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Abstract

The seed consists of three distinct regions, the zygotic
embryo and endosperm and the maternal seed coat.
Development of the seed requires co-ordinated growth
and differentiation within each of these regions.
Although the major events that occur during seed
development have been studied extensively at the
anatomical, physiological and molecular level, a
comprehensive understanding of gene activity in
each seed region has been lacking. DNA microarrays
and extensive sequencing of cDNA libraries permit
genome-wide analyses of mRNA populations of
biological samples. We review recent studies of
genome-wide gene activity that illustrate approaches
used to provide new insights into the processes that
occur during seed development.
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Introduction

The seed is an elegant structure, consisting of three
regions that each has a unique genotype: the diploid
and zygotic embryo, the triploid and zygotic endo-
sperm, and the diploid and maternal seed coat (Fig. 1)
(Bewley and Black, 1994; Ohto et al., 2008). Develop-
ment of the zygotic compartments is initiated with
the double fertilization event in which the egg cell
and central cell of the female gametophyte each fuses
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with one sperm cell of the pollen to give rise to the
zygote and endosperm mother cell, respectively.
Subsequent development of these cells can be divided
conceptually into two phases, morphogenesis and
maturation. During the morphogenesis phase early in
seed development, the zygote of many plants,
including the focus of this review Arabidopsis thaliana
(L.) Heynh, undergoes a stereotypical pattern of cell
divisions to generate the suspensor, an ephemeral
structure that serves structural, nutritive and physio-
logical roles in embryo development, and the embryo
proper that will develop into the body of the vegetative
plant (Jenik et al., 2007; Capron et al., 2009). Embryonic
tissue and organ systems arise from the regulated
division and differentiation of cells within the embryo
proper. Endosperm development during the morpho-
genesis phase is syncytial in that nuclei divide without
corresponding cell divisions (Brown et al., 1999; Olsen,
2004). The resulting nuclear-cytoplasmic domains
migrate within the endosperm cell and differentiate
morphologically and molecularly to form the three
endosperm domains: micropylar, peripheral and
chalazal. Later in development, endosperm nuclear-
cytoplasmic domains become cellularized in a wave-
like fashion from the micropylar to the chalazal end of
the seed. During the maturation phase late in seed
development, morphogenetic processes, including cell
division, are suppressed, and a major shift in embryo
metabolism occurs (Harada, 1997; Baud et al., 2008).
Storage macromolecules, primarily proteins and lipids
in Arabidopsis, are synthesized and accumulated to
high levels within the embryo and endosperm. Other
metabolic pathways are activated that allow the
embryo to withstand the stresses of desiccation,
which occurs at the end of seed development. By the
end of seed development, the embryo and endosperm
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Figure 1. Diagram of an Arabidopsis seed with a linear
cotyledon-stage embryo, showing the different regions and
compartments of the seed. (A colour version of this figure
can be found online at http://journals.cambridge.org/ssr)

are quiescent metabolically and arrested developmen-
tally, and they remain in this state until conditions
favourable for germination are encountered.

Seed coat development from ovule integuments
appears to be initiated concurrently with endosperm
development. In Arabidopsis, the two cell layers of the
outer integument and the three layers of the inner
integument of the ovule undergo initial growth by
cell division and expansion (Beeckman et al., 2000;
Haughn and Chaudhury, 2005). The innermost layer
of the inner integument differentiates into the
endothelium that accumulates proanthocyanindin
flavonoids that form tannins thought to be involved
in plant defence. The other two inner integument
layers undergo programmed cell death. Epidermal
cells of the outer integument form columella and
secrete mucilage that is speculated to have roles in
protection and /or dispersal of seedlings. In the mature
seed, all seed coat cells are crushed and not viable.

