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Summary

Seed dormancy is an innate seed property that defines the environmental con-
ditions in which the seed is able to germinate. It is determined by genetics with
a substantial environmental influence which is mediated, at least in part, by the
plant hormones abscisic acid and gibberellins. Not only is the dormancy status
influenced by the seed maturation environment, it is also continuously changing
with time following shedding in a manner determined by the ambient environ-
ment. As dormancy is present throughout the higher plants in all major climatic
regions, adaptation has resulted in divergent responses to the environment.
Through this adaptation, germination is timed to avoid unfavourable weather for
subsequent plant establishment and reproductive growth. In this review, we
present an integrated view of the evolution, molecular genetics, physiology,
biochemistry, ecology and modelling of seed dormancy mechanisms and their
control of germination. We argue that adaptation has taken place on a theme
rather than via fundamentally different paths and identify similarities underlying
the extensive diversity in the dormancy response to the environment that
controls germination.
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I. Introduction

Seed dormancy could be considered simply as a block to the
completion of germination of an intact viable seed under
favourable conditions, but earlier reviews concluded that it is
one of the least understood phenomena in the field of seed
biology (Hilhorst, 1995; Bewley, 1997a). In the decade since
these reviews, there has been a large volume of published work
and significant progress has been made in understanding seed
dormancy, which we overview below. However, there have
also been some potential sources of confusion that have been
reported in the literature. In ecological studies, there has been
confusion reported between seed dormancy and persistence
in soil (Thompson ez al., 2003; Fenner & Thompson, 2005;
Walck ez al., 2005). This has resulted in part from different
views on dormancy, such as whether light terminates dormancy
or induces germination. In the physiological literature much
of the research has adopted a molecular genetic approach using
model species such as Arabidopsis thaliana, Solanaceae and cereals
(reviewed in Koornneef et 4, 2002; Gubler et al, 2005; Kucera
et al., 2005), but these model species and the ecotypes used
often have only a shallow dormancy (discussed by Hilhorst,
1995; Cohn, 1996). A further potential source of confusion
is that a clear description/definition of the type of dormancy
studied has not always been provided (Baskin & Baskin,
2004). It has also been observed that, although physiologists
and ecologists have both studied dormancy, there has been
‘liccle cross fertilization between disciplines’ (Krock ez al,
2002). In this review we discuss these issues, and present an
integrated view across the evolution, molecular genetics,
physiology, biochemistry, modelling and ecophysiology of the
control of seed germination by dormancy in an attempt to
draw together these linked, but often separate disciplines.

Note that, in addition, a section on applied aspects of the
control of seed germination by dormancy is available as sup-
plementary material.

Il. What is Dormancy and How is it Related to
Germination?

1. Seed structure and seed germination

A completely nondormant seed has the capacity to germinate
over the widest range of normal physical environmental
factors possible for the genotype (Baskin & Baskin, 1998,
2004). Besides the basic requirement for water, oxygen and
an appropriate temperature, the seed may also be sensitive
to other factors such as light and/or nitrate. Germination
commences with the uptake of water by imbibition by the dry
seed, followed by embryo expansion. The uptake of water is
triphasic with a rapid initial uptake (phase I, i.e. imbibition)
followed by a plateau phase (phase II). A further increase in
water uptake (phase III) occurs as the embryo axis elongates
and breaks through the covering layers to complete
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germination (e.g. Schopfer & Plachy, 1984; Manz ez al,
2005). In typical angiosperm seeds (Figs 1, 2) the embryo is
surrounded by two covering layers: the endosperm and testa
(seed coat). Cell elongation is necessary and is generally
accepted to be sufficient for the completion of radicle protrusion
(visible germination) (Bewley, 1997a; Kucera ez al., 2005).

2. Definition of seed dormancy

In the Introduction we stated as a simple operational
definition that seed dormancy is a block to the completion of
germination of an intact viable seed under favourable conditions
(Hilhorst, 1995; Bewley, 1997a; Li & Foley, 1997). This block
to germination has evolved differently across species through
adaptation to the prevailing environment, so that germination
occurs when conditions for establishing a new plant generation
are likely to be suitable (Hilhorst, 1995; Vleeshouwers ez 4L,
1995; Bewley, 1997a; Li & Foley, 1997; Baskin & Baskin,
2004; Fenner & Thompson, 2005). Therefore, a diverse range
of blocks (dormancy mechanisms) have evolved, in keeping
with the diversity of climates and habitats in which they
operate. A more sophisticated and experimentally useful
definition of dormancy has recently been proposed by Baskin
& Baskin (2004): a dormant seed does not have the capacity
to germinate in a specified period of time under any
combination of normal physical environmental factors that
are otherwise favourable for its germination, i.e. after the seed
becomes nondormant. However, definitions of dormancy
are difficult because dormancy can only be measured by
the absence of germination. We can observe completion of
germination of a single seed as an all-or-nothing event,
whereas dormancy of a single seed can have any value between
all (maximum dormancy) and nothing (nondormancy).
Dormancy should not just be associated with the absence
of germination; rather, it is a characteristic of the seed
that determines the conditions required for germination
(Vleeshouwers et al, 1995; Thompson, 2000; Fenner &
Thompson, 2005). When dormancy is considered in this way,
any environmental cue that alters the conditions required for
germination is by definition altering dormancy. Also, by
extension, when the seed no longer requires specific environ-
mental cues it is nondormant. It is said by some researchers
that only temperature can alter physiological dormancy (PD,
defined in section I1.3) following dispersal as dormancy cycles
in the seed bank (reviewed by Probert, 2000). However,
Krock et al. (2002) have demonstrated the induction of sec-
ondary dormancy in Nicotiana attenuata seeds by a naturally
occurring chemical signal [abscisic acid (ABA) and four other
terpenes] in leachate from litter that covers the seeds in their
habitat. In addition, exogenous nitrate can affect the require-
ment for light to promote A. thaliana seed germination
(Batak ez al, 2002), and their initial level of dormancy is
influenced by the nitrate regime fed to the mother plant
(Aloresi ez al., 2005). Therefore, nitrate affects the requirements
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Fig. 1 Biodiversity of the structure of mature seeds of angiosperms and the importance of the seed-covering layers. The diploid embryo is surrounded
by two covering layers: the triploid (in most species) endosperm (nutritive tissue; mostly living cells) and the diploid testa (seed coat; maternal
tissue; mostly dead cells). In several species the endosperm is completely obliterated during seed development and the nutrients are translocated
to storage cotyledons. Mature seeds of (a) pea (Pisum sativum) (without endosperm) and (b) Arabidopsis thaliana (single cell layer of endosperm)
are characterized by embryos with storage cotyledons. The micropylar endosperm (several cell layers) is known to be a germination constraint
of Solanaceae seeds (c, d). FA2 and LA are seed types (see Fig. 3). Part (c) is modified from Watkins & Cantliffe (1983) and reprinted with permission
from the American Society of Plant Biologists. Parts (a), (b) and (d) are modified from ‘The Seed Biology Place’ (http://www.seedbiology.de).

for germination and so could be said to directly affect dor-
mancy rather than just promote germination.

It is widely accepted that temperature regulates both dor-
mancy and germination and that light regulates germination;
however, it is a matter of debate whether light is also a regula-
tor of dormancy (Bewley & Black, 1994; Vleeshouwers ez al.,
1995; Casal & Sanchez, 1998; Pons, 2000; Baskin & Baskin,
2004; Fenner & Thompson, 2005; Kucera ez al., 2005). Light
has been considered both to stimulate germination (e.g.

© The Authors (2006). Journal compilation © New Phytologist (2006) www.newphytologist.org

Vleeshouwers ez al., 1995) and to terminate dormancy (e.g.
Benech-Arnold ez al, 2000; Batlla ez al, 2004). To some
extent, this depends on where one chooses to draw the line
between the processes of dormancy and germination. In this
review, we have used the definition above, that dormancy is a
seed characteristic that defines the conditions required for ger-
mination, and therefore any cue that widens the environmen-
tal requirements for germination should be regarded as a
dormancy release factor. Following this argument, exposure to
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Fig. 2 Hormonal interactions during the regulation of seed dormancy release and germination of Nicotiana (a) and Brassica (b) model species.
(a) Nicotiana sp. seed germination is two-step: testa rupture followed by endosperm rupture. Dormancy release and germination promotion
occur during seed after-ripening (dry storage at room temperature for several months) or via the light-gibberellin (GA) pathway during
imbibition. Abscisic acid (ABA) inhibits endosperm rupture but not testa rupture. GA, ethylene and brassinosteroids (BRs) promote endosperm
rupture and counteract the inhibitory effects of ABA. The ABA-inhibited class | $-1,3-glucanase genes (3G/u /) are transcriptionally induced

in the micropylar endosperm just before endosperm rupture (reviewed in Leubner-Metzger, 2003). This induction is highly localized in the
micropylar endosperm at the site of radicle emergence. Light, GA and ethylene promote and ABA, osmotica and darkness inhibit BGlu |
expression and endosperm rupture. This inhibition is partially reversed in transgenic tobacco (Nicotiana tabacum) seeds that over-express BGlu
I in the seed-covering layers under the control of an ABA-inducible transgene promoter. BGlu | is therefore causally involved in the promotion
of endosperm rupture. EREBP, ethylene-responsive element binding protein transcription factor. Part (a) is modified from Leubner-Metzger
(2006) and reprinted with permission from The Haworth Press, Inc.; article copies are available from The Haworth Document Delivery Service:
1-800-HAWORTH; Email: docdelivery@haworthpress.com. (b) Brassica napus seed germination is one-step. The mature seeds of these species
are without an endosperm and so testa rupture plus initial radicle elongation result in the completion of germination. ABA does not inhibit testa
rupture, but inhibits subsequent radicle growth (Schopfer & Plachy, 1984; for a review, see Kucera et al., 2005).

