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INTRODUCTION 

Seeds are a vital component of the world’s diet. Cereal 
grains alone, which comprise -90% of all cultivated seeds, 
contribute up to half of the global per capita energy intake. 
Not surprisingly then, seed biology is one of the most exten- 
sively researched areas in plant physiology. Even in relation 
to the topics reviewed here, a casual perusal of the Agricola 
database reveals that well over 5000 publications on seed 
germination and 700 on seed dormancy have appeared in 
the last decade. Yet we still cannot answer two fundamental 
questions: how does the embryo emerge from the seed to 
complete germination, and how is embryo emergence blocked 
so that seeds can be maintained in the dormant state? Obvi- 
ously, with such a large literature on the subject, this review 
is far from comprehensive. Nevertheless, it provides both an 
overview of the essential processes that are associated with 
germination and a description of the possible impediments 
thereto that may result in dormancy. 

With the seed, the independence of the next generation of 
plants begins. The seed, containing the embryo as the new 
plant in miniature, is structurally and physiologically equipped 
for its role as a dispersa1 unit and is well provided with food 
reserves to sustain the growing seedling until it establishes 
itself as a self-sufficient, autotrophic organism. Because the 
function of a seed is to establish a new plant, it may seem 
peculiar that dormancy, an intrinsic block to germination, 
exists. But it may not be advantageous for a seed to germi- 
nate freely, even in seemingly favorable conditions. For ex- 
ample, germination of annuals in the spring allows time for 
vegetative growth and the subsequent production of off- 
spring, whereas germination in similar conditions in the fall 
could lead to the demise of the vegetative plant during the 
winter. Thus, dormancy is an adaptive trait that optimizes 
the distribution of germination over time in a population of 
seeds. 

Seed dormancy is generally an undesirable characteristic 
in agricultural crops, where rapid germination and growth 
are required. However, some degree of dormancy is advan- 
tageous, at least during seed development. This is particu- 
larly true for cereal crops because it prevents germination of 
grains while still on the ear of the parent plant (preharvest 
sprouting), a phenomenon that results in major losses to the 
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agricultural industry. Extensive domestication and breeding 
of crop species have ostensibly removed most dormancy 
mechanisms present in the seeds of their wild ancestors, al- 
though under adverse environmental conditions, dormancy 
may reappear. By contrast, weed seeds frequently ma- 
ture with inherent dormancy mechanisms that allow some 
seeds to persist in the soil for many years before completing 
germination. 

What 1s Germination? 

By definition, germination incorporates those events that 
commence with the uptake of water by the quiescent dry 
seed and terminate with the elongation of the embryonic 
axis (Bewley and Black, 1994). The visible sign that germina- 
tion is complete is usually the penetration of the structures 
surrounding the embryo by the radicle; the result is often 
called visible germination. Subsequent events, including the 
mobilization of the major storage reserves, are associated 
with growth of the seedling. Virtually ali of the cellular and 
metabolic events that are known to occur before the com- 
pletion of germination of nondormant seeds also occur in 
imbibed dormant seeds; indeed, the metabolic activities of 
the latter are frequently only subtly different from those of 
the former. Hence, a dormant seed may achieve virtually all 
of the metabolic steps required to complete germination, yet 
for some unknown reason, the embryonic axis (i.e., the radicle) 
fails to elongate. 

What 1s Dormancy? 

Despite the fact that many researchers study dormancy, 
there is no unambiguous definition of the phenomenon, per- 
haps because it is manifest and broken in different ways in 
different species (Bewley and Black, 1994; Vleeshouwers et 
al., 1995; Lange, 1996). For the sake of simplicity, seed dor- 
mancy is regarded here as the failure of an intact viable seed 
to complete germination under favorable conditions. The 
seeds of some species are prevented from completing 
germination because the embryo is constrained by its 
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surrounding structures. This phenomenon is known as coat- 
enhanced dormancy; embryos isolated from these seeds 
are not dormant. In other species, a second category of 
dormancy is found in which the embryos themselves are 
dormant (embryo dormancy). 

Before considering some of the cellular and metabolic as- 
pects of dormancy, its breaking, and the resultant comple- 
tion of germination, it is worthwhile pondering why so little 
progress has been made toward understanding dormancy. 
Undoubtedly, one contributing factor is that we do not know 
the defining events in germination. Without this information, 
there are no “baseline” data with which to compare obser- 
vations made on dormant seeds that exhibit a block to ger- 
mination. However, studying germination is also difficult 
because populations of seed do not complete the process 
synchronously; release from dormancy can be even more 
erratic because the threshold stimulus required to promote 
germination varies widely among individual seeds. Recently, 
a “biotime” concept has been introduced, which incorpo- 
rates a mathematical model to characterize and predict 
seed germination behavior with respect to dormancy and 
the factors that influence it (Bradford, 1996). 