A mechanistic understanding of seed development
requires knowledge of the genes that are expressed at
different stages of development and in different seed
regions. Seed biologists have employed a variety of
approaches to define genes required to make a seed.
First, genes involved in prominent seed processes,
such as storage protein and lipid biosynthesis and
accumulation, have been identified (Pang et al., 1988;
Da Silva Conceigdo and Krebbers, 1994; Beisson et al.,
2003; Baud and Lepiniec, 2009). Second, genetic
approaches have been used extensively to identify
mutations that cause defects in embryo or seed
development. In Arabidopsis, individual mutations
in 481 genes are sufficient to cause defects in seed
development (Meinke et al., 2008; http://www.
seedgenes.org/). Third, the expressed sequence tag
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(EST) strategy of partially sequencing cloned cDNAs
derived from seed RNAs has been used to identify
genes expressed in seeds (White et al., 2000). However,
none of these approaches have identified all of the
genes required to make a seed.

The advent of experimental methods to analyse
gene expression on a whole genome or near-whole
genome basis has provided new and powerful
approaches to study biological processes, including
seed development. DNA microarray technology
allows the expression of genes to be detected and
quantified on a whole-genome basis through the
hybridization of RNA from a biological sample with
DNA probes that have been synthesized or immobi-
lized on a glass, plastic or silicon surface, which
correspond to all, or most, genes in the genome
(Schena et al., 1995; Ruan et al., 1998). The approach
permits large numbers of biological samples to be
analysed simultaneously, although a weakness of the
method is that mRNAs present at very low levels are
often not detected. Development of next-generation
sequencing methods has allowed RNA populations
to be characterized through extensive sequencing of
cDNA libraries (Mardis, 2008; Mortazavi et al., 2008).
This approach enables mRNAs in a population to be
detected with high sensitivity and mRNA levels to
be quantified robustly. In recent years, whole genome
analyses of mRNA populations have been applied
to the study of seeds. In this short review, we discuss
selected examples of how information provided
by these studies has provided insight into the
biological processes that underlie seed development
in Arabidopsis.

Gene expression during seed development

A comprehensive overview of gene expression
throughout seed development was obtained from
whole-genome DNA microarray analyses of mRNA
populations in Arabidopsis seeds containing zygote,
globular, cotyledon, mature green and post-mature
green stage embryos (Le et al., 2010). To understand
gene expression in seeds within the context of other
phases of development, the seed mRNA populations
were compared with those of ovules before seed
development, seedlings after seed development, and
vegetative and reproductive organs of the plant.

The study provided new information about the
extent and specificity of gene activity during seed
development that could only be obtained from a global
perspective. First, similar numbers of distinct mRNAs
accumulate in seeds at the early stages of develop-
ment, but mRNA numbers decline at the later stages,
as summarized in Fig. 2A. These findings suggest that
the functional complexity of seeds remains relatively
constant during the morphogenesis phase and that the
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Figure 2. Gene expression during Arabidopsis seed development. (A) Bars show the total number of distinct mRNAs detected in
developing seeds containing embryos at the indicated stages of development: 24H, zygote stage 24 h after pollination; GLOB,
globular stage; COT, cotyledon stage; MG, mature-green stage; PMG, postmature-green stage. Red, grey and blue bars depict the
number of mRNAs that are detected only at that given stage, are detected in seeds at two or more stages of development, and are
detected in seeds at all stages of development, respectively. (B) mRNAs detected at all stages of seed development accumulate
at highest levels primarily at one developmental stage. Heat map showing unsupervised hierarchical clustering (dChip;
Li and Wong, 2001) of the 1500 mRNAs that display the highest coefficient of variation in levels during development. Each line
on the heat map represents one mRNA, with colours indicating Z scores representing the relative level of that mRNA. Z score is
the number of standard deviations from the mean signal intensity for each mRNA across the indicated stages. (A colour version
of this figure can be found online at http://journals.cambridge.org/ssr).

