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Abstract
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trait is at the forefront of plant biology. The main model speciesis Arabidopsis thaliana, an annual weed,
possessing nondeep physiological dormancy. This overview presents the state-of-the-art of seed dormancy
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present, knowledge of this plant trait is at the forefront of plant biology. The main
model species is Arabidopsis thaliana, an annual weed, possessing nondeep physi-
ological dormancy. This overview presents the state-of-the-art of seed dormancy
research, focusing mainly on physiological and molecular-genetic aspects in this 9
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4.1 Introduction

Seeds are the principal propagules of the majority of higher plants. They ensure
dispersal of the species in space and time and, by their adaptation potential, make an
important contribution to the introduction and survival of species. Seed forms and
shapes are highly varied, in line with specific environmental requirements for
dispersal and establishment. Most seeds consist of an embryo, surrounded by one
or more covering layers. The covering layers usually consist of a living endosperm
of one to several cell layers and a testa, which is mostly dead tissue (Fig. 4.1a, b).
Most seeds can withstand desiccation to water contents as low as 2-3% and this
gives seeds the ability to survive for long periods under adverse conditions.

Seed germination and dormancy represent key ecological and agronomical traits
that determine plant establishment in natural or agricultural ecosystems. Seeds are
mostly shed from the mother plant in a dry state in which the seed tissues (embryo,
covering layers) are preserved at low water content. Seed germination commences
with the uptake of water by the dry seed, followed by embryo expansion growth.
Germination is completed when the radicle has protruded through the surrounding
covering layers. Seed germination depends on the interaction of the seed with the
environment, and occurs under favourable conditions with the key environmental
factors: water availability, appropriate temperature and in some cases light.

Germination timing is a plant trait with the highest selection pressure by the
environment and has, during seed evolution, led to a connected second key trait:
seed dormancy. This can be defined as the (temporary) incapacity of a viable
imbibed seed to germinate under favourable conditions. Primary dormancy (PD)
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Fig. 4.1 Seed structures, sizes and phylogenetic relationships of model and crop species. (a)
Generalised structure of an angiosperm (eudicot) seed with EMBRYO and ENDOSPERM as the
two important seed components. The direction of embryo growth (arrow ‘Growth potential’) that
results in germination (rupture of the endosperm) and repressive function of endosperm (block
‘restrain’) are shown. (b) Phylogenetic relationship and seed size comparison for Arabidopsis,
Lepidium, Medicago, and tomato. The four species represent important model and crop plants.
Figure reproduced with permission from The Seed Biology Place (http://www.seedbiology.de)
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refers to the type of dormancy that occurs prior to dispersal as part of the seed
developmental program, whereas secondary dormancy (SD) refers to the acquisi-
tion of dormancy in a mature seed after imbibition as a result of the lack of proper
conditions for germination (Amen 1968).

Dormancy may be located in the embryo or imposed by the tissues that surround
the embryo. In a number of species, both the embryo and the tissues enclosing it
impose dormancy. The completion of germination (radicle protrusion) is the net
result of the opposing forces: the “thrust” of the embryo and the restraints by the
surrounding tissues. In the case of embryo dormancy, the properties of the embryo
are of principal importance. In coat-imposed dormancy, the properties of the
covering tissues are the determinants, including mechanical, chemical and perme-
ability features, all of which may interfere with the successful completion of
germination. For example, many seeds possess a seed coat that poses a mechanical
restraint to embryonic growth and that may also contain chemical inhibitors, such
as phenolic compounds, that prevent embryo growth (mechanical and chemical
dormancy). Endosperm tissue may restrict embryo growth until the thick endo-
sperm cell walls are degraded by hydrolytic enzymes that can be induced by factors
(e.g. plant hormones) derived from the embryo (physiological/mechanical dor-
mancy). Both embryo and coat-imposed dormancy are common and there does
not seem to be a preference for a specific category or type of dormancy among plant
families or genera (Baskin and Baskin 1998). Among the several different types and
classes of dormancy, the study of physiological dormancy has received most
attention. This class of dormancy is caused by metabolic blocks in the seed and is
essentially reversible. This enables the seed (in the soil) to go through several
successive cycles of dormancy break and induction until the conditions for germi-
nation and seedling establishment are optimal (Hilhorst 2007). Here, we will give
an update on the progress in dormancy research of physiological dormancy and
mainly in Arabidopsis thaliana. For a full account of the other dormancy types, the
reader is referred to several excellent reviews (Baskin and Baskin 1998, 2004).

4.1.1 Embryo—-Endosperm Interaction as a Mechanistic Model
Jor Germination

The mature seeds of most angiosperm species are endospermic, that is have retained
amore or less abundant endosperm layer (Finch-Savage and Leubner-Metzger 2006;
Holdsworth et al. 2008a). In typical seeds, the embryo is surrounded by two covering
layers (‘coats’, Fig. 4.1): the endosperm (living cells in most species) and the testa
(seed coat, dead cells). On the mechanistic level, successful seed germination/
breaking of dormancy depends simply on the net sum between two opposing forces:

e The embryo growth potential (mainly associated with the radicle) must increase
to allow radicle extension growth and protrusion of the covering layers
(EMBRYO = promotive).
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e The restraint of the covering layers (testa, endosperm) must be weakened and
weakening of the micropylar endosperm cap covering the radicle is of utmost
importance (endosperm cap weakening, ENDOSPERM = repressive).

Radicle extension growth, ‘coat’ dormancy release and endosperm cap weak-
ening are the key processes of seed germination and dormancy break in most
species and share known molecular mechanisms of which several are evolutionary
conserved.