Testa rupture
Testa.

light changes the seed so that it can germinate in darkness and A wide range of factors can therefore alter dormancy in PD
is therefore the last step in the dormancy-breaking process, seeds. However, there is an important distinction in the seed
rather than the first step in the germination process (Bewley response to these factors. (1) There are factors that are related
& Black, 1994; Pons, 2000; Leubner-Metzger, 2003). This to slow seasonal change. These factors (e.g. temperature) are
light effect (red light via phytochrome) can also be reversed in ~ integrated over time to alter the depth of dormancy, and the
some cases by far-red light, until the seed is committed to the  sensitivity to other factors (e.g. light). (2) There are other
process of germination (Casal & Sanchez, 1998; Sanchez &  factors that indicate in a more immediate way that conditions
Mella, 2004). In seeds with coat dormancy, it is thought are suitable for germination (e.g. light), which could be

that light and gibberellins (GA) can both release (coat) dor- considered to terminate dormancy and therefore induce ger-
mancy and promote germination (e.g. Casal & Sanchez, mination. Each of these factors therefore removes successive
1998; Leubner-Metzger & Meins, 2001; Leubner-Metzger,  blocks to germination, but this process usually needs to be
2001; Sanchez & Mella, 2004; Kucera ez al., 2005). carried out in a set order for it to work, i.e. in the process
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described light must come last to be effective. There is recent
evidence from global transcriptional analysis of dormant
states that the successive blocks are associated with both
quantitative and qualitative changes in gene expression pro-
grammes (Cadman et 4/, 2006 and pers. comm.).

A generally accepted distinction made in dormancy studies
is that of primary vs secondary dormancy. Freshly harvested
mature water-permeable dormant seeds are said to have pri-
mary dormancy, which has been induced with the involve-
ment of ABA during seed maturation on the mother plant
(see section III.1; Hilhorst, 1995; Kucera ez al., 2005). Subse-
quent dormancy release ‘in the field’, following dispersal, may
involve the same factors that are commonly used ‘in the
laboratory’: either after-ripening in the relatively dry state
(section I11.2) or dormancy-release treatments in the imbibed
state. These imbibed seed treatments include chilling (cold
stratification), warm stratification, light, gibberellins and
other hormones (Kucera et /., 2005), smoke substances such
as butenolide (Krock et 4/, 2002; Flematti et /., 2004) and
compounds such as nitric oxide (Bailly, 2004; Bethke ez al,
2006). In contrast to primary dormancy, secondary dormancy
can be induced in seeds with nondeep physiological dor-
mancy (see section 11.3) after seed dispersal, and is often asso-
ciated with annual dormancy cycles in the seed bank (Baskin
& Baskin, 1998, 2004; Hilhorst, 1998; Fenner & Thompson,
2005). Once primary dormancy is lost in response to prevail-
ing environmental conditions, secondary dormancy will soon
start to be induced if the conditions required to terminate
dormancy and induce germination are absent (e.g. light and/
or nitrate). Secondary dormancy can be lost and re-introduced
repeatedly as seasons change until the required germination
conditions become available (e.g. through soil disturbance).
These changes in the depth of dormancy are gradual.
Seeds in the intermediate states are said to have conditional
or relative dormancy because the range of environmental
factors that are permissive to germination is limited. Thus
as dormancy is lost the germination window (permissive range
of environments) progressively opens and then closes as dor-
mancy is induced to a deeper state. This is a fluid process, and
induction to a deeper state can occur at any point during dor-
mancy loss in response to a change in the environment. In
summary, seed dormancy is an innate seed property, which
defines the environmental conditions that must be met before
the seed can germinate. The intrinsic molecular mechanisms
that determine dormancy have an embryo and/or a coat
component (see section III). However, dormancy itself is a
‘whole seed’ characteristic that controls germination and can be
classified as described in the following section (section I1.3).

3. A classification system for seed dormancy

Marianna G. Nikolaeva devised a dormancy classification
system reflecting the fact that dormancy is determined by
both morphological and physiological properties of the seed

© The Authors (2006). Journal compilation © New Phytologist (2006) www.newphytologist.org
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(Nikolaeva, 1967, 2004). Based on this scheme, Baskin &
Baskin (1998, 2004) have proposed a comprehensive classifi-
cation system which includes five classes of seed dormancy:
physiological (PD), morphological (MD), morphophysiological
(MPD), physical (PY) and combinational (PY + PD). The system,
which is summarized below, is hierarchical, with these five
classes further divided into levels and types.

(1) Physiological dormancy (PD) PD is the most abundant
form and is found in seeds of gymnosperms and all major
angiosperm clades (Figs 3, 4). It is the most prevalent
dormancy form in temperate seed banks and the most
abundant dormancy class ‘in the field’. PD is also the major
form of dormancy in most seed model species ‘in the
laboratory’, including A. thaliana, Helianthus annuus, Lactuca
sativa, Lycopersicon esculentum, Nicotiana spp., Avena fatua,
and several cereals. PD is therefore the major focus of this
review. PD can be divided into three levels: deep, intermediate
and nondeep (Baskin & Baskin, 2004).

PD deep. Embryos excised from these seeds either do not
grow or will produce abnormal seedlings; GA treatment does
not break their dormancy, and several months of cold (subtype
a) or warm (subtype b) stratification are required before germi-
nation can take place (Baskin & Baskin, 2004; Baskin ez 4/, 2005).
Examples: Acer platanoides (PD deep) and Acer pseudoplatanus
(PD intermediate) (Aceraceae, Finch-Savage et al., 1998).

PD nondeep. The great majority of seeds have nondeep PD
(Baskin & Baskin, 2004). Embryos excised from these seeds
produce normal seedlings; GA treatment can break this
dormancy and, depending on species, dormancy can also be
broken by scarification, after-ripening in dry storage, and cold
or warm stratification. Based on patterns of change in physio-
logical responses to temperature, five types of nondeep PD can
be distinguished. Most seeds belong to type 1 or 2, in which
the temperature range at which seed germination can occur
increases gradually during the progression of nondeep dor-
mancy release from low to higher (type 1, e.g. A. thaliana) or
from high to lower temperature (type 2). In addition, the
sensitivity of the seeds to light and GA increases as nondeep
PD is progressively released.

(2) Morphological dormancy (MD) MD is evident in seeds
with embryos that are underdeveloped (in terms of size), but
differentiated (e.g. into cotyledons and hypocotyl-radical).
These embryos are not (physiologically) dormant, but simply
need time to grow and germinate. Example: celery (Apium
graveolens) (Fig. 3, Apiaceae; Jacobsen & Pressman, 1979).

(3) Morphophysiological dormancy (MPD) MPD is also
evident in seeds with underdeveloped embryos, but in
addition they have a physiological component to their
dormancy (Baskin & Baskin, 2004). These seeds therefore
require a dormancy-breaking treatment, for example a
defined combination of warm and/or cold stratification which

New Phytologist (2006) 171: 501-523
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Fig. 3 Seed phylogenetic tree based on the internal morphology of the embryo and endosperm in mature angiosperm seeds. Martin (1946)
investigated the embryo (form, size and position) and endosperm (plus additional storage tissue) in 1287 species and proposed seed types (B1

to B4, LA, P, MA, and FA1 to FA4). Seed types with abundant endosperm (orange or grey) and a tiny embryo (black) are basal (B1, B2, B3 and
B4). In the more advanced endospermic LA-type seeds, the embryo is linear axile. From this developed the FA-type seeds (FA1, FA2, FA3 and

FA4) where the embryo is foliate axile and, depending on the subtype, differs in shape and occupies more or less the entire seed. Mature
FA-type seeds have little or no endosperm, and the nutrients are stored in the cotyledons. The evolution of whole seed size (e.g. dwarf seeds

MA) is beyond the scope of this review and is discussed elsewhere (e.g. Baskin & Baskin, 1998, 2005; Fenner & Thompson, 2005). Seed
dormancy classes are indicated next to each family name: nondormancy (ND, open circles), physiological dormancy (PD, closed circles)
morphological dormancy (MD, open triangles), morphophysiological dormancy (MPD, closed triangles), physical dormancy (PY, open
diamonds), and combinational dormancy (PY + PD, closed diamonds) are explained in the text. The figure is updated and modified from Martin