diversity of cellular processes diminishes during the
maturation phase as seeds progress to developmental
arrest and metabolic quiescence. Second, although the
cellular processes that occur at each developmental
stage differ significantly, only approximately 15-100
mRNAs accumulate specifically at any given stage, at
least at the level of detection permitted by DNA
microarray experiments (Fig. 2A). Instead, the majority
of all mRNAs are present at each stage of seed
development. These ‘common” mRNAs probably do
not all represent constitutively expressed, house-
keeping genes, because many of these shared
mRNAs accumulate primarily at a specific stage of
development. Figure 2B shows that the ‘common’
mRNAs that display the greatest coefficient of
variation in levels during seed development accumu-
late at highest levels primarily at one stage of
development. Third, comparison of mRNA popu-
lations showed that ~ 15,500 mRNAs are detected, at
the sensitivity level of the DNA microarray, through-
out seed development, whereas ~ 18,500 mRNAs are
detected throughout the plant life cycle, including
vegetative and reproductive development. Moreover,
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most mRNAs detected during seed development
are also present throughout the plant life cycle. Thus,
a majority of expressed genes in the Arabidopsis
genome are active and, presumably, required at all
stages of development. Fourth, a small number of
genes, ~300, are present specifically in seeds at the
level of DNA microarray detection. Mutations in some
of the seed-specific genes encoding transcription
factors cause defects in seed development, indicating
the importance of these genes. These findings suggest
that gene expression is highly temporally regulated
during seed development. The cellular processes that
underlie morphological and physiological functions
that occur at each stage of seed development are
governed by small sets of genes that are expressed
either specifically or primarily at a given stage.

Endosperm, parent-of-origin effects and
imprinting

A key to understanding the co-ordination of biological
processes that occur during seed development is to
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define the activities of genes in distinct seed regions.
The endosperm plays critical roles in seed develop-
ment, even in plants such as Arabidopsis in which only
a few layers of endosperm cells remain in the mature
seed. The endosperm is a nutritive source for the
developing embryo and/or seedling and is a major
determinant of seed mass (Lopes and Larkins, 1993;
Boisnard-Lorig et al., 2001; Garcia et al., 2005). An
overview of endosperm gene expression was obtained
from DNA microarray analysis of early, syncytial-stage
endosperm that was captured from histologically
fixed and sectioned seeds using laser-capture
microdissection (Day et al., 2007). DNA microarray
experiments showed the dominant expression of
genes associated with cell cycle, DNA processing,
chromatin assembly, protein synthesis, cytoskeleton-
and microtubule-related processes, and cell/organelle
biogenesis and organization (Day ef al., 2008).

The endosperm has received substantial attention
in recent years as the major site of gene imprinting in
angiosperms (Hubh et al., 2008; Berger and Chaudhury,
2009; Raissig et al., 2011). Following double fertiliza-
tion, imprinted genes are expressed in zygotic tissues
predominantly from either maternally-derived or
paternally-derived alleles, and these genes are thought
to underlie the differential influence of maternal and
paternal genomes on seed development, known as
parent-of-origin effects. Parent-of-origin effects are
best illustrated by crosses between Arabidopsis plants
with different ploidy levels (Scott et al., 1998). Progeny
of interploidy crosses that have an excess of maternal
genomes, i.e. from a cross of a tetraploid female with a
diploid male (4x X 2x), have seeds that are smaller
than self-fertilized progeny of either diploid or tetra-
ploid plants. By contrast, progeny with an excess of
paternal genomes, e.g. progeny from a 2x X 4x inter-
ploidy cross, produce seeds larger than self-fertilized
seeds. The parental conflict theory has been proposed
to explain seed phenotypes caused by maternal and
paternal genome excesses (Haig and Westoby, 1991). It
posits that the father in polygamous organisms will try
to enhance resource allocation specifically to his
progeny to promote their growth, whereas a mother
will try to distribute resources equally among all of her
offspring to equalize their growth. By this hypothesis,
factors that enhance resource allocation to progeny
will be expressed from the paternal genome, whereas
those that restrict the distribution of resources to the
embryo will be expressed from the maternal genome.
The finding that the endosperm is the major site of
gene imprinting is consistent with its role in nourish-
ing the developing embryo.