There are other inherent difficulties in working with seeds. 
Events essential for the release from dormancy and the 
completion of germination may occur only within a relatively 
few cells associated with the embryonic root axis. Thus, the 
presence in experimental material of nonresponding cells in 
the axis or the presence of other seed parts, such as cotyle- 
dons and endosperm, that do not behave similarly can mask 
or dilute the changes sought. In seeds with coat-enhanced 
dormancy, the use of isolated embryos or axes is unsatis- 
factory because they are no longer dormant! Some interest- 
ing observations have been made using isolated dormant 
embryos, but again, these are composed of severa1 tissue 
types; moreover, the cellular bases for the imposition and 
breaking of their dormancy may be different from those for 
seeds with coat-enhanced dormancy. 

1s dormancy the result of a deficiency in some vital cellular 
event of germination, or is there is some dormancy-imposed 
event that must be negated before germination can be com- 
pleted? A broader issue is whether release from dormancy, 
which can be triggered by a variety of environmental and 
chemical stimuli, is mediated through a common signal 
transduction chain that coordinates diverse cellular responses 
but that may differ between the seeds of different species 
and dormancy types. It has been suggested that there are 
related or common receptors for dormancy-breaking agents 
within the plasma membrane of the responsive embryonic 
cells. When triggered, these receptors then initiate a signal 
transduction cascade, perhaps involving synthesis of or sen- 
sitization to germination-promoting gibberellins (GAs), that 
leads to the completion of germination (Hilhorst, 1993; 
Vleeshouwers et al., 1995). Changes in the phosphorylating 
activity of membrane-associated, Caz+-dependent protein 
kinases that lead to dormancy or germination have been 
proposed as well (Trewavas, 1988). However, in the absence 

of any corroborating evidence, these suggestions must be 
regarded only as stimulating bases for future research. 

GERMINATION 

Before considering dormancy, which imposes a block to the 
completion of germination, it is appropriate first to consider 
the processes that comprise germination. Germination com- 
mences with the uptake of water by the dry seed-imbibi- 
tion-and is completed when a part of the embryo, usually 
the radicle, extends to penetrate the structures that sur- 
round it. 

lmbibition and the Resumption of Metabolism 

Uptake of water by a mature dry seed is triphasic (Figure I), 
with a rapid initial uptake (phase I) followed by a plateau 
phase (phase 11). A further increase in water uptake occurs 
only after germination is completed, as the embryonic axes 
elongate. Because dormant seeds do not complete germi- 
nation, they cannot enter phase 111. 

The influx of water into the cells of dry seeds during phase 
I results in temporary structural perturbations, particularly to 
membranes, which lead to an immediate and rapid leakage 
of solutes and low molecular weight metabolites into the 
surrounding imbibition solution. This is symptomatic of a 
transition of the membrane phospholipid components from 
the gel phase achieved during maturation drying to the nor- 
mal, hydrated liquid-crystalline state (Crowe and Crowe, 
1992). Within a short time of rehydration, the membranes re- 
turn to their more stable configuration, at which time solute 
leakage is curtailed. 

How repair to desiccation- and rehydration-induced dam- 
age to membranes and organelles is achieved is unknown. 
However, during the imbibition of cotton seeds, the amount 
of N-acetylphosphatidylethanolamine, a phospholipid with 
membrane-stabilizing properties, increases, as does that of 
the corresponding synthase. These molecules may be in- 
volved in maintaining or enhancing membrane integrity 
(Sandoval et al., 1995). 

Upon imbibition, the quiescent dry seed rapidly resumes 
metabolic activity. The structures and enzymes necessary 
for this initial resumption of metabolic activity are generally 
assumed to be present within the dry seed, having survived, 
at least partially intact, the desiccation phase that termi- 
nates seed maturation. Reintroduction of water during imbi- 
bition is sufficient for metabolic activities to resume, with 
turnover or replacement of components occurring over sev- 
era1 hours as full metabolic status is achieved (Figure 1). 

One of the first changes upon imbibition is the resumption 
of respiratory activity, which can be detected within min- 
utes. After a steep initial increase in oxygen consumption, 
the rate declines until the radicle penetrates the surrounding 
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Figure 1. Time Course of Major Events Associated with Germination and Subsequent Postgerminative Growth.