(1946) based on work by Baskin & Baskin (1998, 2004, 2005, and pers. comm)
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Fig. 4 Angiosperm seed evolution depicted in a phylogenetic tree constructed by the Angiosperm Phylogeny Group Il (2003). For each family,
pictographs of the seed type and symbols for the dormancy class are placed next to the corresponding clade (see Fig. 3 for symbols, abbreviations
and data source). The number of pictographs or symbols is equal to the number of families with the corresponding seed type or dormancy class,
respectively. Numbers in the phylogenetic tree represent ‘embryo to seed’ (E:S) ratios expressed as generalized least squares (GSL) values from
Forbis et al. (2002, and pers. comm.). Clades with experimental evidence for endosperm-limited germination and endosperm weakening are
shown in bold and numbered 1 to 10. The experimental evidence can be summarized as follows: Rosid clade: (1) Cucurbitaceae: Cucumis Pl
(perisperm weakening); (2) Brassicaceae: Lepidium CLGALABAT (Miiller et al., 2006), Arabidopsis; (3) Oleaceae: Syringa CLGAL (Junttila,
1973), Fraxinus CLGAl (Fig. 6; Finch-Savage & Clay, 1997); (4) Solanaceae (Solanoideae): Lycopersicon CLGALABAT (Groot & Karssen, 1987,
1992; Toorop et al., 2000; Wu et al., 2000), Capsicum ClGAl (Watkins & Cantliffe, 1983; Petruzzelli et al., 2003), Datura (Sanchez & Mella,
2004), Solanaceae (Cestroideae): Nicotiana (reviewed in Leubner-Metzger, 2003), Petunia (Petruzzelli et al., 2003); (5) Rubiaceae: Coffea
CLGALABAT (daSilva et al., 2004; da Silva et al., 2005); (6) Asteraceae: Lactuca CLGAL (Tao & Khan, 1979); (7) Apiaceae: Apium (Jacobsen
& Pressman, 1979); other clades: (8) Amaranthaceae: Chenopodium (Karssen, 1976); (9) Ranunculaceae: Trollius (Hepher & Roberts, 1985); (10)
Iridaceae: Iris C (Blumenthal et al., 1986), Poaceae: Triticum Cl (Benech-Arnold, 2004). ABA, abscisic acid; GA, gibberellin; C, control. Puncture force
measurements: C|, endosperm weakening before endosperm rupture; GAl, endosperm weakening promoted by GA; ABAT, endosperm weakening
inhibited by ABA. The phylogenetic tree is modified from Judd et al. (2002); Angiosperm Phylogeny Group Il (2003); Soltis & Soltis (2003);
Stevens (2005).

in some cases can be replaced by GA application. There are
eight known levels of MPD. Examples: Trollius (Fig. 3,
Ranunculaceae; Hepher & Roberts, 1985), Fraxinus excelsior
(Fig. 3, Oleaceae; Finch-Savage & Clay, 1997).

(4) Physical dormancy (PY) PY is caused by water-

impermeable layers of palisade cells in the seed or fruit coat
that control water movement. Mechanical or chemical

© The Authors (2006). Journal compilation © New Phytologist (2006)

www.newphytologist.org

scarification can break PY dormancy. Examples: Melilotusand
Trigonella (Fabaceae, Fig. 3; Baskin & Baskin, 1998; Baskin,
2003).

(5) Combinational dormancy (PY +PD) PY + PD is evident
in seeds with water-impermeable coats (as in PY) combined
with physiological embryo dormancy (Baskin & Baskin,
2004). Examples: Geranium and Trifolium (Fig. 3).
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Fig. 5 Summary of general trends in angiosperm seed evolution with respect to seed type and dormancy class. Seeds with a small embryo

and abundant endosperm (B1 seed type) are primitive and evolution shows a general trend (indicated by arrows) towards mature seeds with
little or no endosperm in which the embryo occupies most of the seed (through LA to FA seed types). Gain or loss of physiological dormancy
(PD) in each of these seed types (B1, LA and FA1) alters the dormancy class as indicated. Similar changes can also occur in the other seed types.
Addition of physical dormancy (PY) to FA4-type nondormancy (ND) or PD seeds is indicated as a side branch occurring in specialized species.
This addition can be reversed and PY can also be added to other seed types (not shown). Seed types and dormancy classes are described in
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Fig. 3. This diagram is based on information given in figs 12.21 and 12.22 of Baskin & Baskin (1998).

4. Evolution of seed structure and seed dormancy

The classification system above shows that a great diversity of
morphological and physiological features have evolved to control
dormancy in response to different environments (Vleeshouwers
et al., 1995; Li & Foley, 1997; Baskin & Baskin, 2004; Donohue,
2005). The most obvious morphological difference in mature
angiosperm seeds is their ‘embryo to seed’ size ratios resulting
from the extent to which the endosperm is obliterated during
seed development by incorporating the nutrients into the
storage cotyledons. The evolution of these differences has been
analysed with respect to its implications for the evolution of
seed dormancy (Martin, 1946; Baskin & Baskin, 1998, 2004;
Forbis et al., 2002; Nikolaeva, 2004). Based on the internal
morphology of mature seeds, Martin (1946) defined seed
types with distinct embryo to endosperm ratios, arranged
them in a seed phylogenetic tree and proposed evolutionary
seed trends. This has been revised and extended in Fig. 3.
Figure 4 shows the distribution of Martin’s seed types in the
modern angiosperm phylogenetic tree. Forbis e al. (2002)
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calculated ‘embryo to seed” (E:S) values for the different seed
types. These E:S values show a clear trend increasing from low
E:S values up the phylogenetic tree to high E:S values.
Although there is a lack of evidence for functional differences
among embryo shapes, the results of Forbis ezl (2002)
strongly support the view that the relative embryo size is an
important determinant of seed dormancy evolution. Together
with additional arguments (Baskin & Baskin, 1998, 2004;
Forbis et al., 2002), these data support the following general
evolutionary seed trends (Figs 4, 5). (1) In mature seeds of
primitive angiosperms a small embryo is embedded in abun-
dant endosperm tissue. Such seed types (e.g. Bl) prevail
among basal angiosperms. (2) The general evolutionary trend
within the higher angiosperms is via the LA seed type (embryo
linear axile and developed, endosperm abundance medium to
high) towards the FA seed types (embryo foliate axile and
developed, often storage cotyledons, endosperm abundance
low or endosperm obliterated) with storage cotyledons. The
LA seed type is typical for many Asterids, for example the

endospermic Solanceae seeds. Further embryo dominance
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and endosperm reduction lead via the FA1 seed type to the
diverted seed types FA2, FA3 and FA4. The FA seed types are
typical for many Rosids, for example Brassicaceae seeds with
more or less no endosperm at maturity. (3) In addition to
these general seed trends there are clade-specific seed type
differences (‘exceptions’), for example within the basal
angiosperms (Laurales) and the Asterids (Aquifoliales). (4) A
small embryo is also found in primitive gymnosperms and an
increase in the E:S values is also evident within the gymno-
sperms. An increase in relative embryo size appears therefore
to be a general evolutionary trend within the angiosperms and
the gymnosperms.

The evolutionary trend of an increase in the relative
embryo size of seeds has functional importance for the evolu-
tion of dormancy of angiosperms and gymnosperms (Baskin
& Baskin, 1998, 2004; Forbis ez 4/, 2002; Nikolaeva, 2004).
MD and MPD are present in B-type seeds, but can also be
typical of some specialized species (Figs 3, 4). MD is thought
to be the ancestral dormancy type among seed plants and is
the most primitive dormancy class. The dispersal of seeds with
an underdeveloped embryo that need time to grow might
have evolved as an ancient strategy to disperse germination over
time. MD and MPD are typical not only for primitive angio-
sperms (Figs 3, 4) but also for primitive gymnosperms such
as the Zamiaceae, Ginkgoaceae, Podocarpaceae and Taxaceae.
Evolution of larger embryo size in MD seeds resulted in non-
dormant (ND) seeds. Concurrently, the gain of physiological
dormancy mechanism(s) led from seeds with MD to seeds with
MPD, which upon gain in embryo size led to PD seeds (Fig. 5).

PD is the most phylogenetically widespread dormancy
class. This class of dormancy is distributed over the entire phy-
logenetic tree, from gymnosperms and the basal angiosperms
to the higher core eudicot Rosid clade (Fig. 4). As ND is also
distributed over the entire phylogenetic tree it has been pro-
posed that gain and loss of PD occurred at several times and
at several levels of seed evolution (Fig. 5). The most phyloge-
netically restricted and derived dormancy classes are PY and
PY + PD (Figs 3, 4, 5). The occurrence of an impermeable seed
or fruit coat combined with a ND embryo (PY) or a PD
embryo (PY + PD) is probably an adaptation to specialized life
strategies or habitats. PY and PY + PD are the only dormancy
classes not found in gymnosperms (Baskin & Baskin, 2004).

lll. How is Nondeep Physiological Dormancy
Regulated within the Seed at the Molecular
Level?

The use of different terms and definitions of seed dormancy
have lead to confusion between ecologists and physiologists.
Baskin & Baskin (2004) proposed that seed scientists state the
class, level and type of dormancy based on their new
classification system (see section II.3). This hierarchical
system accurately reflects the ‘whole-seed’ ecologists’ view of
the control of germination by dormancy and should be widely
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used in future work. At the molecular level, very little is
known about MD, MPD, PY, PY +PD and deep PD. In
contrast, recent physiological and molecular work has
provided insight into mechanisms of nondeep PD, which are
the focus of this section. These studies show that the intrinsic
molecular mechanisms determining dormancy can have an
embryo and/or a coat component (Hilhorst, 1995; Bewley,
1997a; Kucera et al., 2005). The terms ‘embryo’ and ‘coat
dormancy’ will therefore be used here to distinguish between
these two mechanisms, but it should be emphasized that they
are not used as part of a classification system for ‘whole seeds’
sensu Baskin & Baskin (2004). Embryo dormancy and coat
dormancy are components of PD; their sum and interaction
determine the degree of ‘whole-seed’ PD.