4.2 Seed Dormancy Research: An Update

4.2.1 Global Analysis

There have been several recent reviews reporting advances in our understanding of
dormancy and the control of germination in seeds resulting from large-scale gene
expression profiling at both RNA and protein levels (Finch-Savage and Leubner-
Metzger 2006; Bradford and Nnogaki 2007; Holdsworth et al. 2008a, b; Catusse
et al. 2008a, b; Finkelstein et al. 2008). It is clear from work on both transcriptome
(Ogawa et al. 2003; Nakabayashi et al. 2005; Cao et al. 2006; Cadman et al. 2006;
Finch-Savage et al. 2007; Carrera et al. 2007, 2008) and proteome (Gallardo et al.
2001; Rajjou et al. 2004; Job et al. 2005; Chibani et al. 2006; Oracz et al. 2007) that
there are extensive changes in genome expression involved in the control of cycling
through different levels of dormancy and the final transition to the completion of
germination. Holdsworth et al. (2008b) conclude from this work that RNA transla-
tion and post-translation are the major levels of control for germination completion
and that transcriptome changes reflect more the alteration in dormancy status,
enhancement of germination potential and effects on post-germination functions
related to seedling growth. However, Nakabayashi et al. (2005) have shown that
more than half (>12,000) of all genes in Arabidopsis have transcripts present in dry
mature seeds. Holdsworth et al. (2008b), therefore, also suggest that changes in the
transcriptome following seed imbibition indicate a dynamic relationship between
these RNAs ‘stored” from late seed development and synthesis of new RNAs
related to post-imbibition germinating or dormant seed states. A further dynamic
is now also thought to exist through changes in the ‘dry state’, apparently resulting
from transcription and protein metabolism, which are manifested as altered dor-
mancy status upon imbibition. These various levels of control are temporally
coordinated from seed maturation through dormancy to germination and this
provides the flexibility that is required for seeds to respond to the variable environ-
ment that surrounds them (Finch-Savage and Leubner-Metzger 2006; Fig. 4.2). In
this way, seeds continually change their dormancy status to optimise the timing of
germination completion in tune with seasonal cycles to maximise subsequent plant
survival and reproduction.
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Fig. 4.2 Model for the regulation of dormancy and germination by ABA and GA in response to the
environment. According to this model ambient environmental factors (e.g. temperature) affect the
ABA/GA balance and the sensitivity to these hormones. ABA synthesis and signalling (GA
catabolism) dominates the dormant state, whereas GA synthesis and signalling (ABA catabolism)
dominates the transition to germination. The complex interplay between hormone synthesis,
degradation and sensitivities in response to ambient environmental conditions can result in
dormancy cycling. Change in the depth of dormancy alters the requirements for germination
(sensitivity to the germination environment); when these overlap with changing ambient condi-
tions, germination will proceed to completion. Model based on work with A. thaliana ecotype Cvi,
modified from Cadman et al. (2006). Key target genes are in parenthesis. Figure reproduced from
Finch-Savage and Leubner-Metzger (2006) with permission from Elsevier Ltd

4.2.1.1 Similarities and Differences between Physiological States

The analysis of global expression patterns has provided a new opportunity to
address some old questions such as: whether seeds imbibed in the dormant state
are fundamentally different from those in a non-dormant state; and whether differ-
ent dormant states such as primary dormancy (PD) and secondary dormancy (SD)
are similar. It is clear that specific sets of transcripts have higher abundance in seeds
that will complete germination, when compared to seeds that will remain dormant
and vice versa (Cadman et al. 2006; Carrera et al. 2007, 2008). From this, charac-
teristic sets of gene transcripts have been assigned to dormant states (D-set) and
fully after-ripened states (AR-set). However, principle component analysis has
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shown that primary dormant seeds that have had relatively short periods of imbibi-
tion (24 and 48 h) group separately from seeds that have been imbibed for longer
and have entered a ‘maintained’ primary or secondary dormant state (Cadman et al.
2006). Thus, on the basis of transcript abundance there is little difference between
these maintained states during dormancy cycling. However, it is likely that newly
imbibed primary dormant seeds are dominated by transcripts remaining from seed
development (stored) and thus differ from maintained states. Most published work
on dormancy has centred on the former and this may have produced some mis-
conceptions about the dormant state.

In complementary work, transcriptomes were compared from Arabidopsis seeds
of the deeply dormant Cvi accession, exposed to different dormancy releasing
factors (after-ripening, cold, nitrate, light; Finch-Savage et al. 2007). To complete
germination, these seeds require more than one of these factors and thus exposure to
only one factor or an incorrect combination of factors will result in different depths
of dormancy. Principal component analyses of the expression patterns observed
grouped physiological states in a way that related to this depth of seed dormancy,
rather than the type of environmental exposure (Finch-Savage et al. 2007). This
suggests similarity in the response to different environments. Furthermore, opposite
changes in transcript abundance of genes in D- and AR-sets were also related to the
depth of dormancy and common to different environments. Thus, transcription of
these gene sets responds in a quantitative way to specific environmental signals
when they are presented to the seeds in the order appropriate to relieve dormancy
and facilitate the completion of germination in seasonal conditions that are suitable
to sustain subsequent growth.

In addition to these common quantitative changes, environment-specific gene
expression patterns during dormancy relief were also found. For example, higher
transcript abundance for genes linked to the process of nitrate accumulation and
reduction was associated with dormancy relief. Further patterns were consistent
with a role for the balance of the plant hormones abscisic acid (ABA) and gibber-
ellins (GAs) in integrating dormancy-relieving environmental signals, which is
discussed further below.

4.2.1.2 Genes Associated with Different States

Work at the level of gene expression has confirmed that dormancy is an active state,
with complex regulatory networks continuously integrating environmental signals
and responding to them by positive maintenance of dormancy through de novo
ABA synthesis and/or negative regulation of germination (Fig. 4.1; Cadman et al.
2006; Carrera et al. 2007, 2008; Finch-Savage et al. 2007). Cadman et al. (2006)
show that changes in dormancy status are consistent with differential expression of
large numbers of transcription factors present in the D- and AR-sets, along with
genes encoding histones, which are suggestive of a complete switch in gene
expression, resulting from a change in chromatin structure. Genes in the D-set are
associated with embryo maturation including storage proteins, heat shock proteins
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and dehydrins etc. It was also found that ABA-, stress- and dormancy responses
significantly overlap at the transcriptome level (Cadman et al. 2006; Finch-Savage
et al. 2007). Many of the genes more highly expressed in the dormant states
appeared to be related to stress. This may be linked to the synthesis of ABA,
which appears essential to the maintenance of dormancy. Under prolonged condi-
tions that are non-permissive to germination, there is an increase of ABA content
(Ali-Rachedi et al. 2004). These conditions will, therefore, always lead to co-
expression of dormant- and stress-related genes that are controlled by ABA.
There is an evolutionary advantage in this co-expression, since dormancy is a
mechanism to survive prolonged periods of environmental stress that are unfavour-
able for growth. In contrast, many genes of the AR-set are associated with the
establishment of translation machinery, the potential for cell-wall remodelling and
reserve mobilisation in advance of germination completion. The genes represented
in this set appear also to, at least partly, anticipate the next likely stage of develop-
ment, that is radicle extension and subsequent seedling growth.