The time for events to be completed varies from several hours to many weeks, depending on the plant species and the germination conditions.

structures. At this time, another burst of respiratory activity
occurs (Botha et al., 1992; Bewley and Black, 1994). The
glycolytic and oxidative pentose phosphate pathways both
resume during phase I, and the Kreb's cycle enzymes be-
come activated (Nicolas and Aldasoro, 1979; Salon et al.,
1988). Germinating seeds of many species frequently pro-
duce ethanol (Morohashi and Shimokoriyama, 1972). This is
often the result of an internal deficiency in oxygen that is
caused by restrictions to gaseous diffusion by the structures
that surround the seed and by the dense internal structure of
most seeds. This oxygen deficiency may result in more
pyruvate production than utilization for activities of the
Kreb's cycle and electron transport chain.

Tissues of the mature dry seed contain mitochondria, and
although these organelles are poorly differentiated as a con-
sequence of maturation drying, they contain sufficient Kreb's
cycle enzymes and terminal oxidases to provide adequate
amounts of ATP to support metabolism for several hours after
imbibition (Ehrenshaft and Brambl, 1990; Attucci et al., 1991).

During germination of embryos, there appear to be two
distinct patterns of mitochondrial development. These pat-
terns, which are particularly obvious in cotyledons, depend
on the nature of the stored reserves. In starch-storing seeds,
repair and activation of preexisting organelles predominate,

whereas oil-storing seeds typically produce new mitochon-
dria (Morohashi and Bewley, 1980; Morohashi, 1986). For
example, the biogenesis of mitochondria in germinating maize
embryos (which store oil in the scutellum, although starch is
the major endosperm reserve) involves the synthesis of cy-
tochrome c oxidase subunits encoded by the organellar
genome, which is followed within hours by the synthesis of
nuclear-encoded subunits (Ehrenshaft and Brambl, 1990).
This observation also implies that the coordinated regulation
of mitochondrial and nuclear genomes in plants begins dur-
ing the early stages of germination.

Protein Synthesis during Germination

All of the components necessary for the resumption of pro-
tein synthesis upon imbibition are present within the cells of
mature dry embryos, although polysomes are absent. How-
ever, within minutes of rehydration there is a decline in the
number of single ribosomes as they become recruited into
polysomal protein-synthesizing complexes. Initial protein
synthesis is dependent on extant ribosomes, but newly syn-
thesized ribosomes are produced and used within hours of
initial polysome assembly (Dommes and Van der Walle, 1990).
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Preformed mRNAs are also present within the dry em- 
bryo. Some of these are residual messages associated with 
previous developmental processes (Comai and Harada, 
1990; Lane, 1991) and may be used transiently during early 
germination (Figure 1). Messages encoding proteins that are 
important during seed maturation and drying, such as late 
embryogenesis abundant (LEA) proteins, are likely to be de- 
graded rapidly upon imbibition (Jiang and Kermode, 1994; 
Han et al., 1996). Conversely, those encoding proteins re- 
quired during early germination (e.g., ribosomal protein 
messages; Beltrán-Peíia et al., 1995) are replaced by identi- 
cal messages at later times, with protein synthesis becom- 
ing more dependent on the new transcripts with time (Figure 
1; Bewley, 1982). The nature of the stored messages in 
seeds has not been studied extensively, although it is known 
that they are likely to be present in association with proteins 
as mRNP complexes (Ajtkhozhin et al., 1976; Peumans et 
al., 1979). An alternative possibility is that stored tran- 
scripts remain sequestered within the nucleus (Hammett 
and Katterman, 1975). 

New mRNAs are transcribed as germination proceeds. 
The majority of these are likely to encode proteins essential 
for the support of normal cellular metabolism, that is, 
“growth maintenance” reactions that are not restricted to 
germination (Bewley and Marcus, 1990). Indeed, no specific 
protein markers exclusive to germination have been found. 
Therefore, it is cautioned here that many so-called germina- 
tion-specific mRNAs reported in the literature encode en- 
zymes integral to the mobilization and conversion of the 
major stored reserves; these are postgerminative events 
that are important during seedling growth, but they are unre- 
lated to germination per se (Figure 1). Nevertheless, some 
changes in embryo mRNA populations and synthesized pro- 
teins do occur during germination of severa1 species of 
monocots (e.g., maize; Sánchez-Martinez et al., 1986), di- 
cots (e.g., peas; Lalonde and Bewley, 1986), and conifers 
(e.g., loblolly pine; Mullen et al., 1996). The importance of 
these newly synthesized proteins to the completion of ger- 
mination of the embryo remains to be elucidated. 