Embryo dormancy is characterized by a block that inhibits
extension growth, and therefore excised embryos do not grow.
Coat dormancy is characterized by a block that is conferred by
the covering layers. Nondormant embryos excised from coat-
dormant seeds will therefore extend and grow. ‘Coat’ is used
in a loose sense and can be any embryo-covering structure, for
example the testa, endosperm and/or pericarp, and terms such
as ‘testa dormancy’ and ‘endosperm dormancy’ will be used to
specify these. For example, mechanical resistance from
combined testa and endosperm dormancy, which is greater
than the embryo growth potential opposing it, appears to be
the cause of nondeep PD in seed model systems such as
A. thaliana and Solanaceae species (Hilhorst, 1995; Bewley,
1997b; Koornneef et al., 2002; Leubner-Metzger, 2003a).

1. Induction, maintenance and release of physiological
dormancy by plant hormones and environmental
signals

There is considerable evidence that ABA is an important
positive regulator of both the induction of dormancy and the
maintenance of the dormant state in imbibed seeds following
shedding. As this evidence for ABA involvement has been
described in detail in a very recent review (Kucera ez 4/., 2005)
and in several earlier reviews (Hilhorst, 1995; Bewley, 1997a;
Li & Foley, 1997; Koornneef ez al., 2002) only an update is
provided here.

* ABA deficiency during seed development is associated with
absence of primary dormancy in the mature seed, whereas
overexpression of ABA biosynthesis genes can increase seed
ABA content and enhance seed dormancy or delay germina-
tion (e.g. Finkelstein e 4/, 2002; Nambara & Marion-Poll,
2003; Kushiro ez al., 2004).

* ABA produced by the seed itself during seed development
can impose a lasting dormancy, whereas maternal ABA or
ABA application during seed development fails to induce last-
ing seed dormancy, but has other functions (Kucera ez al,
2005).

* In A thaliana, the members of the AtNCED gene family
encode g-cis-epoxycarotenoid dioxygenases catalysing the key
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regulatory step in ABA biosynthesis (Lefebvre ez al., 2006).
This work suggests that ABA synthesis in the embryo and that
in the endosperm both contribute to the induction of seed
dormancy.

* High ABA contents are present in the imbibed seeds of the
strongly dormant A. thalianaecotype Cape Verde Island (Cvi)
and decrease as dormancy is lost (Ali-Rachedi ez 4/, 2004). A
recent transcriptome analysis with this ecotype strongly sup-
ports the view that increased ABA biosynthesis is associated
with the dormant state (Cadman ez 4/, 20006).

* De novo ABA biosynthesis during imbibition of dormant,
but not nondormant, seeds has been demonstrated in the
A. thaliana ecotype Cvi (Ali-Rachedi ez al., 2004), as well as
in other species including Nicotiana plumbaginifolia (Grappin
et al., 2000), Helianthus annuus (Le Page-Degivry & Garello,
1992), and Hordeum vulgare (Wang et al., 1995). This de novo
ABA biosynthesis has been interpreted as a mechanism for
dormancy maintenance.

Work with the strongly dormant A. thaliana ecotype Cvi
shows that dormancy may depend on an intrinsic balance of
GA and ABA biosynthesis and catabolism, which will deter-
mine the dominance of either of the hormones (Ali-Rachedi
et al., 2004; Cadman et 4/, 2006). While PD release of Cvi
seeds occurs effectively by after-ripening, stratification or
inhibition of ABA biosynthesis, the addition of GA appears
less effective. GA treatment of dormant Cvi seeds caused a
transient increase in ABA concentration (Ali-Rachedi ez 4/,
2004), suggesting that in dormant seeds a feedback mecha-
nism exists that maintains a high ABA:GA ratio.

Thus, the net result of the dormant state is characterized by
increased ABA biosynthesis and GA degradation. 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 ‘seed life’. ABA induces
dormancy during maturation, and GA plays a key role in
dormancy release and in the promotion of germination. Newer
evidence suggests that it is likely that this revision went too far.
Experiments with sorghum (Sorghum bicolor) (Steinbach et al.,
1997), and with ABA-deficient and -insensitive mutants of
maize (Zea mays) (White & Rivin, 2000; White ez 4/, 2000)
demonstrated that GA and ABA can act at the same time on
dormancy and germination. Inhibition of GA biosynthesis
during seed development mimics the effects of exogenous
ABA, for example in suppressing vivipary. It appears to be the
ABA:GA ratio, and not the absolute hormone contents, that
controls germination. Thus, it seems that GA directly antag-
onizes ABA signalling during dormancy induction of cereal
grains. Experiments with other species are needed to determine
whether this is a general phenomenon.

While dormancy maintenance also depends on high ABA:GA
ratios, dormancy release involves a net shift to increased
GA biosynthesis and ABA degradation resulting in low ABA:GA
ratios (e.g. Ali-Rachedi ez al, 2004; Cadman ez al., 2006). This
supports the proposal of Le Page-Degivry ez al. (1996) that
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ABA is the primary hormone involved in any step during dor-
mancy maintenance and release, and that GAs are present at
sufficient concentrations to promote germination as soon as
ABA biosynthesis is inhibited. There is further support from
genetic work with Avena fatua (Fennimore & Foley, 1998)
showing that GA itself, although its addition to the medium
can cause germination of dormant seeds, is not involved in
(embryo) dormancy loss, but in stimulating seed germination.
Thus, dormancy release is characterized by the capacity for
enhanced ABA degradation and increased GA biosynthesis,
which is followed by GA promotion of seed germination.

We assume that these conclusions regarding the role of
ABA and GA concentrations/synthesis in dormancy and ger-
mination are valid for the regulation of embryo dormancy.
However, the emerging picture is incomplete without consid-
ering coat dormancy (see sections III.3 and I11.4) and
hormone sensitivities. The sensitivities 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 ez al,
2005). In addition to hormone content and synthesis, the
transition from the dormant to the nondormant state of many
seeds is characterized by a decrease in ABA sensitivity and an
increase in GA sensitivity (e.g. Le Page-Degivry et al., 1996;
Corbineau ez al,, 2002; Koornneef et al, 2002; Leubner-
Metzger, 2002; Ali-Rachedi ez al, 2004; Chiwocha ez al,
2005). The seed phenotypes of the A. thaliana ABA-insensitive
(abi) response mutants abil to abi5 demonstrate that ABI1 to
ABI5 are involved in seed dormancy and/or germination
(Finkelstein, 2004; Kucera ez al., 2005). Transcript expression
of ABII to ABIS5 is regulated in a complex manner during
dormancy induction and release of A. thaliana ecotype Cvi
(Cadman et al., 2006). An important finding of this study is
that the dormant state is characterized by the transcription
of genes with an overrepresentation of ABA-responsive
elements (ABRE) in their promoters and of genes for trans-
cription factors that bind to the ABRE. Such an
overrepresentation of ABRE-containing genes is also evident
in stored mRNAs of dry A. thaliana seeds (Nakabayashi ez 4L,
2005). ABRE-binding transcription factors appear to be mas-
ter regulators that mediate ABA responses in seeds, including
the regulation of dormancy.

Among the genes that are induced in A. thaliana ecotype
Landsberg erecta (Ler) and Columbia (Col) seeds during
imbibition are many GA-responsive genes, but GA also causes
down-regulation of many ABRE-containing genes (Yamaguchi
& Kamiya, 2002; Ogawa et al., 2003; Yamauchi ez al., 2004).
Bioactive GAs accumulate in the embryo just before radicle
protrusion, and light is one of the environmental factors that
induces this GA biosynthesis, which occurs in two separate
embryo tissues during germination: (1) the provascular tissue,
where ent-copalyl diphosphate synthase 1 (A#CPSI) gene pro-
moter activity is localized, has the early biosynthetic pathway,
including the geranylgeranyl diphosphate cyclization reaction
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catalysed by CPS; (2) the cortex and endodermis of the root,
where GA 3-oxidase 1 (A#GA30x1) and AtGA30x2 transcripts
accumulate and ArGA30x2 gene promoter activity is localized,
have the late biosynthetic pathway, including the formation of
bioactive GA by GA3ox. This physical separation of the early
and late GA biosynthetic pathway implies that intercellular
transport of an intermediate (probably enrkaurene) is
required for the production of bioactive GA by the embryo.

Cold and light responses are mediated, at least in part,
by promoting GA biosynthesis via enhanced expression of
AtGA3ox (Yamaguchi & Kamiya, 2002; Oh eral, 2004;
Yamauchi ez al., 2004; Liu ez al., 2005b; Penfield ez al., 2005).
The Blue Micropylar End 3 (BME3) GATA zinc finger tran-
scription factor is expressed in the radicle and seems to be
involved as a positive regulator of seed germination and GA
biosynthesis in response to cold stratification (Liu ez al,
2005b). The recent model by Penfield ez al (2005) explains
the control by these two environmental factors (cold and
light) through the interaction of the basic helix-loop-
helix (bHLH) transcription factors Spatula (SPT) and
Phytochrome-Interacting-Factor-Like5 (PIL5). In the dark,
SPT and PIL5 are both active as repressors of germination,
while in ‘light plus cold’ their repressive activities are low. The
regulation of PIL5 activity is controlled at the level of pro-
tein stability by light, which causes its repressive activity to
decrease. In dark stratified seeds, SPT activity appears to be
dependent on PIL5. Tsiands (2006) speculates whether natural
allelic variants of these transcription factors are responsible for
determining some of the observed differences in dormancy
behaviour in response to these environmental variables
(temperature and light) between different ecotypes of the
same species and indeed between species.