Results from Rajjou et al. (2004) have shown that chemical inhibition of
transcription in non-dormant Arabidopsis seeds did not affect the eventual comple-
tion of germination, but inhibited further growth of the seedling after radicle
protrusion. In contrast, translation inhibitors effectively blocked the completion
of germination. This suggests that the transcripts for the completion of germination
of non-dormant seeds are pre-formed during their development (stored transcripts),
and then translated to enable progress of germination all the way to completion.
Thus, transcription is not essential for the completion of germination in these
previously unimbibed non-dormant seeds. However, the work of Cadman et al.
(2006) shows that dormancy is characterised by an absence of transcripts related to
establishing translational machinery, whereas dormancy release is accompanied by
transcription of genes associated with the completion of germination (AR-set)
including those encoding for proteins involved in translation machinery. They,
therefore, hypothesise that an important molecular event in release from the main-
tained dormant state, when stored transcripts may no longer be available, is estab-
lishing the capacity for the translational control of germination completion.

4.2.1.3 The Hormone Balance and Regulation of Dormancy

A dynamic balance of hormone synthesis and catabolism operates that establishes a
controlling balance of ABA—GA ratio (Ali-Rachedi et al. 2004; Cadman et al.
2006). This intrinsic balance directs signalling pathways that regulate dormancy
level by altering the seeds sensitivity to the ambient germination environment
(Fig. 4.2). While the release of primary dormancy in Cvi seeds occurs effectively
by after-ripening, stratification or inhibition of ABA biosynthesis, the addition of
GA appears less effective and can cause a transient increase in ABA levels (Ali-
Rachedi et al. 2004; Finch-Savage et al. 2007). This suggests that in dormant seeds
a feedback mechanism exists that maintains a high ABA-GA ratio. However,
dormancy release also involves a net shift to increased GA biosynthesis and ABA
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degradation resulting in a low ABA—-GA ratio (Ali-Rachedi et al. 2004; Cadman
et al. 2006).

D-set genes had an over-representation of ABA-responsive elements (ABRE) in
their promoters, and of genes for transcription factors that bind to the ABRE
(Cadman et al. 2006). Such an over-representation of ABRE-containing genes is
also evident in stored mRNAs of dry A. thaliana seeds (Nakabayashi et al. 2005).
ABRE-binding transcription factors appear to be master regulators that mediate
ABA responses in seeds including the regulation of dormancy. On the other hand,
during imbibition of non-dormant seeds, there are many GA-responsive genes
induced, but GA also causes down-regulation of many ABRE-containing genes
(Yamaguchi and Kamiya 2002; Ogawa et al. 2003; Yamauchi et al. 2004).

4.2.1.4 Exposure to Dormancy Releasing Environmental Factors

The timing, extent and pattern of seed germination and subsequent seedling emer-
gence within a seed population are determined by a complex interaction of ambient
weather conditions, soil, and seed characteristics (Finch-Savage and Leubner-
Metzger 2006). The key weather/soil factors for germination and dormancy are:

e Water availability
e Temperature

e Light

e Abiotic stresses

In crops, the rate and extent of seed germination is key to successful seedling
establishment, which in turn is the cornerstone of sustainable and profitable crop
production. Transitions from the primary dormant to the non-dormant state and
from the non-dormant state to germination or the secondary dormant state depend
on the ambient environment, which determines both rate and extent of the response.
This interactive process can be very complex, but population-based threshold
models provide a universal approach to quantifying the array of ecophysiological
responses exhibited by seeds (Finch-Savage and Leubner-Metzger 2006). The
models use biological time in which the process of germination progresses to
completion at different rates according to the ambient conditions. The quantitative
effects of temperature (thermal time), water availability (hydrotime), and the
combination of both (hydrothermal time), as well as seed after-ripening, dormancy
or any abiotic stress can be described by these models. They can be used to simulate
and predict the impact of environment on seed germination in field soils.

In fully AR seeds that require only light to germinate and those exposed to light,
the transcript expression of AtGA3o0x2 increases dramatically (Yamaguchi et al.
1998; Cadman et al. 2006; Finch-Savage et al. 2007) presumably facilitating the
final step of the biosynthesis of biologically active GA. Cold release of dormancy is
also mediated, at least in part, by promoting GA biosynthesis via enhanced expres-
sion of AtGA3ox (Yamaguchi and Kamiya 2002; Oh et al. 2004; Yamauchi et al.
2004; Liu et al. 2005a, b; Penfield et al. 2005) and by promoting ABA catabolism
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via activity of the flowering gene FLC (FLOWERING LOCUS C; Chiang et al.
2009).

Dormancy can also be released by AR at rates that are determined by moisture
and oil content, seed-covering structures and temperature (e.g. Manz et al. 2005).
Bove et al. (2005) provide evidence that Nicotiana seed AR generates a develop-
mental switch at the transcript level that is evident upon imbibition and this is
supported by work with Arabidopsis Cvi (Cadman et al. 2006). In part, this may
result from gene expression in air-dry seeds during after-ripening (Bove et al. 2005;
Leubner-Metzger 2005). Carrera et al. (2008) studied changes in gene expression in
imbibed non-dormant mutants (abal and abil) and compared them to wild-type
seeds with and without AR. This indicated that AR acts as a developmental pathway
that can be separated from dormancy of the imbibed seed. This work also showed
that exogenous application of ABA did not re-impose the gene expression of seeds
that had not been after-ripened, and that seeds of the non-dormant mutants demon-
strated changes in genome expression during dry storage that were characteristic of
AR. This provided a clear demonstration that ABA is not a major regulator of AR in
dry seed (Holdsworth et al. 2008a).

It is also clear that exogenous application of ABA to seeds does not result in seed
phenotypes that mimic dormancy at the proteome (Chibani et al. 2006) or tran-
scriptome levels (Carrera et al. 2008). Despite this, in the studies so far carried out
where samples are comparable there is little correlation between observations at the
transcriptome and proteome levels, for example following imbibition of AR seeds
(Cadman et al. 2006 and Chibani et al. 2006 respectively). To date the reason for
this is open to speculation and more work is required. However, a proteome study of
dormancy relief by AR in sunflower by Oracz et al. (2007) has highlighted the
potential importance of reactive oxygen species (ROS) in this process. From this
work, they raise the hypothesis that dormancy release involves a change in prote-
ome oxidation, resulting from the accumulation of ROS during AR. ROS accumu-
lation, therefore, appears to be a key signal governing cell activity during AR
(Oracz et al. 2007). They suggest that this mechanism may also have relevance
for dormancy breaking in the imbibed state.