One promising candidate for a “germination-specific” 
gene could be the one that encodes the protein germin 
(Lane, 1991), which is an oxalate oxidase. However, by its 
nature, the timing of its synthesis, and its potential meta- 
bolic functions (Lane, 1994), germin is more likely to be in- 
volved with postgerminative cell elongation. Thus, the 
search for specific protein markers with an exclusive role in 
germination must continue. 

Radicle Extension and the Completion of Germination 

With few exceptions, radicle extension through the struc- 
tures surrounding the embryo is the event that terminates 
germination and marks the commencement of seedling 
growth. This extension may or may not be accompanied by 
cell division. Two discrete phases of DNA synthesis occur in 

the radicle cells after imbibition (Figure 1). The first takes 
place soon after imbibition and probably involves the repair 
of DNA damaged during maturation drying and rehydra- 
tion as well as the synthesis of mitochondrial DNA. DNA 
synthesis associated with postgerminative cell division ac- 
counts for the second phase (Figure 1 ; Zlatnova et al., 1987; 
Osborne and Boubriak, 1994). 

Extension of the radicle is a turgor-driven process that re- 
quires yielding of walls in those cells of the embryonic root 
axis that lie between the root cap and the base of the hypo- 
cotyl (see Cosgrove, 1997, in this issue, for a review of cell 
expansion). There are three possible reasons for the com- 
mencement of radicle growth. One possibility is that late 
during germination, the osmotic potential ((JIT) of the radicle 
cells becomes more negative because of the accumulation 
of solutes, perhaps as a result of the hydrolysis of polymeric 
reserves present within the radicle cells themselves. The 
decrease in $ 7 ~  would lead to increased water uptake, and 
the resulting increase in turgor would drive cell extension. 
However, there is no consistent evidence for changes in cel- 
lular (JIT during germination (Welbaum and Bradford, 1990; 
Bradford, 1995). 

A second possibility is that extensibility of the radicle cell 
walls allows for their elongation. Whether the mechanisms 
by which cells of the radicle become more extensible differs 
from those in other tissues is not known. Cell wall loosening 
may result from the cleavage and rejoining of xyloglucan 
molecules that tether adjacent cellulose microfibrils, which 
would permit expansion by microfibril separation. The activ- 
ity of xyloglucan endotransglycosylase (XET), an enzyme 
capable of reversibly cleaving xyloglucan molecules, in- 
creases in the apical region of maize seedling roots during 
their elongation (Wu et al., 1994), but this increase occurs 
after germination is completed. Alternative candidates for 
cell wall-loosening proteins are the expansins, which have 
the ability to disrupt the hydrogen bonds between cell wall 
polymers (e.g., matrix polysaccharides and cellulose mi- 
crofibrils). Expansins have been strongly implicated in the 
expansion of cucumber hypocotyls (McQueen-Mason and 
Cosgrove, 1995; see Cosgrove, 1997, in this issue). How- 
ever, neither of these cell wall-loosening proteins has been 
reported in germinating seeds. Moreover, both XET and ex- 
pansin activities in seedlings appear to be enhanced by 
auxin, which is generally regarded as ineffective in promot- 
ing seed germination, and XET activity in maize seedling 
roots is also enhanced by abscisic acid (ABA), a potent in- 
hibitor of embryo radicle elongation! 

A third possibility is that the seed tissues surrounding the 
radicle tip weaken, thus allowing the tip to elongate. Be- 
cause there are no changes in cell +TI before radicle growth 
commences, it is axiomatic that the turgor potential (+p) of 
the radicle cells is sufficient to drive their elongation if there 
is little or no restraint exerted by the surrounding structures. 
In many germinating seeds, including those of rape, the 
testa splits during imbibition, and it is only the rigidity of the 
radicle cell walls that restrains growth (Schopfer and Plachy, 
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1985). As the walls yield during the initial stages of radicle 
elongation, there is a decline in cell Jlp. Conversely, in other 
seeds, Jlp alone is insufficient to drive wall extension, and 
there is a severe constraint on radicle cell growth imposed 
by the surrounding structures. In lettuce, tobacco, and to- 
mato seeds, the endosperm is the constraining structure, 
whereas in muskmelon it is the perisperm. A reduction in the 
resistance of these enclosing structures is necessary for 
germination to be completed. Measurements have revealed 
a decline in the mechanical resistance of the structures cov- 
ering the embryo root cap at the time of radicle emergence 
in the endosperm of pepper seeds (Watkins and Cantliffe, 
1983) and the perisperm of muskmelon seeds (Welbaum et 
al., 1995). This decline in resistance is likely to be achieved 
by cell wall hydrolases, such as hemicellulases, produced 
within and secreted by the endosperm itself, a subject that 
is considered in the next section. 