A number of GA-responsive genes are found to be differ-
entially expressed when global transcript abundances are
compared among seeds with different depths of dormancy and
nondormant seeds of A. thaliana ecotype Cvi (Cadman ez al.,
2006). This study also suggests that there is active biosynthesis
of GA precursors in all states: ArGA20ox! transcripts are
always present at high abundance, suggesting that biologically
inactive GA, and GA, are always produced. There is also a
high abundance of A#GA20x1 transcripts present in all states,
suggesting that any biologically active GAs formed (e.g. GA,
and GA,)) are degraded rapidly. In seeds that require only light
to germinate and those exposed to light, the transcript expres-
sion of AtGA30x2 increases dramatically, presumably com-
pleting the final step of the biosynthesis of biologically active
GA (e.g. GA, from GAy, and GA, from GA,). Therefore, a
dynamic balance of biosynthesis and degradation of ABA and
GA may exist that determines a state-specific equilibrium in
the ABA:GA ratio (Cadman ez 4/, 2006). High ABA signal-
ling is associated with dormancy and high GA signalling with
germination, while the transition between the two pro-
grammes is controlled by shifting the signalling between the
two hormones.
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Two functions for GA during seed germination have
been proposed (reviewed in Kucera ez al, 2005). First, GA
increases the growth potential of the embryo and promotes
germination. Secondly, GA is necessary to overcome the
mechanical restraint conferred by the seed-covering layers by
weakening of the tissues surrounding the radicle (see sections
III.3 and I11.4). Other plant hormones are involved in regu-
lating gene expression during the induction, maintenance and
release of PD (reviewed in Kucera et al, 2005). Further key
information about the control of germination may come from
the study of natural allelic variation at loci linked to dormancy
and germination. Quantitative trait loci (QTL) mapping
approaches for A. thaliana (Alonso-Blanco eral, 2003;
Clerkx et al., 2004; Koornneef ez al., 2004), Brassica oleracea
(Bettey et al., 2000; Finch-Savage ez al., 2005a) and cereals
(Koornneef ez al., 2002; Gu ez al., 2004) are being used to
identify germination and dormancy-related genes. Such QTL
have been identified, but the cloning of the corresponding
genes has not yet been reported.

2. Seed after-ripening: dormancy release and
promotion of germination

After-ripening, i.e. a period of usually several months of dry
storage at room temperature of freshly harvested, mature
seeds, is a common method used to release dormancy (Bewley,
1997a; Probert, 2000; Leubner-Metzger, 2003; Kucera
et al., 2005; Bair eral, 2006). Seed after-ripening can be
characterized by: (1) a widening of the temperature range for
germination; (2) a decrease in ABA concentration and
sensitivity and an increase in GA sensitivity or loss of GA
requirement (Fig. 2); (3) a loss of light requirement for
germination in seeds that do not germinate in darkness; (4) an
increase in seed sensitivity to light in seeds that do not
germinate even with light; (5) a loss of the requirement for
nitrate; (6) an increase of germination velocity.

The parameters that determine seed after-ripening are
moisture and oil contents, seed-covering structures, and
temperature (Manz ez al., 2005 and references therein). After-
ripening is prevented in very dry seeds; it requires seed moisture
contents above a threshold value. This threshold moisture
content is species-specific and lower in oilseeds compared
with starchy seeds because they contain less bound water
when equilibrated at any given relative humidity. After-ripening
is also prevented during storage at very high air humidity
(higher equilibrium moisture content). For several species, the
conditions that generate optimal low-hydration values for
after-ripening have been determined (e.g. Probert, 2000; Hay
et al., 2003; Steadman ez al., 2003; Leubner-Metzger, 2005;
and references therein). The molecular mechanisms of after-
ripening are not known. Nonenzymatic reactions that remove
germination inhibitors, reactive oxygen species and anti-
oxidants (Bailly, 2004), membrane alterations (Hallett &
Bewley, 2002), and specific protein degradation via the
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proteasome (Skoda & Malek, 1992; Borghetti et al., 2002)
have been proposed. Using cDNA-amplified fragment length
polymorphism (cDNA-AFLP) gene expression analysis,
Bove ez al. (2005) provide evidence that Nicotiana seed after-
ripening generates a developmental switch at the transcript
level. This is in agreement with the A. thaliana Cvi transcrip-
tome work (Cadman ez al, 2006). In wild oat (Avena fatua),
transcriptional regulation and post-transcriptional regulation
are both important for the expression of dormancy-associated
genes (Li & Foley, 1997).

Two recent publications provide evidence for gene expression
in air-dry Nicotianaseeds during after-ripening (Bove et al, 2005;
Leubner-Metzger, 2005). A rapid promotion of testa rupture
of Nicotiana tabacum seeds occurred after c. 60 days of dry
storage (Leubner-Metzger, 2005). This was associated with
transient B-1,3-glucanase gene expression in the covering
layer during tobacco after-ripening. Bove et a/. (2005) found
that at least eight specific mRNAs accumulated in air-dry,
low-hydrated seeds of Nicotiana plumbaginifolia during after-
ripening. Thus, while degradation of mRNAs and proteins for
positive regulators of dormancy and for negative regulators of
germination appears to be part of the molecular mechanisms
of seed after-ripening, the possibility of de novo gene expres-
sion during seed after-ripening should also be considered.

3. Control of germination by the seed coat: testa
mutant studies

In PD sceds, the embryo-covering layers can confer
mechanical constraint (coat dormancy) that must be
overcome by the growth potential of the embryo (Bewley,
1997b; Koornneef ez al, 2002; Leubner-Metzger, 2003a;
Kucera et al., 2005). Note that this condition is different
from really hard-coated seeds (PY). Completion of germination
in seeds with PD-type coat dormancy requires that the
embryo growth potential increases to overcome the mechanical
constraint, and/or the mechanical constraint associated
with the seed-covering layer(s) is reduced. Two forms of
mechanical constraints and release mechanisms can be
distinguished: (1) living seed-covering layers where a regu-
lated tissue weakening occurs before germination and the
tissue itself can produce enzymes for this process, for example
the endosperm (section I11.4) or inner testa; (2) mostly dead
seed-covering layers where predetermined breaking points
facilitate tissue rips before germination, for example the outer
testa (this section) or pericarp. Enzymes that facilitate testa rupture
might be released by the endosperm and/or the radicle.

The testa is 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 & Koornneef, 2000;
Koornneef ez al., 2002; Rajjou ez al., 2004) and highlight the
importance of the testa structure as a constraint to radicle
emergence. The GA requirement for A. thaliana seed
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germination is determined by testa characteristics, embryonic
growth potential and embryonic ABA.

4. Control of germination by the endosperm:
endosperm weakening

The endosperm acts as a mechanical barrier to the
germination of seeds in several angiosperm clades (Fig. 4). 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 (for reviews, see Hilhorst, 1995; Bewley, 1997b;
Leubner-Metzger, 2003; Sanchez & Mella, 2004; Kucera
et al., 2005). This endosperm weakening (C in Fig. 4) can be
promoted by GA and, at least in part, inhibited by ABA (GAJ
and ABAT in Fig. 4). Solanaceae species such as tomato
(Lycopersicon esculentum), tobacco (Nicotiana spp.), pepper
(Capsicum annuum) and Daturahave become model species for
endosperm weakening. Although freshly harvested mature
seeds of these species have nondeep PD, endosperm weakening
has been studied using these seeds in the nondormant (e.g. after-
ripened) or conditionally dormant state. Possibly as a consequence
of this, in most of these cases, it has been proposed that the
endosperm-weakening mechanism is part of the germination
process of nondormant seeds and is not part of a dormancy
release process per se (Baskin & Baskin, 2004). There are some
exceptions to this in gymnosperm seeds, where weakening of
the embryo-covering layer (megagametophyte) occurred during
dormancy-breaking treatments, well separated from the
germination process (see References in Baskin & Baskin, 2004).

In Fig. 6 we present unpublished work with ash (Fraxinus
excelsior, Oleaceae; W. E. Finch-Savage, unpublished results)
seeds that clearly shows that endosperm weakening can be
part of the dormancy release process in angiosperms. The
fruits of ash are deeply dormant and require prolonged warm
followed by cold periods of stratification to break dormancy
(optimally 16 wk warm, 16 wk cold; Nikolaeva, 1969; Finch-
Savage & Clay, 1997). Warm stratification is required for the
release of dormancy in the small but fully differentiated
embryo and is associated with a decline in ABA concentration
(Fig. 6a). Subsequent cold stratification is required for
germination and is associated with an increase in GA con-
centration (Fig. 6¢,d). If seeds are exposed to constant cold
conditions after full stratification germination will continue
slowly, but if seeds are exposed to alternating temperatures of
3 and 25°C germination will proceed more quickly. However,
if the warm period exceeds the cold period in the 24-h cycle
the seeds will not germinate and they become secondarily dor-
mant. This implies that dormancy breaking continues during
this regime, as only a limited proportion of seeds in the popu-
lation germinate if transferred to 15°C. Within the dormant
seed population there is a distribution of forces required to
puncture the endosperm layer covering the radicle, which
moves to lower puncture forces (Fig. 6f) during stratification,

www.newphytologist.org  © The Authors (2006). Journal compilation © New Phytologist (2006)



New
Phytologist

Stratification -G— G = Germination
Temperature  15°C 3°C 13/25°C

0 4 8 12 16 20 24 28 32 36
@ 288 Time | {(weeks) ¢
700
600 -o-Embryo
500 -+Endosperm
400
300
200
100 ‘\‘\\"_\g_/—%
0
400
350
300
250
200
150
100
50

0
200

jAE:
i
175
150 i
125 E
100
75
50
25
Qlo—=8—0—o0—<

70

ABA (ng g~' DW)