4.2.1.5 Different Seed Tissues and Sensitivities

Global expression analyses are consistent with the induction and maintenance of
the dormant state being characterised by increased ABA biosynthesis and GA
degradation and the reverse during dormancy release. In seeds of different species
these changes in the two hormones may occur at the same time or at different times
and at different sites within the seed. However, the emerging picture is incomplete
without considering the influence of the seed coat and the antagonism of different
tissues (embryo, endosperm) within the seed and hormone sensitivities. The sensi-
tivities for GA and ABA, their perception by receptors, their interconnected
signalling chains, and their developmental regulation are of utmost importance
for germination and dormancy (Kucera et al. 2005). Thus, dormancy loss in many
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seeds is also characterised by a decrease in ABA sensitivity and an increase in GA
sensitivity (e.g. Le Page-Degivry et al. 1996; Corbineau et al. 2002; Koornneef
et al. 2002; Leubner-Metzger 2002; Ali-Rachedi et al. 2004; Chiwocha et al. 2005).

In endospermic seeds, the endosperm acts as a mechanical barrier to germination
and is, therefore, intimately involved in dormancy mechanisms (Kucera et al. 2005;
Finch-Savage and Leubner-Metzger 2006). Again the emergence of the radicle
through the endosperm is regulated via the ratio of ABA-GA, which controls
weakening of the micropylar endosperm in many species (reviewed by Finch-
Savage and Leubner-Metzger 2006). Recent evidence suggests the endosperm
may be the primary determinant of seed dormancy in Arabidopsis (Bethke et al.
2007). It is anticipated that future genome wide expression studies will have
emphasis on the separate analysis of seed tissues (Holdsworth et al. 2008b). Indeed,
differential global gene expression patterns have already been demonstrated
between different seed tissues of Arabidopsis at the level of the transcriptome
(Penfield et al. 2006), and of sugar beet at the proteome level (Catusse et al.
2008a, b).

4.2.2 Specific Analyses: Key Genes and Processes Related
to the Hormonal Regulation of Dormancy,
After-Ripening and Germination

The previous sections provide a global overview and introduced the general
concept of the antagonistic hormonal interactions like GA—ABA and the impor-
tance of the seed tissues for dormancy, after-ripening and germination. The follow-
ing parts present specific examples for key genes and processes in seeds that are
exemplary. They are of course not exclusive, and other important case studies are
summarised in several recent reviews (Kucera et al. 2005; Finch-Savage and
Leubner-Metzger 2006; Bentsink and Koornneef 2008; Finkelstein et al. 2008;
Holdsworth et al. 2008a).

4.2.2.1 ABA: A Positive Regulator of Dormancy Induction and
Maintenance, and a Negative Regulator of Germination

In many plant species, endogenous ABA is involved in the induction and perhaps in
the maintenance of the dormant state (reviews: Hilhorst 1995; Kucera et al. 2005;
Holdsworth et al. 2008a). Mutants with reduced seed ABA biosynthesis exhibit
reduced dormancy. Over-expression of genes for ABA biosynthesis can increase
seed ABA content and enhance seed dormancy or delay germination (e.g. Grappin
et al. 2000; Nambara and Marion-Poll 2003). Enhanced dormancy is also evident in
Arabidopsis cyp707a2 mutants with increased ABA content due to a block of seed
ABA catabolism (ABA 8 hydroxylase, Kushiro et al. 2004; Miiller et al. 2006).
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Several of the Arabidopsis ABA-insensitive (abi) response mutants, abil to abi5
and abi8, exhibit, like the ABA-deficient mutants, a marked reduction in seed
dormancy (Kucera et al. 2005; Finkelstein et al. 2008; Holdsworth et al. 2008a).
The seed responses of strong alleles of the Arabidopsis ABI3 gene are severe
compared to the abil, abi2 and the ABA-deficient mutant alleles. ABI3 may play
a major role in seed and bud dormancy (Rohde et al. 2000; Bassel et al. 2006). The
ABA-insensitive viviparousI (vpl) mutant of maize is characterised by severe seed
responses, including reduced sensitivity of germination to exogenous ABA and
vivipary. The Arabidopsis ABI3 and the maize VPI are orthologous genes that
encode transcription factors of the B3 domain class that are essential for ABA
action. VP1/ABI3-like proteins are multifunctional transcription factors that inte-
grate ABA and other regulatory signals of seed maturation and developmental
arrest. Post-translational targeting of ABI3 for protein degradation and perhaps
also farnesylation of ABI3 are mechanisms to regulate ABI3-mediated ABA
signalling (Finkelstein et al. 2008). The interaction of ABI3 with other factors in
the network that establishes seed dormancy during seed maturation is summarised
by Holdsworth et al. (2008a).

ABA is not only a positive regulator of dormancy induction; it also inhibits seed
germination and has been proposed to be a positive regulator of dormancy mainte-
nance. ABA inhibits embryo growth potential and endosperm cap weakening
during coffee seed germination (da Silva et al. 2004). A transient rise in ABA
content in the embryo was evident early during imbibition. ABA treatment inhibits
and fluridone treatment accelerates radicle protrusion of coffee seeds. Vegetation-
derived ABA is also of ecological importance in the regulation of seed dormancy
and germination. ABA leached from plant litter plays an important role in the
germination control of the post-fire annual Nicotiana attenuata (Krock et al. 2002;
Schwachtje and Baldwin 2004).

Rupture of the testa and the endosperm are distinct and temporally separate
events during the germination of many species; such two-step germination with
testa rupture subsequently followed by endosperm rupture, is known for Nicotiana
spp. (Solanaceae, e.g. Leubner-Metzger 2003), Lepidium sativum (cress) and
A. thaliana (Liu et al. 2005a, b; Miiller et al. 2006; Piskurewicz et al. 2008).
Addition of ABA to the medium during imbibition resembles the effects of mater-
nal ABA during seed development and residual ABA in mature seeds. In after-
ripened seeds, this does not appreciably affect the kinetics of testa rupture, but it
delays endosperm rupture and results in the formation of a novel structure, consist-
ing of the enlarged radicle with a sheath of greatly elongated endosperm tissue
(Leubner-Metzger and Meins 2000; Leubner-Metzger 2003).