Parent-of-origin effects on seed development have
been studied using mutations in maternal components
of the Polycomb-repressive complex (Huh et al., 2008;
Berger and Chaudhury, 2009; Raissig et al., 2011). For
example, mutations of the maternal allele of the
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MEDEA (MEA) gene that encodes a SET-domain
component of the Polycomb-repressive complex result
in mutant phenotypes that resemble those caused by
interploidy crosses resulting in paternal genome
excess, i.e. enlargement of the endosperm cavity,
increase in chalazal endosperm size, and delay of
endosperm cellularization (Grossniklaus and Vielle-
Calzada, 1998; Kiyosue ef al., 1999). To explore the role
of the Polycomb-repressive complex in parent-of-
origin effects, mRNA populations of siliques derived
from a mea mutant and from crosses that yield
progeny with balanced genomes, paternal genome
excess, and maternal genome excess were profiled
(Tiwari et al., 2010). The mRNA populations of progeny
with maternal mes mutant alleles resembled those of
progeny from paternal genome excess crosses, with
both showing enhanced expression of genes encoding
MADS-box transcription factors, cell cycle proteins
and hormone metabolic enzymes. Because MEA is
an imprinted gene expressed from maternal alleles,
the results confirm the relationship between the
Polycomb-repressive complex, imprinting and parent-
of-origin effects.

To identify genes that contribute to parent-of-origin
effects, a mutation that permits endosperm develop-
ment to occur in the absence of a paternal genome
was exploited (Shirzadi et al., 2011). Pollen carrying a
mutation in the CYCLIN DEPENDENT KINASE A;1
(CDKA;1) gene will result in a single fertilization event
in which the egg cell becomes fertilized, but the central
cell does not (Nowack et al., 2006). The central cells of
many of these seeds undergo endosperm proliferation,
although the endosperm remains underdeveloped and
the seed aborts. Comparison of the mRNA populations
of early stage seeds derived from crosses of wild-type
female plants with cdka;1 male plants identified sets of
genes that are either downregulated or upregulated
in the progeny relative to crosses with a wild-type
male. More than 60% of the genes encoding type-I My
MADS-box transcription factors were among the
downregulated genes, and detailed analysis of one of
these genes, AGL36, showed that it is imprinted in
wild-type progeny and expressed from the maternal
allele. This result was interpreted to suggest that a
paternally expressed gene is likely required for
expression of the maternal AGL36 allele.

Imprinted endosperm genes were identified
directly by Hsieh et al. (2011). They analysed mRNA
populations from endosperm that was either hand
dissected or isolated using laser-capture microdissec-
tion of seeds derived from a cross between parents
of different Arabidopsis ecotypes. Endosperm mRNA
populations were characterized by extensive sequen-
cing of cDNA libraries. The nucleotide sequence
sensitivity of the method permitted mRNAs derived
from maternal and paternal alleles to be distinguished
primarily by single-nucleotide polymorphisms on a
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genome-wide basis. Genes expressed predominantly
from maternal or paternal alleles were confirmed to be
imprinted if their allele-specific expression was
compromised by mutations that affect molecular
processes known to underlie imprinting, specifically
DNA methylation, DNA demethylation and Polycomb
complex-mediated gene repression. On the basis of
this study, the list of known Arabidopsis imprinted
genes was expanded approximately fourfold, and
it was estimated that there are 30-50 paternally
expressed and approximately 200 maternally
expressed imprinted genes. Moreover, imprinted
genes were shown to encode proteins involved in
maintenance of DNA methylation, methylation and
demethylation of histones, and ubiquitination.
In relation to the parental conflict theory, these
findings open the possibility that parent-of-origin
effects may be mediated at several regulatory levels.

Embryo gene expression profiles provide
information about developmental processes and
the influence of maternal and paternal genomes

The embryo is the focus of two recent studies that
addressed different questions about seed development
by characterizing mRNA populations. A develop-
mental analysis of embryonic gene activity was
conducted in which mRNA populations from hand-
dissected embryos at seven stages, ranging from
the zygote to mature stages, were characterized
using DNA microarray analyses (Xiang et al., 2011).
Co-expressed sets of genes whose mRNAs accumulate
primarily at specific stages of seed development were
identified by clustering analysis. The annotated
functions of genes that accumulate specifically at a
given stage provide insight into the biological
processes that characterize that stage. For example,
sets of mMRNAs that accumulate primarily at sequential
developmental stages, the zygote and quadrant stages,
globular and heart stages, torpedo and bent stages,
and mature stage are associated with the biological
processes of auxin stimulus and signalling, meristem
and morphogenesis, carbohydrate, fatty acid and
storage protein synthesis, and abscisic acid (ABA)
response and dehydration, respectively. Thus, the
study identified genes associated with stage-specific
processes during embryo development. Another
contribution of this study was to relate changes in
gene expression with metabolic networks during
embryo development. A network of metabolites and
the reactions involved in their interconversion was
established, and mRNAs encoding metabolic
enzymes whose levels change during transitions
between developmental stages were mapped on to
this network. This analysis showed that genes
encoding enzymes involved in related pathways are
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co-ordinately regulated. Moreover, concerted changes
in the levels of mRNAs encoding enzymes in the same
metabolic pathway predicted the timing at which
pathways become activated and deactivated during
embryo development.