GA19 (ng g DW) &

GA1 (ng g DW) 2

GA3 (ng g DW) &

—

90
80
70
60
50

40
30 Embryo
dormancy lost

60
50
40
30
20
10 x i i
e) 0
./

Hatched area =
Germination

Embryo length
(% seed length)

ey

Number of seeds
S

7% 08 06 04 02 00

Puncture force (N)
Fig. 6 Dormancy release during stratification in Fraxinus excelsior
includes endosperm weakening that is mediated by gibberellins. The
stratification treatment was 16 wk at 15°C followed by 16 wk at 3°C.
Seeds were then transferred to dormancy breaking/germination
conditions of 16 h at 3°C followed by 8 h at 25°C. (a—d) Original
endogenous hormone data [abscisic acid (ABA) and gibberellins GA,,
GA, and GA;, respectively] sampled and measured by methods
beccribed in Blake et al. (2002). Closed circles, endosperm; open
circles, embryo. (b, ¢, d) The inactive precursor of GA,, GA,,,
accumulates in the endosperm during stratification, but significant
GA, concentrations do not occur for several weeks after the start of
cold treatment when the ABA concentration is minimal. GA, is not
present in the embryo, but GA; accumulates later in the embryo,
coincident with radicle extension growth leading to germination.
(e) Embryo growth within the seed. Initially the embryo will not grow
when excised from the seed, but this physiological dormancy is
progressively lost in the first half of the warm period as the
endogenous ABA concentration (a) declines. The embryo will then
grow to the full length of the endosperm cavity and will continue to
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suggesting that these changes begin to occur while the seed is
still dormant. Thus, the localized weakening of the enclosing
tissues should be considered part of dormancy loss, rather
than part of germination following dormancy loss in this spe-
cies. Further evidence for this view is that dormancy is rein-
stated after stratification by constant warm conditions, but
these same conditions do not prevent continued growth of the
excised embryo. Based on current knowledge, it is not always
possible to unambiguously assign endosperm weakening to
either dormancy release or germination promotion. This
apparent confusion is consistent with the proposal that a con-
tinuum appears to exist between dormancy and germination
(Cohn, 1996). Thus, considering the fact that many of the
molecular processes of endosperm weakening have been stud-
ied in more or less nondormant seeds, it seems reasonable to
consider all the known molecular mechanisms of endosperm
weakening as putative coat dormancy release mechanisms.
The available evidence suggests that control of germination
through GA-promoted endosperm weakening is a general
phenomenon, associated with seeds that differ considerably in
endosperm abundance. We propose, therefore, that at least
some of the molecular mechanisms of endosperm weakening
are widespread and constitute evolutionarily ancient traits.

The germination of intact tomato seeds is inhibited by
ABA, but surgical removal of the micropylar cap permits ger-
mination even in the presence of ABA (Liptay & Schopfer,
1983). Endosperm rupture has commonly been observed to
be inhibited by ABA, and in the established model systems of
the Asterid clade this occurs, at least in part, by inhibition of
changes in the micropylar endosperm (e.g. Ni & Bradford, 1993;
Leubner-Metzger, 2003a; da Silva et al., 2004). Puncture-force
experiments investigating the effect of ABA on coffee (Coffea
arabica) and tomato seeds (ABAT in Fig. 4) have shown that
endosperm weakening is biphasic. The first phase is ABA-
insensitive, and this is followed by the second phase which is
inhibited by ABA. The ABA-inhibited second phase accounts
for ¢. 53% of the total decrease in puncture force required
for germination in coffee (da Silva ez al, 2004), and ¢ 6%
(Wu ez al., 2000) or ¢. 24% (Toorop ez al., 2000) in tomato.
In coffee seeds, ABA controls germination by inhibiting both
the embryo growth potential and the second step of endosperm
weakening (da Silva ez al., 2004).

grow if excised from the seed coat (e). However, germination of
the whole seed will not reach completion without cold. If provided
only with a cold treatment the embryo remains dormant and will not
grow. (f) The distribution of forces in the population required to
puncture the endosperm/seed coat layer which constrains the
embryo (Finch-Savage & Clay, 1997). Radicle emergence was
possible as the puncture force declined below 0.4 N. Solid dark line,
dormant seed; dotted grey line, stratified seed; dotted dark line,
hypothetical data following continued exposure to the dormancy
breaking/germination conditions; the hatched area designates
germination. Datain (e) and (f) are from Finch-Savage & Clay (1997).
DW, dry weight.
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Testa rupture and endosperm rupture are temporally
separate events during the germination of many seeds of the
Cestroideae subfamily of the Solanaceae, for example Nicotiana
and Petunia (Fig. 2, Krock ez al., 2002; Leubner-Metzger,
2003; Petruzzelli et al., 2003). These events are also mechanis-
tically distinct processes, because the testa is dead and the
endosperm is living tissue in these species. Testa rupture of
tobacco occurs at predetermined breaking points and depends
on water uptake and swelling of the embryo and the endo-
sperm. It is associated with an additional increase in seed
water content in the late part of phase II water uptake (Manz
et al., 2005). In contrast, water uptake in dormant tobacco
seeds is blocked before testa rupture and no additional phase
I water uptake occurs (Mohapatra & Johnson, 1978). Fol-
lowing testa rupture, storage reserves in the micropylar
endosperm cells are degraded and the radicle emerges through
a hole in the endosperm which has a smooth outline. This
hole always forms at the micropylar end of germinating
tobacco seeds and results from tissue dissolution rather than
increased growth potential of the emerging radicle (reviewed
in Leubner-Metzger, 2003a).

Ikuma & Thiman (1963) in their ‘hatching hypothesis’ of
seed biology suggested that ‘... the final step in the germina-
tion 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-B-1,4-mannanases and
endo-B-1,3-glucanases (for reviews, see Hilhorst, 1995; Bewley,
1997b; Koornneef et al, 2002; Leubner-Metzger, 2003;
Bailly, 2004; Kucera et al., 2005). Taken together, the current
findings support the view that germination control by the
seed-covering layers is achieved through the combined or
successive actions of several cell-wall-modifying proteins. One
intriguing issue arising from these studies is that there seem to
be evolutionarily conserved molecular mechanisms as well as
species-specific adaptations for endosperm weakening and/or
coat dormancy release.

B-1,3-Glucanases are proposed to be involved in coat dor-
mancy release, after-ripening and endosperm weakening
(Fig. 2) and we use them here to illustrate how cell-wall-
modifying proteins may act in the control of germination. These
enzymes regulate symplastic trafficking, for example of cell-
to-cell movement of GA, by controlling the strategically local-
ized callose (B-1,3-glucan) deposition in the neck regions of
plasmodesmata (Rinne ez al.,, 2001; Leubner-Metzger, 2003).
Increased callose deposition is associated with bud dormancy
of trees, and release of bud dormancy by GA or chilling seems
to involve callose degradation by 3-1,3-glucanase. Expression of
B-1,3-glucanase in the micropylar endosperm, its inhibition
by ABA and the inhibition of endosperm rupture by ABA
are widespread among the Solanaceae (Fig. 2, Leubner-
Metzger, 2003; Petruzzelli ez al, 2003). ABA inhibition
of B-1,3-glucanase expression is also evident in perisperm
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weakening of Cucurbitaceae seeds (Welbaum ez al, 1998;
Yim & Bradford, 1998; Amritphale ez /., 2005; Ramakrishna
& Amrithhale, 2005). Proteomic analysis of A. thaliana showed
that B-1,3-glucanases are glycosylphosphatidylinositol-anchored
membrane proteins (GPI-APs; Elortza et al., 2003). GPI-APs
are proposed to be involved as enzymes and receptors in
cell adhesion, cell separation and differentiation processes.
Karssen ez al. (1989) proposed that the second step of tomato
endosperm weakening resembles a cell separation process.
B-1,3-Glucanase induction in the micropylar endosperm of
tomato is associated with this second step (Toorop ez al,
2000; Wu ez al., 2000; Petruzzelli et al., 2003). Based on this,
we speculate that B-1,3-glucanases facilitate endosperm
rupture of seeds by breaking intercellular adhesion and caus-
ing cell separation.

The evolutionary trend towards cotyledon storage and
seeds without endosperm at maturity is taken to the extreme
in the Rosid clade (Fig. 4) and can be represented by the
Brassicaceae. For example, the mature seeds of Raphanus and
Brassica are without endosperm (Schopfer & Plachy, 1984;
Schopfer ez al., 2001), those of A. thaliana retain a single cell
layer of endosperm (Pritchard ez al, 2002; Liu e al., 2005a)
and the mature seeds of Lepidium spp. have a thin endosperm
layer (Nguyen ez al., 2000; Miiller ¢t al, 2006). Endosperm
weakening has recently been demonstrated in Brassicaceae
seeds, indicating that the endosperm is also a constraint to
germination in seeds of the Rosid clade (Miiller ez a., 2006).
In this work, seeds of both A. thaliana and its much larger-
seeded relative Lepidium sativum (garden cress) were studied.
Both species belong to the Brassicoideae subfamily of the
Brassicaceae (Hall ez al., 2002; Koch et al., 2003) and are very
similar in seed structure (FA2 type) and physiology. Testa rup-
ture and endosperm rupture are separate events and only the
latter is inhibited by ABA in both species (Liu et al., 2005a;
Miiller ez al., 2006). Direct biomechanical measurement of
the puncture force required to rupture the endosperm showed
that the L. sativum micropylar endosperm weakened before
radicle emergence (Miiller ez 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 weakening.