4.2.2.2 Gibberellins Release Coat Dormancy, Promote Germination
and Counteract ABA Effects

According to the revised hormone-balance hypothesis for seed dormancy proposed
by Karssen and Lagka (1986), ABA and GA act at different times and sites during
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the ‘seed life’. ABA induces dormancy during maturation, and GAs play a key role
in dormancy release and in the promotion of germination. GA biosynthesis in
developing seeds of many species leads to the accumulation and storage of either
bioinactive GA precursors or bioactive GA (Yamaguchi and Kamiya 2002; Kucera
et al. 2005). GA biosynthesis in developing seeds appears not to be involved in the
establishment of primary dormancy per se, but in other aspects of seed develop-
ment, including fertilisation, embryo growth, assimilate uptake, fruit growth, and
the prevention of seed abortion.

The temporal and spatial expression pattern of GA biosynthesis genes has been
investigated during Arabidopsis seed germination (Yamaguchi et al. 2001; Ogawa
et al. 2003; Yamauchi et al. 2004). Bioactive GAs accumulate just prior to radicle
protrusion and appear to occur in two separate locations within the embryo: (1) the
early biosynthetic pathway, including the geranylgeranyl diphosphate cyclisation
reaction catalysed by ent-copalyl diphosphate synthetase (CPS), in the provascular
tissue where AtCPSI gene promoter activity is localised, and (2) the late biosyn-
thetic pathway, including the formation of bioactive GA by GA 3-oxidase, in the
cortex and endodermis of the root where AtGA3ox/ and AtGA3ox2 transcripts
accumulate and AtGA30x2 gene promoter activity is localised. This implies that
intercellular transport of an intermediate of the GA biosynthetic pathway (probably
ent-kaurene) is required to produce bioactive GA. Two functions for GA during
seed germination have been proposed (reviews: Hilhorst 1995; Bewley 1997a, b;
Kucera et al. 2005; Finch-Savage and Leubner-Metzger 2006). First, GA increases
the growth potential of the embryo. Second, GA is necessary to overcome the
mechanical restraint conferred by the seed-covering layers by weakening of
the tissues surrounding the radicle. The localisation of seed GA biosynthesis in
the Arabidopsis radicle (Yamaguchi et al. 2001) is consistent with the hypothesis
that embryonic GA is released and triggers the weakening of seed-covering layers.
This is further supported by the finding that at least some GA responsive genes are
expressed in non-GA-producing seed tissues (Ogawa et al. 2003). Environmental
cues like light and temperature can alter the tissue-specific localisation of GA
biosynthesis (Yamauchi et al. 2004). The temporal and spatial pattern of GA
biosynthesis and sensitivity are both important for the GA-mediated seed responses.
Seed germination of GA-deficient biosynthesis mutants of Arabidopsis (e.g. gal)
and tomato (e.g. gib-1) absolutely depends on the addition of GA to the medium
during imbibition (Hilhorst 1995; Kucera et al. 2005). The mechanisms imposing a
GA requirement to promote the germination of dormant and non-dormant Arabi-
dopsis seeds have been analysed using the GA-deficient mutant gal and the ABA-
deficient mutant abal, and is described in Sect. 2.2.5.

Among the GA-response mutants of Arabidopsis, some of the GA-insensitive
DELLA repressor mutants, including gai (GA-insensitive), 7ga (repressor-of-gal-3),
rgll (rga-likel), rgl2 and rgl3, have been investigated in detail (e.g. Richards
et al. 2001; Kucera et al. 2005; Achard et al. 2008; Piskurewicz et al. 2008).
GA signalling causes proteasome-mediated degradation of these repressor pro-
teins which is the mechanism by which many GA responses are mediated. The
gain-of-function mutants in these DELLA repressor mutants are characterised
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by dominant GA-insensitive repression of GA responses leading to a dwarf
phenotype, increased GA content and complex seed effects that are consistent
with a severely decreased GA-sensitivity of dormancy release and germination.
It has been proposed that RGLI plays a greater role in seed germination than do
GAI and RGA (Wen and Chang 2002), but RGL2 has been proposed to be the
most important regulator of Arabidopsis seed germination in response to GA
(Lee et al. 2002; Tyler et al. 2004; Cao et al. 2005). However, two detailed
studies demonstrate that the involvement of DELLA repressor degradation in
seed germination is complex: A careful time-course analysis of Arabidopsis
seed germination showed that the RGL2 mRNA decline occurred after radicle
emergence, that is after germination had been completed (Bassel et al. 2004).
The work of Piskurewicz et al. (2008) shows by a combination of time course
analyses of testa rupture and endosperm rupture, transcript and protein analyses, that
RGL2 inhibits Arabidopsis seed germination by stimulating ABA synthesis and
ABIS activity. These results support the notion that ABIS acts as the final common
repressor of germination in response to changes in ABA and GA levels.

4.2.2.3 Identification of Dormancy-Specific Genes and Other Key Genes
that Control Germination Timing

While a major role for ABA in the establishment and maintenance of seed dor-
mancy is evident, hardly anything is known about its downstream targets and the
molecular mechanisms of the induction of dormancy and the release by temperature
and after-ripening. Due to the overall importance of ABA in plant development, the
ABA-related mutants exhibit pleiotropic phenotypes and are, therefore, not seed- or
dormancy-specific. ABA-independent pathways and genes specific for seed dor-
mancy are evident from the Arabidopsis rdo (reduced dormancy) and dog (delay of
germination) mutants (Bentsink and Koornneef 2008; Holdsworth et al. 2008a).
Besides a mild pleiotropic phenotype, the rdo mutants are ABA-independent, have
a strong effect on dormancy, and rdo2 and rdo4 mutant seeds are thermoinhibition
resistant (Peeters et al. 2002; Tamura et al. 2006). The RDO4 (REDUCED DOR-
MANCY4) = HUBI (HISTONE MONOUBIQUITINATIONI) gene encodes a
RING finger protein necessary for monoubiquitination of histone H2B (Liu et al.
2007). The importance of the peroxisome has been highlighted by the observation
that the ABC transporter COMATOSE (CTS) controls germination (Carrera et al.
2007; Holdsworth et al. 2008a).