DORMANCY 

There is considerable circumstantial evidence that ABA is 
involved in regulating the onset of dormancy and in main- 
taining the dormant state. How this regulation is achieved is 
unknown; moreover, there is a paucity of unequivocal evi- 
dente that ABA is in fact an important controlling factor in 
the dormancy of most seeds. 

ABA, Seed Development, and Developmental Mutants 

Seeds are said to exhibit primary dormancy (commonly 
abbreviated, as here, to dormancy) when they are dis- 
persed from the parent plant in a dormant state. Thus, pri- 
mary dormancy is initiated during development. Developing 
seeds rarely germinate, and when precocious germination 
does occur, it is frequently associated with deficiencies 
in ABA synthesis or sensitivity (Black, 1991; Hilhorst, 1995; 
Karssen, 1995). 

Typically, ABA accumulation in developing seeds is low 
during the early stages, is greatest during mid-development, 
when storage reserves are being synthesized, and declines 
as the seed undergoes maturation drying. Prevention of ger- 
mination during development may be due to the endoge- 
nous ABA content of the seed, the osmotic environment 
surrounding the seed, or both (Berry and Bewley, 1992). 
Maturation drying and shedding from the parent plant are 
sufficient to relieve these constraints in nondormant seeds. 
In these instances, there may be an associated decline in 
the ABA content of the seed, and the sensitivity of the em- 
bryo to ABA is much reduced (Xu and Bewley, 1991). 

Support for the hypothesis that the absence of, or insensi- 
tivity to, ABA during seed development results in the pro- 
duction of viviparous or precociously germinating seeds has 
come from the isolation of mutants deficient in ABA content 

or responsiveness. These include maize viviparous (vp), to- 
mato sitiens (sit), and Arabidopsis ABA-deficient (aba) and 
ABA-insensitive (abl) mutants (Koornneef and Karssen, 1994; 
McCarty, 1995). There are also reduced dormancy (rdo) mu- 
tants of Arabidopsis, in which neither ABA synthesis nor 
sensitivity is altered (Léon-Kloosterziel et al., 1996). It is pos- 
sible that in rdo seeds there is a block to some dormancy- 
inducing process that is normally controlled by ABA but is 
“downstream” from ABA synthesis and perception. 

At least 1 O vp mutants of maize are known, most of which 
are deficient in ABA because of defects in its biosynthetic 
pathway (Neill et al., 1986; McCarty, 1995), although the vp l  
mutant is ABA insensitive and does not respond to the ap- 
preciable amount of ABA it produces. The sit mutant of to- 
mato germinates viviparously in overripe fruits, and its ABA 
content is -10% of that of the dormant wild type (Groot et 
al., 1991). Single aba and abi mutants of Arabidopsis exhibit 
reduced seed dormancy but do not germinate precociously, 
whereas double mutants (e.g., abalabi3- 1) do (Koornneef et 
al., 1989). 

Reciproca1 crosses between aba mutants and wild-type 
plants show that dormancy is initiated only when the em- 
bryo itself produces ABA; ABA-deficient seeds (abalaba) on 
ABA-producing parent plants (Abalaba) are not dormant. 
Maternal ABA does not play a role in preventing germination 
in developing maize kernels either, and embryos of vp5 and 
vp8 mutants are even viviparous in the presence of a normal 
endosperm (McCarty, 1995). That in situ ABA synthesis in 
the embryo is necessary for the imposition of dormancy has 
been demonstrated in sunflower as well (LePage-Degivry 
and Garello, 1992). Although applied ABA prevented germi- 
nation of isolated developing sunflower embryos, this inhibi- 
tion was overcome upon their transfer to water; only ABA 
synthesized within the embryo imposed a lasting dormancy 
(LePage-Degivry and Garello, 1992). 

These observations raise the concern that there may be 
temporary cellular and metabolic responses of embryos or 
seeds to exogenous ABA that are spatially and/or tempo- 
rally distinct from the more permanent responses to its en- 
dogenous counterpart. An increase in the synthesis of some 
proteins occurs, for example, in oat embryos incubated in 
ABA; removal of ABA results in a cessation of their synthesis 
but does not trigger an increase in germination (Corbineau 
et al., 1991). 