IV. How is Nondeep Physiological Seed
Dormancy Regulated by the Environment?
Ecophysiology and Modelling

1. Response to the environment

Physiological dormancy has a very wide biogeographical
distribution (Baskin & Baskin, 1998; Fenner & Thompson,
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2005). As a consequence, the induction and loss of
physiological dormancy following seed dispersal can be
triggered by divergent environmental cues activated through
many apparently different physiological mechanisms. These
cues can be seasonally characteristic (usually temperature) and
integrated by the seed over time. For example, dormancy may
be broken by higher temperatures or lower temperatures,
depending on species, in order for germination to occur in the
correct season (autumn or spring, respectively) for subsequent
growth. However, additional environmental conditions
may be required to end dormancy and initiate germination
(e.g. light or nitrate). In this way, flushes of germination
are strongly promoted by disturbance of the soil, which
terminates dormancy and induces germination of seeds by
exposing them to light, but the timing of flushes is largely
governed by temperature-driven changes in the depth of seed
dormancy.

Even within the same species, several cues and responses
may operate with differing importance in distinct ecotypes
that may also have different depths of dormancy. For example,
in A. thaliana these differences in response can result in
different seasonal patterns of germination, so that different
populations can express either a winter or spring annual
life history and in some cases both (reviewed by Donohue,
2005). These very different behaviours are therefore not
necessarily species-specific and are unlikely to be fundamen-
tally different, but are probably adaptations of the same mech-
anisms through natural allelic variation in key regulatory
genes.

It is not just the postdispersal environment that influences
germination time; conditions during seed maturation (pho-
toperiod, temperature and light quality) can also be crucial
and interact with postdispersal environmental factors, further
fine-tuning germination behaviour. This will also provide
further variation in response from the same underlying
dormancy mechanism. Predispersal conditions may also
influence time of dispersal and therefore the postdispersal
conditions experienced by the seed (Donohue, 2005). These
dynamic interactions with the environment have a genetic
basis and can therefore have a major influence on plant
demography and evolution.

2. Dormancy cycling in the seed bank

In species adapted to regions of seasonal drought and dry soils,
physiological changes recorded during dry after-ripening
storage may reflect a natural mechanism, which can control
the annual germination timing in the wild (Probert, 2000). In
addition, there can be an annual rhythm of germination,
which in Mesembryanthemum nodiflorum, a desert plant of the
Aizoaceae (Caryophyllid clade), is retained after more than
30 years of dry storage (Gutterman & Gendler, 2005). When
seeds are in the imbibed state, dormancy may be broken by
exposure to high summer temperatures.
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In temperate regions, seeds may cycle through different
depths of dormancy in the seed bank for prolonged periods,
but may also persist in a state that only requires light to ter-
minate dormancy and induce germination (Thompson ez 4L,
2003; Fenner & Thompson, 2005). Dormancy is therefore a
moving target continuously reacting to the environment and
adjusting the conditions required for germination. Induction
and breaking of nondeep PD in the variable natural environ-
ment are therefore continuous, and often gradual, processes
where the temperature range (window) permissive for germi-
nation, and/or sensitivity to light and nitrate, etc, widens then
narrows on a continuous scale. This conditional dormancy is
recognized in the classification of five types of nondeep PD
(section II.4; Baskin & Baskin, 2004). Whether the window
opens from low to high or high to low temperatures (types 1
and 2, respectively) determines not only the classification type
but also the environment to which it is adapted. The former
is adapted to germination in the autumn (winter annual) and
the latter to germination in the spring (summer annual); how-
ever, these changes in permissive temperatures and rate of ger-
mination with loss of dormancy will occur at different rates in
individual seeds within the population (see sections 4 and 5
below and Fig. 7). Some species may also have seeds that are
physiologically heterogeneous (Baskin & Baskin, 1998). Thus,
as the ambient temperatures continue to change, secondary
dormancy can be induced to close the window and prevent
inappropriate late germination of seeds that are slower to
lose dormancy (Vleeshouwers ez al., 1995; Baskin & Baskin,
1998; Probert, 2000; Vleeshouwers & Bouwmeester, 2001;
Fenner & Thompson, 2005). In some cases, the mechanism
can be further complicated as diurnal temperature variation
(alternating temperatures) is required to terminate dormancy
and promote germination and this may be further influenced
by other environmental factors, particularly light (reviewed by
Probert, 2000; Batlla ez 4/, 2004). Both these signals may,
for example, indicate a position close enough to the soil sur-
face to enable seedling emergence. Fluctuations in soil water
content can also affect the dormancy status of seed banks
(Batlla & Benech-Arnold, 2006). In all cases, the completion
of germination of the nondormant seed is dependent on the
availability of sufficient moisture. In dryer climates, water may
also fulfil other roles such as diluting salinity, which would
otherwise inhibit germination (e.g. Gutterman & Gendler,

2005).

3. Population based threshold models may provide
a common framework to explain ecophysiological
observations of seed dormancy and the control of
germination by the environment

Population-based threshold models appear to have the
potential to provide a universal approach to quantifying the
array of ecophysiological responses described in sections 1
and 2. The models use biological time, in which germination
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Fig. 7 Schematic illustration of the effects of temperature (a) and water potential (b) on germination rate. G, (dotted lines), G5, (dashed lines)
and Gy, (solid lines) represent individual seeds in the population at percentiles 10, 50 and 90, respectively. The germination rate increases linearly
with temperature above a base (7,). The slopes of these lines are the reciprocal of the thermal times to germination (1/6;). As temperature
increases above an optimum (T, ,), the rate of germination decreases to a ceiling temperature (T ). The rate of germination also decreases linearly
with water potential (‘¥) to a base (‘¥,)). T, is often the same for all seeds in the population, but 1/6,, T_and ‘¥, vary among seeds in a normal
distribution (c, o). (d) Schematic representation of the relationship between the water potential of the fiftieth percentile (¥,50) and temperature
and their effect on the germination rate of percentile G, Parts (a) to (d) are modified from Finch-Savage (2004) and reprinted with permission
from the Haworth Press, Inc. (e, f) An illustration of the effect of ‘¥, values changing at higher temperatures on cumulative germination. Each
seed in the distribution will respond by the extent to which ambient conditions exceed their individual threshold sensitivity (Alvarado & Bradford,
2002). The black line (W) shows the distribution of thresholds around ¥, 50 (cy,,) for a nondormant seed population at optimum temperature
(e) with rapid germination of all seeds (f). As temperature increases above optimum, the distribution (W) shifts to the right (grey line; X) and
seeds germinate more slowly. Further increases in the temperature (dashed line, Y; then dotted lines, Z), further reduce the germination rate,
and the percentage of seeds that can germinate is also progressively reduced as ¥, exceeds ambient water potential. These seeds at high
temperature are not dormant, but limited by their environment. However, the same illustration shows how other environmental conditions can
also increase and decrease sensitivity (shift the distribution of '¥,)) in the same way to induce or break dormancy (movement to the right or left,
respectively). P, values greater than O MPa cannot be measured, but are an extrapolation based upon those seeds that can germinate (Bradford,
1996).

progresses at different rates according to the ambient conditions.
These rates are determined by incrementing progress towards
germination as a function of the difference between ambient

4. Threshold models and the description of
germination responses in the laboratory

conditions and a threshold (base) below which germination is
not completed. The models, which were developed from
thermal time (e.g. Garcia-Huidobro ez al., 1982) through to
hydrothermal time (HT'T; Gummerson, 1986) and separately
to hydrotime (Bradford, 1990), describe the effects of
temperature and/or water potential on the germination rate
by using linear relationships (Fig. 7a,b), but are no longer
constrained to only this.

These threshold models, as they are used in the laboratory
with nondormant seeds, are described briefly in the next sec-
tion. We then go on to review their application to dormancy
cycling and the prediction of germination in the field. More
detailed descriptions of these models with examples of their
use, and the parallel development of the virtual osmotic
potential (VOP) model, are available elsewhere (Bradford,
1990, 1995, 1996, 2002; Allen, 2003; Finch-Savage, 2004).
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Opver a certain range of temperature, germination will speed
up as temperature increases and slow down as it decreases.
When other environmental factors are nonlimiting, biological
time can therefore be quantified by the amount by which
temperature (73 in °C) exceeds a minimum temperature for
germination (threshold or base; 7 in Fig. 7a). When this value
is added each day to accumulate degree-days (thermal time),
progress towards the completion of germination can be measured.
This relationship holds when there is a linear relationship
between increasing germination rate and increasing temperature
(< YLPt in Fig. 7a), so that for any individual seed:

Thermal time = (7'~ 7}) X time

When the temperature remains constant, but water is
suboptimal, progress towards the completion of germination
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can be quantified in the analogous hydrotime, where progress
is a function of water potential (V). As germination rate is
linearly related to water potential (Fig. 7b), biological time
can be calculated by the amount by which water potential
exceeds the base water potential (¥} in Fig. 7b), below which
germination will not reach completion, so that for any
individual seed:

Hydrotime = (‘¥ — ¥,) X time

When both temperature and water potential vary, thermal
time and hydrotime can be combined into hydrothermal time
(HTT). In the HTT model, the germination time of a given
seed #G) is quantified by the extent to which the water
potential (¥) and suboptimal temperature (7) of each seed
(G) exceed thresholds (bases; Wy, 7;) so that:

HTT = [¥ - ¥,(G)] (T - T;)1(G)

HTT is assumed to be constant and in many cases the base
temperature (7;) is constant for all seeds (Fig. 7a), whereas the
base water potential (‘¥,; Fig. 7b) varies between seeds (G)
and so the distribution of the germination times of individual
seeds within the population is determined by the distribution
of this parameter (Gy, ; Fig. 7c). When these relationships
exist, it is possible to describe the response of the whole seed
population in a single equation by incorporation of this
distribution (usually a normal distribution) of base water
potentials within the population.