A very promising and successful approach to find specific genes involved in
Arabidopsis seed dormancy is based on natural genetic variation, as it exists
between the ecotype Ler (low dormancy) and the deeply dormant ecotype Cvi
(Alonso-Blanco et al. 2003; Koornneef et al. 2004; Bentsink et al. 2006). The
substantial influence of environmental effects on the expression of germination
characteristics and the involvement of many genes make dormancy a typical
quantitative trait. Such traits are becoming more amenable to genetic analysis,
because the position of individual quantitative trait loci (QTL) and the relative
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contribution of these loci can now be determined. QTL analysis for seed dormancy
requires permanent mapping populations, such as recombinant inbred lines (RILs),
because these allow the testing of a large number of genetically identical seeds, that
is seeds from the same RIL, in different environmental conditions. Seven dormancy
QTLs, DOGI to DOG7, have been identified by Alonso-Blanco et al. (2003) and
several more by Laserna et al. (2008). Cvi alleles at six loci (DOG1, DOG3-DOG?7)
increased dormancy, while Cvi alleles at DOG2 decreased dormancy, compared to
Ler alleles. The cloning of such a dormancy QTL has yet been published only for
the case of DOGI (Bentsink et al. 2006). A. thaliana DOG1, for which the Cvi allele
increases the level of seed dormancy, explains 12% of the variance observed in seed
dormancy. The dog/ mutant lacks dormancy, but it does not show any obvious
pleiotropic effects and is, therefore, a dormancy-specific mutant. The positional
cloning of this major seed dormancy QTL DOG]I has been reported by Bentsink
et al. (2006). With the isolation of DOG, the first seed dormancy gene accounting
for genetic variation in natural populations has been identified at the molecular
level. The DOG1 gene encodes a novel protein of unknown mode of action, but it is
absolutely required for Arabidopsis seed dormancy. DOGI transcripts are
expressed during seed development, are present in dry fresh (dormant; higher
DOGI mRNA content) and dry after-ripened (non-dormant; lower DOGI mRNA
content) seeds, and disappear upon imbibition of fresh and after-ripened seeds.
A recent transcriptome analysis with Arabidopsis Cvi seeds demonstrated that
DOG] transcript expression is regulated in a complex manner during dormancy
induction and release (Finch-Savage et al. 2007). DOG is not specifically involved
in ABA signal transduction; the dogl mutant has a normal sensitivity to applied
ABA. DOGI function is, however, clearly related to ABA, it might affect dry seed
ABA levels (Bentsink et al. 2006). The DOGI Cvi allele is induced by the ABA-
mediated sugar signalling pathway, and enhances sugar sensitivity by stimulating
ABI4 expression (Teng et al. 2008).

4.2.2.4 Control of Germination by the Seed Coat: Testa Mutant Studies

Embryo and coat (testa and/or endosperm) dormancy are the components of
physiological dormancy, their sum and interaction determine the degree of
‘whole-seed’ dormancy (Kucera et al. 2005; Finch-Savage and Leubner-Metzger
2006; Bentsink and Koornneef 2008; Holdsworth et al. 2008a). Embryo dormancy
is characterised by an intrinsic block within the embryo itself that inhibits extension
growth, and therefore excised embryos do not grow. Coat dormancy is charac-
terised by a block to germination that is conferred to the seed by the covering layers
(‘coats’). ‘Coat’ is used in a loose sense and can be any embryo-covering structure,
for example testa and/or endosperm. Based on this definition, the physiological
seed dormancy of A. thaliana is due to coat dormancy: testa (Debeaujon and
Koornneef 2000) and endosperm (Bethke et al. 2007) confer a (mechanical, chemi-
cal, etc.) resistance, which in the dormant state prevents embryo growth. In
physiologically dormant seeds the embryo-covering layers can confer mechanical
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constraint (coat dormancy) that must be overcome by the growth potential of the
embryo (Finch-Savage and Leubner-Metzger 2006; Bentsink and Koornneef 2008).
For dead seed covering layers, for example the testa, pre-determined breaking
points may facilitate tissue rips prior to germination. Enzymes that facilitate testa
rupture might be released by the endosperm and/or the radicle. The testa is a
maternal tissue and the reduced seed dormancy phenotype is inherited maternally.
A series of A. thaliana testa mutants show reduced dormancy that is caused by
alterations of the testa characteristics (Debeaujon and Koornneef 2000; Koornneef
et al. 2002; Rajjou et al. 2004) and highlight the importance of the testa structure as
a constraint to radicle emergence. The GA requirement for A. thaliana seed
germination is determined by testa characteristics, embryonic growth potential
and by embryonic ABA.

4.2.2.5 Control of Germination by the Endosperm: Endosperm Dormancy
and Endosperm Weakening

Endosperm dormancy requires that the restraint of the embryo-covering layers must
be overcome by the growth potential of the embryo (Finch-Savage and Leubner-
Metzger 2006; Holdsworth et al. 2008a). Since the endosperm in many species is a
living tissue, seed-covering weakening occurs prior to germination and the tissue
itself can produce enzymes for this process. The work of Bethke et al. (2007)
demonstrates the importance of the endosperm for Arabidopsis seed dormancy:
when the testas of dormant seeds were removed, the endosperm prevented the
germination upon imbibition. Treatments, known to release Arabidopsis seed dor-
mancy, induced endosperm rupture and radicle emergence of these ‘testa-less’
seeds. Excised Arabidopsis embryos, even from seeds of the deeply dormant
accessions Cvi and C24 (Bethke et al. 2007) or from GA-deficient or-insensitive
mutants (e.g. Iuchi et al. 2007), have coat-dormancy; their excised embryos grow
and exhibit at least the initial extension growth required for germination. Thus,
based on current knowledge, the testa and the endosperm are both major determi-
nants conferring coat dormancy to Arabidopsis seeds; the excised embryos grow,
but may exhibit reduced growth potential. The contributions of the different tissues
to the degree of the ‘whole-seed’ dormancy are a matter of controversial debate. The
small size of Arabidopsis seeds is a disadvantage for directly quantifying these
tissue-specific processes in order to calculate the degree of the ‘whole-seed’ dor-
mancy. It is not precisely known if ‘dormancy genes’ affect only the embryo, only
the endosperm, only the testa, or any combination of the three seed components.