ABA-deficient mutant ‘seeds are a useful demonstration 
that ABA can prevent germination and impose at least an 
equivalent to dormancy during seed development. An inter- 
esting secondary characteristic of developing seeds of the 
sit mutant of tomato is that they produce a thinner testa. 
Thus, not only is the ABA content of the mature embryo re- 
duced, but one of the surrounding structures it must pene- 
trate to complete germination is weaker as well (Hilhorst and 
Downie, 1996). Similarly, in the aberrant testa shape (ats) 
and transparent testa glabrous (ttg) seed shape mutants of 
Arabidopsis, the testa contributes to the degree of dor- 
mancy exhibited by the seed (Léon-Kloosterziel et ai., 1994). 
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The ABA-insensitive mutants vpl and abi3 are pro- 
grammed to germinate even in the presence of the inhibitor, 
and this has been taken to indicate that the corresponding 
wild-type gene products are involved in mediating dor- 
mancy. so, can we identify any products of maize VP7 and 
Arabidopsis A613 gene expression that could explain why 
wild-type seeds are sensitive to ABA and fail to germinate? 

The two structurally similar VP7 and AB/3 genes encode 
proteins that include domains characteristic of transcrip- 
tional coactivators (McCarty et al., 1991; Giraudat et al., 
1992), and their failure to be synthesized in the vpl and abi3 
mutants leads to a number of pleiotropic responses. These 
include reduced synthesis of several maturation-specific 
proteins (including Em, a LEA protein; Paiva and Kriz, 1994) 
and enzymes of the anthocyanin biosynthesis pathway. 
However, none of these can be specifically regarded as be- 
ing essential for germination. The ABl7 gene of Arabidopsis 
encodes a calcium-modulated, serinekhreonine protein phos- 
phatase (Leung et al., 1994; Meyer et al., 1994). This protein 
could play a role in a signal transduction pathway involv- 
ing Ca2+, protein kinases, and phosphatases, which may 
respond to ABA and somehow prevent germination (see 
Trewavas and Malhó, 1997, in this issue, for a discussion of 
signal transduction in plants). 

ABA and “Dormancy Genes” 

The presence of and differential sensitivity of embryos to 
ABA may be important in the maintenance of mature seeds 
in a dormant state, although there are surprisingly few spe- 
cies for which this has been clearly demonstrated (Bewley 
and Black, 1994; Hilhorst, 1995). However, in wheat em- 
bryos, an interesting positive correlation has been shown 
between sensitivity to ABA and both resistance to germina- 
tion during development and dormancy after maturation 
(Walker-Simmons, 1987). This has led to a search for ABA- 
responsive and dormancy-related genes in cereal embryos. 
Differences in patterns of protein synthesis between dor- 
mant and nondormant embryos of cereals (e.g., wild oat and 
wheat) have been demonstrated (Kawakami et al., 1992; 
Dyer, 1993; Li and Foley, 1994). The synthesis of some pro- 
teins is higher in nondormant than in dormant embryos, and 
that of others is less. However, despite differences in in vivo 
and in vitro protein synthesis profiles, no cause-and-effect 
relationship can be made between the presence or absence 
of a particular protein and dormancy. 

A similar approach has been attempted at the mRNA 
level. Severa1 cDNA clones have been isolated from wheat, 
barley, wild oat, and Bromus secalinus grains, and the mes- 
sages with which they hybridize are expressed in higher 
amounts and for longer periods of time in imbibed dormant 
embryos than in nondormant embryos (afterripened, i.e., 
stored in the dry state until dormancy is lost; Morris et al., 
1991; Goldmark et al., 1992; Hong et al., 1992; Johnson et 
al., 1995; Li and Foley, 1995, 1996; Stacy et al., 1996). The 

. 

expression of many of the corresponding genes can also be 
enhanced by ABA, which raises the possibility that they are 
“dormancy genes,” encoding proteins that act to suppress 
germination. However, some of the transcripts that are more 
prevalent in the dormant and ABA-treated embryos encode 
LEA-type proteins, which are typically synthesized during 
the later stages of seed development, or proteins associated 
with the survival of stress (Reid and Walker-Simmons, 1990; 
Li and Foley, 1995). Moreover, several of these proteins are 
also known to be synthesized in vegetative tissues in re- 
sponse to ABA. Thus, their synthesis in the embryo may not 
be associated with the imposition of dormancy per se but 
rather with the adaptive ability of the dormant grains to sur- 
vive periods of wetting and drying in the soil. The gene for 
one stress-regulated protein in wild oat embryos exhibits a 
higher transcriptional activity in dormant embryos than it 
does in afterripened embryos, and its transcript is more 
stable in the former (Li and Foley, 1996). 