5. Threshold models and the prediction of dormancy
and germination responses in the field

The models described in the previous section have been
extended to simulate germination of nondormant seeds (and
subsequent seedling emergence) in the field from these simple
parameters describing the seed response to ambient soil
conditions (e.g. Finch-Savage & Phelps, 1993; Badlla ez al,
2004; Finch-Savage, 2004; Finch-Savage eral, 2005b).
However, seeds of many species are dormant and temperature
is the major factor that drives change in the depth of
dormancy, and separate factors may then be required to
terminate dormancy and induce germination. The threshold
modelling approach can also be used to quantify how seeds
integrate these various environmental signals to alter sensitivity
thresholds (therefore dormancy level) and determine when to
germinate (Batlla ez 4/, 2004). For example, changes in both
the temperature threshold (7;; del Monte & Tarquis, 1997;
Steadman & Pritchard, 2004; Batlla & Benech-Arnold, 2005)
and the median water potential threshold (¥, 50; Christensen
et al., 1996; Bauer et al., 1998; Meyer et al., 2000; Bradford,
2002; Alvarado & Bradford, 2005; Batlla & Benech-Arnold,
2005; Huarte & Benech-Arnold, 2005; Bair ez a/., 2006) have
been used to predict dormancy breaking or induction in both
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the laboratory and the field. The distribution of thresholds
around ‘P, 50 (Gy,,) tends to change little in most studies, and
so predicting change in W50 can indicate changes in the
whole population of seeds. When temperature is the driver
for change in dormancy status, changes in these thresholds
(1;; W,50) and/or the temperature range permissive for
germination can be modelled by using thermal time approaches
to integrate the time exposed to either constant or alternating
temperatures that influence dormancy (Batlla ez 2, 2004).
This general modelling approach can again be visualized in
Fig. 7(e,f). Changing thresholds to light (Bradford, 1996;
Alvarado & Bradford, 2005; Batlla & Benech-Arnold, 2005)
or other environmental factors required for germination
(e.g. nitrate) could be similarly modelled as they act either
simultaneously or separately in time (e.g. Bradford, 1995,
1996, 2002). Thus a wide range of seed germination and
dormancy phenotypes can be accounted for by this method of
calculating biological time through systematically shifting
the distribution of sensitivities to environmental factors of
individual seeds in relation to the nature and time of exposure
to dormancy-breaking conditions. These sensitivities are
species- and/or environment-specific as a result of evolution
and/or adaptation to the locality so that dormancy appears
bewilderingly complex in its variation, but the underlying
mechanism itself may be more universal, as implied by the
model.

6. Do threshold models have biological meaning?

Bradford and coworkers have argued that these models may
be more than empirically descriptive, and that their
parameters, in particular ¥, may have biological signifi-
cance (Bradford, 1995, 2002; Welbaum et 2/, 1998). It is
reasonable to speculate that the value of W relates to
endogenous and/or exogenous physical constraints to embryo
growth depending on the species. We have reviewed in section
III how these constraints, which are likely to differ in individual
seeds (i.e. have a distribution), are relieved by molecular
and biophysical changes made in response to ambient
environmental conditions. ¥, also changes in response to
exogenous applications of plant hormones; in general,
gibberellins promote germination and decrease ¥ (more
negative; Ni & Bradford, 1993; Alvarado & Bradford, 2005)
whereas ABA inhibits germination and increases ‘P, but also
has an independent effect so that there is a synergistic effect
of ABA and reduced ¥ (Ni & Bradford, 1992; Ni &
Bradford, 1993; Alvarado & Bradford, 2005). These same
studies have shown that distributions of sensitivity to these
hormones occur and the population-based threshold
modelling approach can be applied to show the effect of
exogenous applications of hormones on germination.
Fluridone inhibits ABA biosynthesis and therefore promotes
germination and also decreases ¥, (Alvarado & Bradford,
2005). This inhibitor would reduce endogenous ABA (e.g.
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Ali-Rachedi et al., 2004), suggesting that endogenous hormone
concentrations similarly influence ¥, and its distribution
and therefore the germination characteristics of the seed
population. This view is supported by threshold modelling of
tomato hormone mutants (Ni & Bradford, 1993). Although
the detailed biochemical mechanisms by which ¥, values are
determined have yet to be identified, these studies indicate
that this approach could provide a way to link ecological
observation of germination and dormancy to laboratory-
based molecular studies.

V. Conclusions and Perspectives

Physiological seed dormancy (PD) is the most widespread
dormancy class of the new ecological classification system
proposed by Baskin & Baskin (2004) which provides a
comprehensive ecological description of the ‘whole-seed’
dormancy response. In this review, we have tried to look
beyond the enormous variation reported for underlying
theories and mechanisms of PD in molecular, physiological
and ecophysiological studies and found similarities. There
appears to be a common evolutionary path for dormancy, and
field observations which show that single species can have
different life histories suggest that adaptations have taken
place on a theme rather than via fundamentally different
paths. Similarity is also suggested by a mathematical modelling
approach, using threshold (sensitivity) distributions, which
can describe many of these field observations.
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At the molecular level, recent work supports the common
view that PD is an active state, with complex regulatory net-
works 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. 8). There is active transcription, which has
strong similarities in both the primary and secondary dor-
mant states, but there is reduced capacity for protein synthesis
(Cadman ez al., 2006). A dynamic balance of hormone syn-
thesis and catabolism operates which establishes a controlling
balance of ABA:GA ratio to direct signalling pathways that
regulate dormancy/germination by altering seed sensitivity
(thresholds) to the ambient germination environment
(Fig. 8). This process will occur at different rates in individual
seeds, so that not all seeds of a population will have the same
response. Thus, dormancy induction and release are probably
mediated through this conserved signalling mechanism to
coordinate diverse cellular responses. The latter may differ
both within and among species (dormancy levels/types) as a
consequence of natural allelic variation in key regulatory
genes resulting from selection during adaptation to their
specific environments.

When embryo and coat dormancy are considered as com-
ponents of nondeep PD, the influence of ABA and GA on
dormancy and the control of germination can be summarized
as follows.

* Embryo dormancy (embryo component of nondeep PD).
A dormant embryo is characterized by a high ABA:GA ratio,
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high ABA sensitivity and low GA sensitivity. Embryo dor-
mancy release involves remodelling of hormone biosynthesis
and degradation towards a low ABA:GA ratio, a decrease in
ABA sensitivity and an increase in GA sensitivity. Thus, ABA
dominates the embryo dormancy programme, and GA the
embryo germination programme. A nondormant embryo is
characterized by increased growth potential, the capacity for
cell extension growth and the ability to induce the release of
coat dormancy.

* Coat dormancy (coat component of nondeep PD). The
combination of an embryo with low growth potential and
mechanical constraint from the seed-covering layers can result
in dormancy. GA can release this coat dormancy by increasing
the embryo growth potential and/or by reducing the mechan-
ical constraint. There are two forms which are distinguished
based on whether the covering layer consists of dead (e.g.
outer testa) or living (e.g. endosperm) tissue.

* Testa dormancy: ABA during seed development deter-
mines the subsequent GA requirement for germination, as
ABA influences the testa characteristics (e.g. thickness) and
GA the embryo growth potential.

* Endosperm dormancy: endosperm weakening can be
either part of the coat dormancy release or part of the germi-
nation programme. As the endosperm is in most cases living
tissue, it can actively participate in regulating embryo constraint
by influencing both the ABA:GA ratio and sensitivity to these
hormones. GA acts by increasing the embryo growth potential
and by promoting endosperm weakening, which is achieved
though ABA-independent and ABA-inhibited mechanisms.

When considering the environmental control of germina-
tion (dormant and nondormant seeds), it seems that the
sensitivity of seeds (thresholds for germination) to the full
range of environmental factors that influence germination
(temperature, nitrate, light, water, oxygen, smoke, allelopathic
compounds ... ) is not fixed; even at the point of dispersal it is
dependent on the previous maternal environment. The sensi-
tivities change continuously as a function of variable ambient
conditions (Fig. 8), and the nature and scale of the change
may be a species- or ecotype-specific adaptation to the habitat.
The sensitivities to different environmental factors may alter
independently, but they are more likely to interact to provide
variation. Thus a clearly defined dormant (PD) state does not
exist in many cases; there are only different requirements for
germination. The resulting germination requirements may be
so extreme as to not normally exist, at least not in the natural
habitat of the species, and act as a block to the completion of
germination (e.g. PD deep seeds at shedding). Exposure to
specific conditions, characteristic of the natural habitat of the
species, may be required to bring sensitivities back into a
range that matches potential environmental exposure.

For germination to occur, the window defined by the
current sensitivities of the seeds has to overlap with ambient
conditions for sufficient time to allow the completion of
germination (Fig. 8). Only one environmental factor needs to
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be unfulfilled to prevent germination. In almost, if not all
studies, for good practical reasons, only a limited number of
these factors are studied, and so the picture remains confused.
Even within a constant environment or in the dry state, the
passage of time can alter dormancy, and so direct comparison
between studies even within a single species will continue to
provide controversy, especially where the depth of dormancy
is significant. However, therein lies the fascination and
challenge of dormancy.
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