121, 124
pentose phosphate pathway, 180
pericarps, 123
periclinal
–, divisions, 11
petunia, 123
pFIE1-GUS, 224
pFWA::FWA-GFP, 229
PHERES1, 100
PHERES1 (PHE1), 219, 231
phloem, 85
–, terminals, 75
phosphorylation, 185
phragmoplast, 5, 59, 161
phytic acid, 45
phytin, 48
phytoglycogen, 187, 188
phytohormones, 103
pilz, 96
pl1, 128
Pl1-Blotched, 128
placento
–, chalazal region, 82
–, chalazal zone, 75
plasma membrane, 59
plasmodesmata, 59, 77
pMEG1-GUS, 225
Poales, 169
polar
–, nuclei, 1, 3
Polycomb, 92
polycomb
–, group (PcG) proteins, 220
Polycomb group genes, 30
polymeric glutenins, 142
polyploid nuclei, 23
positional signaling, 85
posterior cyst, 100
posttranscriptional regulatory mechanism,
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PPPVHL tandem repeats, 147
pre-prophase
–, bands, 161
pre-replication complexes (pre-RCs), 27
preprophase band, 98
primary
–, endosperm nucleus, 3
primary cell wall, 77
proembryos, 63
programmed cell death, 48
prolamin, 142, 196, 197
–, box, 205
–, box binding factor (PBF), 206
–, gene silencing, 212
–, superfamily, 196
promoter, 83
–, GUS reporter, 84
promoters, 205
protein disulfide isomerase (PDI), 153
protein–carbohydrate body, 48
PSTAIRE, 26
PSV, 152
pullulanase, 187
puroindolines, 197
purple plant1 (pl1), 126

Quality Protein Maize, 203
quarter-sectors, 4

r1, 129
R2, 129
R2R3-MYB, 126
Rab5a, 154
radial
–, microtubule systems, 5
RBR, 27
RBR/E2F pathway, 29
RBR1, 29
RBR1, 93
RBR2, 29
RBR3, 29
receptor-like kinase, 83
red aleurone1 (pr1), 124
red plant color1 (r1), 126
reduced
–, embryo mutants, 63
regulatory element (ARE), 132
RETINOBLASTOMA, 92
rice, 79, 150, 183
–, prolamines, 151

Risø 1508, 145
RMS, 5
RNA
–, localization in PB, 150
–, transport, 153
rough endoplasmic reticulum, 61
rough ER, 144

sal1, 51, 52
SBEIIa, 186
SBEIIb, 186
seed
–, germination, 33
–, imbibition, 35
seed imbibition, 48
seed integument, 95
seedlings, 123
serine proteases, 34
serine/threonine protein kinase, 26
Sh1 (shrunken1), 180
Sh2 (shrunken2), 181
SHAQYF, 83
sister
–, nuclei, 5
size and DNA ploidy, 32
SKIP1, 101
soluble starch synthases, 184
somatic-type
–, cytokinesis, 161
SPA, 209
spherosomes, 51
spindle
–, orientations, 4
spätzle, 98
SS1, 185
SSI, 184
SSIIa, 185
SSIII, 185
stacked cisternae, 142
starch
–, branching enzymes, 180, 186
–, phosphorylase, 187
–, synthases (SS), 180
starchy
–, endosperm, 12, 170
Stop codons, 211
sub-aleurone, 200
subtilisin-like proteases, 34
sucrose, 61
–, binding protein, 79
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sucrose synthase, 180
sugary1 (Su1), 187
sugary2 (Su2), 185
sulphur-rich prolamins, 197
SUPERMAN, 104
Suppressor of Zeste 12 [Su(z)12], 222
SUPPRESSOR OF IRA 1 (MSI1), 92
surface position, 50
suspensor, 57, 62
symplastic connections, 59
symplastic route, 77
symplastically, 78
syncytial
–, cytoplasm, 4
syncytial divisions, 93
syncytial-type
–, cytokinesis, 161
syncytium, 5
synergids, 92

tassel, 128
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–, fate specification, 85
–, identity genes, 80
–, specific
–, –, genes, 79, 80
–, –, response regulator, 83
–, –, transcriptome, 83
tetraploid (4n) endosperms, 80
the peripheral endosperm, 65
time-lapse, 95
transfer
–, cell box, 84
–, cells, 13, 73
transmitting tissue, 77
TRANSPARENT TESTA GLABRA, 103
triticin, 199
ttg1, 131
TUNEL assay, 34

UDP flavonoid 3-O-glucosyl transferase
(UFGT), 122

UDP-galactose, 171
UDP-glucose flavonoid 3-O-glucosyl

transferase (UFGT), 125
unloading areas, 74

vacuolar invertase, 61

vacuolar membrane, 122
vacuolation, 36
vacuole, 126
vanadate, 126
VERNALIZATION 2, 229
Viviparous1, 52
vp1, 36
vp9, 36
VPE-type cysteine proteases, 34
VPEs, 34

waxy (wx), 185
WD40, 126
Wee1, 26
Wee1 homolog, 29
wheat, 34, 67, 183, 196, 201
white pollen1 (whp1, 122
Whp1/Whp1, 131
wide
–, tubular network, 163
–, tubules, 163
WRKY family, 65
WRKY10, 95
WUSCHEL, 104

xyloglucan, 166, 169
–, fucosylation, 169, 171
–, oligosaccharides, 169

yeast GCN4 binding site, 209

Z19, 197
Z22, 197
ZeamaKRP1, 26, 29
ZeamaKRP2, 26, 29
zeins, 146, 197
ZmAE1, 64, 81
ZmAE3, 62, 64
ZmEBE1, 64
ZmEBE2, 81
ZmEsr1, 63, 64
ZmEsr2, 63
ZmEsr3, 63
ZmEsr6, 62
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ZmMRP-1, 84
ZmMrp3, 126
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