The continued transcription of developmentally regulated 
genes in the dormant embryos of mature seeds may also in- 
dicate that their metabolism remains partially arrested in a 
prior developmental mode. In this mode, the genes are re- 
sponsive to ABA, a known development-regulating factor. In 
addition, because the seeds may not have switched fully to 
a germinative mode, some genes could remain unable to re- 
spond to germination cues. Many of the transcripts pro- 
duced by dormant and ABA-treated cereal embryos remain 
to be identified, and perhaps when this is achieved, some 
progress will be made toward linking the synthesis of spe- 
cific proteins with the onset and maintenance of dormancy; 
currently, the link is tenuous at best. 

ABA and Radicle Extension 

Prevention of embryo radicle extension can be achieved by 
incubating mature seeds in solutions of ABA. This inhibition 
can occur even when ABA is introduced late during germi- 
nation, an hour or so before radicle extension would be ex- 
pected to occur. This raises the possibility that ABA acts to 
prevent a late event during germination, such as radicle cell 
wall loosening. Indeed, ABA inhibits radicle extension in 
Brassica napus embryos, thus preventing them from com- 
pleting germination (Schopfer and Plachy, 1985). Moreover, 
an analysis of the water relations of the embryonic axes indi- 
cates that neither their osmotic potential nor their ability to 
take up water is affected by the presence of ABA, but rather 
the cell wall loosening that is associated with radicle exten- 
sion is prevented. How this occurs is unknown. It should be 
noted that B. napus seeds are nondormant, and inhibition of 
their germination can only be achieved by the application of 
ABA. Dormant seeds of many species contain ABA, and in 
sunflower embryos the continuous synthesis of ABA is re- 
quired for the expression of embryo dormancy (LePage- 
Degivry and Garello, 1992). Temporary application of ABA to 
embryos only prevents radicle extension while this inhibitor 
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is present; its removal leads to the completion of germina- 
tion. Thus, the modes or sites of action of endogenous ABA, 
which is required continuously, and exogenous ABA, which 
is applied only temporarily, in preventing germination could 
be rather different. 

GAs and Dormancy 

GAs appear not to be involved in the control of dormancy 
per se but rather are important in the promotion and mainte- 
nance of germination, that is, they act after the ABA-medi- 
ated inhibition of germination has been overcome (Figure 2). 
The activities of ABA and GA may be linked, because in the 
aba and d o 2  mutants of Arabidopsis, reduced dormancy is 
accompanied by a lowered requirement for GA to achieve 
germination (Léon-Kloosterziel et al., 1996). GAs are known 
to obviate the requirement of seeds for various environmen- 
tal cues, promote germination, and counteract the inhibitory 
effects of ABA, frequently in combination with cytokinins 
(Bewley and Black, 1982, 1994). In seeds of a very few spe- 
cies, there is an increase in GA content in response to an ex- 
terna1 stimulus, but there is no evidence that this increase is 
important for breaking dormancy. On the other hand, sensi- 
tivity to GA may be a key factor (Hilhorst et al., 1986; Karssen 

et al., 1989). GA-deficient mutants of tomato (gibl) and Ara- 
bidopsis (gal-3) require an exogenous supply of GA to 
complete germination (Koornneef and Van der Veen, 1980; 
Groot and Karssen, 1987). Embryos of GA-deficient tomato 
will germinate if removed from their surrounding structures. 
Thus, the role of GA in these seeds is probably restricted to 
the induction of endosperm-weakening enzymes (see below). 

Metabolism of Dormancy Maintenance and Termination 

Some seeds lose their dormancy while still in the dry state 
(during afterripening), when their rate of metabolism is very 
Iow. However, imbibed, dormant seeds are metabolically 
very active and in this state can receive an externa1 signal 
(e.g., light, chilling, alternating temperatures, and chemical 
or hormonal treatment) that can stimulate germination. The 
primary events in the release from dormancy are the recep- 
tion of the stimulus by the embryo and the immediate signal 
transduction chain that leads to the secondary events, 
which could involve metabolic and hormonal changes (Fig- 
ure 2). The final result is emergence of the embryonic axis 
from the seed, that is, the completion of germination. Of the 
primary events, the role of phytochrome is well known, al- 
though what occurs after the active form, Pfr, is produced is 

l Primary events i Secondary events i Termination I 

and radicle extends 

weakened (where 

ermination metabolism proceeds, as in nondormant embryos/seeds 

Figure 2. An Overview of the Major Events That Have Been Associated with the Breaking of Seed Dormancy. 
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is present; its removal leads to the completion of germina-
tion. Thus, the modes or sites of action of endogenous ABA,
which is required continuously, and exogenous ABA, which
is applied only temporarily, in preventing germination could
be rather different.