The endosperm acts as a mechanical barrier to the germination of seeds in
several angiosperm clades (Finch-Savage and Leubner-Metzger 2006). A decline
in this mechanical resistance of the micropylar endosperm (the endosperm layer
covering the radicle tip) appears to be a prerequisite for radicle protrusion during
seed germination. This endosperm weakening can be promoted by GA and, at least
in part, inhibited by ABA. Solanaceae species like tomato, tobacco, pepper and
Datura have become model species for endosperm weakening.
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Direct biomechanical measurement of endosperm weakening by puncture-force
experiments with coffee and tomato seeds, have shown that endosperm weakening
is biphasic with regard to the ABA inhibition (Finch-Savage and Leubner-Metzger
2006). The first phase is ABA-insensitive and this is followed by the second phase
that is inhibited by ABA (Toorop et al. 2000; da Silva et al. 2004). In coffee seeds
ABA controls germination by inhibiting both the embryo growth potential and the
second step of endosperm weakening (da Silva et al. 2004). Coffee (Rubiaceae) and
tomato (Solanaceae) belong to the Asterid clade of angiosperms. Endosperm
weakening appears to be a widespread phenomenon and has also been demonstrated
for the Rosid clade of angiosperms: in Brassicaceae seeds the endosperm is also
a constraint to germination (Miller et al. 2006). In this work, seeds of both
A. thaliana and its’ much larger-seeded relative L. sativum (garden cress) were
studied. Both species belong to the subclade I of the Brassicaceae and are highly
similar in seed structure and physiology. Testa rupture and endosperm rupture are
separate events and only the latter is inhibited by ABA in after-ripened seeds of
both species. Direct biomechanical measurement of the puncture force required to
rupture the endosperm showed that the L. sativum micropylar endosperm weakened
prior to radicle emergence (Miiller et al. 2006). ABA delayed the onset and
inhibited the rate of endosperm weakening in a dose-dependent manner. An early
embryo signal which was required to induce endosperm weakening could be
replaced by GA, and that weakening was found to be regulated by the GA-ABA
ratio. These results suggest that the control of radicle protrusion in L. sativum and
probably also A. thaliana seeds is mediated, at least in part, by endosperm weaken-
ing. In contrast to coffee and tomato, a ‘one-phase’ ABA-inhibited endosperm
weakening is evident in Lepidium seeds (Miiller et al. 2006). Based on the ‘com-
parative seed biology’ approach with Lepidium and Arabidopsis, one can speculate
that during evolution the endospermic Brassicaceae seeds have retained ABA-
inhibitable and evolutionary conserved molecular mechanism(s) found in both
clades, whereas the ABA-insensitive phase of endosperm weakening was lost.

Ikuma and Thimann (1963) in their ‘hatching hypothesis’ of seed biology
suggested that ‘... the final step in the germination control process is the production
of an enzyme whose action enables the tip of the radicle to penetrate through the
coat’. In searching for this ‘hatching enzyme’, evidence has been uncovered for the
contribution of various cell-wall modifying proteins, including endo-f-1,4-manna-
nases and endo-fB-1,3-glucanases (summarised in: Hilhorst 1995; Bewley 1997a;
Leubner-Metzger 2003; Kucera et al. 2005; Finch-Savage and Leubner-Metzger
2006; Holdsworth et al. 2008a). Taken together, the current findings support the
view that germination control by the seed-covering layers is achieved through the
combined or successive action of several cell-wall modifying proteins. One
intriguing issue arising from these studies is that there seem to be evolutionary
conserved molecular mechanisms as well as species-specific adaptations for endo-
sperm weakening and/or coat dormancy release. Analysis of endosperm-specific
transcriptome data sets of germinated Arabidopsis seeds, provide information about
the expression of genes for cell-wall modifying proteins (Penfield et al. 2006;
Holdsworth et al. 2008a). In addition to typical cell-wall polysaccharide hydrolases,
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ROS seem to be involved in seed dormancy release and germination and
may contribute to endosperm weakening and embryo growth (Bailly 2004; Oracz
et al. 2007).

4.3 Dormancy and Harsh Environments

4.3.1 Seed Dormancy and Tolerance in the Dry State

At the final stages of seed maturation, the induction of dormancy and subsequent
desiccation on the mother plant results in dry seeds that are extremely tolerant to
many types of stress. For instance, dry seeds can survive exposure to extremely high
(120°C) or low (liquid nitrogen) temperatures or vacuum (Leprince and Vertucci
1995). The lifespan of seeds in the dry state can be extremely long, ranging from
decades to centuries and even millennia. The most remarkable discovery was that
on ancient seeds of Sacred Lotus from China; radiocarbon dating showed an age of
these seeds of 1,288 4 271 years while still being capable to germinate (Shen-
Miller et al. 1995). The main reason for long-term protection is that the removal of
water results in glass formation of the cytoplasm. Glasses are semi-equilibrium
solid liquids with an extremely high viscosity (see Buitink and Leprince 2004, for
review). Low temperatures and low water contents drive the viscosity to such high
values that the cytoplasm will form a glassy state. The high viscosity is thought to
be responsible for the decreased ageing rates observed at these low water contents
and temperatures. Indeed, cellular viscosity and molecular mobility measurements
in the cytoplasm correlate with seed longevity over a wide range of temperatures
and water contents (Buitink et al. 2000). Thus, this intracellular glass formation,
together with direct interaction between molecules that are imbedded in the glassy
matrix through hydrogen bonding will maintain structural integrity lead to optimal
preservation of the dormant seeds in the dry state (reviewed in Buitink and Leprince
2004).

Although glass formation in seeds drastically decreases molecular mobility, the
molecules in a glass are not completely restricted in their movement, and this can
have known repercussions on the survival in the dry state and probably as well on
the dormancy status. In time, diffusion will be possible in the dry state, albeit at a
rate considerably slower than that in hydrated cytoplasm. Using theoretical con-
siderations coupled to measurements of relaxation times, Walters (2004) demon-
strated that mobility is not restricted until at least 70°C below the glass transition
temperature. This explains why seeds still age, because deteriorative processes such
as lipid oxidation can take place, though at a very slow rate. This could also explain
the natural after-ripening process that occurs in ‘dry’ seeds after harvest, during
which seeds escape dormancy (reviewed in Holdsworth et al. 2008a). The processes
taking place in dry seeds, that is with a water content below 0.10 g H,0 g/g DW
(corrected for lipid content), can not involve true metabolism (i.e. ATP production
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via electron transport chains) because it has been shown to be arrested at water
contents below 0.2 g/g. However, the release of dormancy could well be determined
by the diffusion rate of certain molecules released from or diffusing within the
glassy cytoplasm. Interestingly, both the rate of after-ripening and aging increase
with increasing water content and temperature, as does the molecular mobility of
the cytoplasm (J. Buitink, unpublished data).