In another study, embryo mRNA populations were
profiled to address a controversy about the relative
contributions of maternal and paternal genomes to
early embryo development. The activation of pater-
nally derived alleles of embryonic genes marks the
transition from a strictly maternal influence over
embryo development to zygotic control. In animals,
the paternal genome becomes active after a few or
many cell divisions (reviewed in Baroux et al., 2008).
This parental allele-specific expression occurs only
transiently and, thus, differs from gene imprinting.
Some studies have shown that the maternal alleles
of many plant genes are predominantly expressed in
early stage embryos, whereas other studies have
shown that both maternal and paternal alleles are
expressed. To clarify these results, RNA populations of
seeds derived from a cross of two different Arabidop-
sis ecotypes were analysed using deep sequencing
of ¢cDNA libraries (Autran et al.,, 2011). Nucleotide
sequence polymorphisms were used to distinguish
mRNAs derived from maternal and paternal alleles.
Very early in embryo development, at the two- to four-
cell embryo-proper stage, mRNAs from maternal
alleles dominate the population, with 30% and 2% of
mRNAs, respectively, being derived exclusively from
the maternal and paternal genome. Furthermore,
genes expressed from both parental alleles display a
strong maternal bias. Repression of paternal genes
occurs, at least in part, epigenetically through the
chromatin small interfering RNA pathway, although it
is not clear if maternal transcripts represent mRNAs
stored during female gametophyte development or
if they are expressed in the zygote. By the globular
stage, the representation of paternally derived
mRNAs in the population increases significantly. The
results were interpreted to indicate that processes that
occur at the earliest stages of embryo development
are determined in large part by the maternal genome,
but the influence of the paternal genome gradually
becomes apparent. This expression pattern potentially
explains how maternal-effect genes can influence
embryo development.

Using mutations to identify genes involved
in seed coat development

The seed coat derives from terminal differentiation of
the ovule inner and outer integuments. To gain insight
into the genes controlling seed coat development,
mRNA populations in seed coats from wild-type seeds
and two mutants with defects in seed coat structure
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were profiled (Dean et al., 2011). apetala? mutants were
used because the wild-type gene is required for
differentiation of outer integuments, particularly the
epidermis (Jofuku et al., 1994; Western et al., 2001), and
transparent testal6 mutants are defective in differen-
tiation of the endothelium in the inner integument
(Nesi et al., 2002; Debeaujon et al., 2003). RNA profiling
was done with hand-dissected seed coats at several
stages of development, corresponding to major events
in epidermal and endothelial differentiation. The
comparisons identified sets of genes whose expression
is significantly downregulated and upregulated in
mutant seed coats relative to wild type. The
relationship of these mRNAs with epidermal and
endothelial differentiation was validated by showing
that genes known to be affected by the apetala2 or
transparent testal6 mutations are included in these
gene sets. The authors concluded that the study
enables the discovery of new genes involved in seed
coat development.

Summary

Genome-wide analyses of gene activity have enabled
new information about seed development to be
obtained. The global nature of the approach provides
a comprehensive view of gene expression. This is
particularly important for comparisons of seeds with
different genotypes or at different developmental
stages, because it permits all differentially expressed
genes to be identified. The nucleotide sequence
resolution of the approaches allows the contributions
of maternal and paternal alleles of genes to be
distinguished. Although mRNA profiling data alone
provides a powerful tool that can be used to address
biological questions, it is likely that its integration with
other data, such as metabolite levels, protein levels,
binding sites for transcription factors and histone
marks through network analyses, will provide even
greater insights into seed development (Yuan et al.,
2008; Burow et al., 2010; Moreno-Risueno et al., 2010;
Lucas et al., 2011).
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