Another interesting question that remains to be answered is whether dry seeds in
a dormant state are more tolerant to stress than non-dormant seeds. Although this
has been suggested, we found no experimental evidence in the literature. Seed
longevity and seed dormancy seem to be controlled by different genetic factors in
rice as well as in Arabidopsis seeds (Miura et al. 2002; Clerkx et al. 2004) as
suggested by the different chromosomal location of QTL for these traits. Mutant
seeds of abi3, a master-regulator of seed maturation, are affected both in dormancy
and longevity (Ooms et al. 1993), but this regulation could involve independent
signalling pathways. The only mutation that directly affects both dormancy and
longevity is related to the seed testa of Arabidopsis (Debeaujon et al. 2000). These
testa mutants were shown to take up tetrazolium much more readily than the wild
types. This was related to defects in the pigmentation of the endothelium and its
neighbouring crushed parenchymatic layers. The degree of seed deterioration was
not strictly correlated with dormancy characteristics. Where the increased perme-
ability of the seed coat may result in reduced dormancys, it is most likely the absence
of the flavonoids that affect longevity, play a protective role against solute leakage,
imbibition damage, and oxidative stress.

4.3.2 Stress Tolerance of Dormant Seeds in the Hydrated State

Although seeds that remain dry are very tolerant, environmental conditions fluctu-
ate in nature, and seeds in soil banks are submitted to hydration and dehydration
cycles. Regardless of their dormancy status, seeds can undergo several cycles of
hydration and dehydration and, prior to radicle emergence, seeds remain desicca-
tion-tolerant, unless this cycle is repeated too often (Sliwinska and Jendrzejczak
2002). Interestingly, seed mitochondria of desiccation-tolerant, non-germinated pea
seeds have a remarkable temperature tolerance in response to both cold and heat
stress, when compared to mitochondria isolated from etiolated epicotyls, and
contain large amounts of a small heat shock protein, HSP22, and a late embryogen-
esis abundant (LEA) protein, LEAm (Stupnikova et al. 2006). It has been even
shown that re-drying hydrated, even germinated seeds can re-induce desiccation
tolerance (Buitink et al. 2003; Faria et al. 2005; Buitink et al. 2006). A transcrip-
tomic profiling of this re-induction of desiccation tolerance in Medicago truncatula
demonstrated that a large number of genes was re-induced when hydrated radicles
were submitted to a partial drying by an osmotic solution. Many of these genes are
related to protection against a wide range of stresses. For instance, a number of
genes encode regulatory genes that are typically expressed during abiotic/drought
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stresses as well as maturation. Furthermore, highly induced expression is found for
genes encoding LEA proteins, detoxification enzymes and heat-shock proteins
(Buitink et al. 2006). During this partial dehydration, a massive repression of
genes occurred belonging to numerous classes, including cell cycle, biogenesis,
primary and energy metabolism, suggesting that the re-establishment of DT in the
germinated radicles goes together with an active regulation to prepare for the return
to the quiescent state imposed by the incipient lack of water. Although in
M. truncatula, the re-induction of desiccation tolerance does not re-induce dor-
mancy in the seeds, it has been reported that rehydration—dehydration cycles can
also re-induce dormancy. Batlla and Benech-Arnold (2006) demonstrated that
seeds in weed seed banks under field conditions that were subjected to fluctuating
soil water content regime generally showed an increase in their dormancy level
after periods of storage under dry soil conditions, and a decrease in their dormancy
level after periods of storage under moist soil conditions.

Dormant seeds that remain hydrated need also to be protected against sudden
unfavourable environmental conditions. Indeed, protective mechanisms seem to be
activated in imbibed seeds. For example, the seed coats of dormant barrel medic
seeds remain devoid of any contaminating fungi and bacteria for months, whereas
isolated seed coats are readily infected (personal observation W. Bolingue). Also,
expression studies in dormant Arabidopsis seeds demonstrate that genes related to
defence and protection are highly expressed (Cadman et al. 2006). We re-analysed
the transcriptome data of imbibed dormant Arabidopsis seeds (D-dataset) from
Cadman et al. (2006) to screen for genes encoding putative protective molecules.
Several genes (6) encode LEA proteins, out of which two belong to group 1
(PF00477) and two to group 5 (seed maturation protein, PF04927) (see Chapter xx).
In addition, nine genes encode small heat shock proteins, HSP70 and chaper-
one proteins dnal. Furthermore, 14 genes involved in detoxification are highly
expressed, such as metallothionein, aldo-reductase, glutathione reductase-S-trans-
ferase and peroxiredoxin. Interestingly, a similar set of genes are also highly
expressed in relation to desiccation tolerance, indicating partially similar regulatory
mechanisms underlying both dormancy and desiccation tolerance. Genes related to
biotic stress are equally expressed (8), such as defensins or CC-NBS-LRR class
disease resistance proteins. In barrel medic, a number of genes are up-regulated
during imbibition in dormant seeds that are related to secondary metabolism and
defence responses, whereas their expression remains low in imbibed seeds that are
non-dormant and will readily germinate (W. Bolingue and J. Buitink, unpublished
data). Apparently, regulation of gene expression related to protection and defence is
constitutively activated in dormant seeds.

In conclusion, in order to survive long time in seed banks, dormant seeds need to
be resistant in the dry as well as hydrated state against biotic and abiotic factors that
they are likely to encounter. A number of these mechanisms are likely to overlap
with those acquired during maturation, with the acquisition of desiccation tolerance
and longevity. Armed with these mechanisms, seeds can overcome those times
under which conditions are unfavourable for seedling establishment, and will as
such assure the propagation of future generations.
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4.4 Future Prospects

In the last decade, enormous progress has been made in the understanding of the
mechanisms and regulation of seed dormancy and germination, with a strong focus
on model systems, such as A. thaliana and M. truncatula. It has become clear that
environmental cues modulate the levels and balance of the plant hormones ABA
and GA in a complex way and thus determine the occurrence of dormancy and
germination. Annual dormancy cycling is mostly driven by changes in seasonal
temperatures, whereas the breaking of dormancy is influenced by environmental
cues such as light, nitrate and temperature/time. The regulation of seed dormancy
(cycling) and germination in A. thaliana at the molecular level is complex and
involves at least several hundreds of genes (Finch-Savage et al. 2007). It is,
therefore, likely that transcriptional networks and their associated transcription
factors are operational in the control of dormancy and germination. In order to
identify clusters within the network, co-expression analysis may be performed on
the different gene sets associated with different dormant states. In addition, to
identify potential transcription factors, sequence motifs in both the promoter and
non-coding regions of co-expressed genes may be identified. In addition to this
(transcriptional) network analysis, a system’s biology approach of seed germination
and dormancy appears timely. Such an approach would incorporate all levels of
complexity, from molecules to cells, to tissues to the whole seed and to the
environment. It would also include responses to biotic stresses that occur in parallel
to the dormancy/germination response, indicating a tight association between stress
and dormancy, as in many other organisms.
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