GAs and Dormancy

GAs appear not to be involved in the control of dormancy
per se but rather are important in the promotion and mainte-
nance of germination, that is, they act after the ABA-medi-
ated inhibition of germination has been overcome (Figure 2).
The activities of ABA and GA may be linked, because in the
aba and rdo2 mutants of Arabidopsis, reduced dormancy is
accompanied by a lowered requirement for GA to achieve
germination (Leon-Kloosterziel et al., 1996). GAs are known
to obviate the requirement of seeds for various environmen-
tal cues, promote germination, and counteract the inhibitory
effects of ABA, frequently in combination with cytokinins
(Bewley and Black, 1982, 1994). In seeds of a very few spe-
cies, there is an increase in GA content in response to an ex-
ternal stimulus, but there is no evidence that this increase is
important for breaking dormancy. On the other hand, sensi-
tivity to GA may be a key factor (Hilhorst et al., 1986; Karssen

et al., 1989). GA-deficient mutants of tomato (gibl) and Ara-
bidopsis (ga1-3) require an exogenous supply of GA to
complete germination (Koornneef and Van der Veen, 1980;
Groot and Karssen, 1987). Embryos of GA-deficient tomato
will germinate if removed from their surrounding structures.
Thus, the role of GA in these seeds is probably restricted to
the induction of endosperm-weakening enzymes (see below).

Metabolism of Dormancy Maintenance and Termination

Some seeds lose their dormancy while still in the dry state
(during afterripening), when their rate of metabolism is very
low. However, imbibed, dormant seeds are metabolically
very active and in this state can receive an external signal
(e.g., light, chilling, alternating temperatures, and chemical
or hormonal treatment) that can stimulate germination. The
primary events in the release from dormancy are the recep-
tion of the stimulus by the embryo and the immediate signal
transduction chain that leads to the secondary events,
which could involve metabolic and hormonal changes (Fig-
ure 2). The final result is emergence of the embryonic axis
from the seed, that is, the completion of germination. Of the
primary events, the role of phytochrome is well known, al-
though what occurs after the active form, Pfr, is produced is

Primary events Secondary events Termination

Dormancy-breaking signal
perceived and transduced

Dormancy-
maintaining
(ABA-controlled?)|
metabolism
repressed

Dormancy-breaking
(GA-modulated?)
metabolism
induced

Structures
surrounding
embryo
weakened (where
present)

Cell walls loosen
and radicle extends

Germination metabolism proceeds, as in nondormant embryos/seeds

Figure 2. An Overview of the Major Events That Have Been Associated with the Breaking of Seed Dormancy.
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not (see Chory, 1997, in this issue). The receptors of the 
other externa1 stimuli are unknown, but it is suspected that 
they are membrane associated. 

The secondary events in the release from dormancy were 
critically reviewed more than a decade ago (Bewley and 
Black, 1982), with the following conclusions: (1) The metab- 
olism of imbibed dormant seeds is not appreciably different 
from that of their nondormant counterparts, either quantita- 
tively or qualitatively. (2) Environmental and chemical stimuli 
factors that break dormancy may act at the level of tran- 
scription, but there is no evidence for the production of pro- 
teins that are essential for or associated with the induction 
of germination (see above). (3) There is no compelling evi- 
dente that changes in respiration rate, respiratory pathways, 
or their enzymes are essentially linked to the regulation of 
dormancy. (4) Although the state of membranes may be in- 
volved in the regulation of dormancy (primary and secondary 
events), it is not known how. A plea was also made for more 
additional and critical studies. 

Now, a decade and a half later, and despite the best ef- 
forts of many researchers, more or less the same conclu- 
sions can be drawn and the same plea can be made. More 
advanced techniques have been applied, including new an- 
alytical, biochemical, and molecular approaches (see previ- 
ous section), but the outcome has largely been to advance 
our ignorance of dormancy to a higher level of sophistica- 
tion. This research is not elaborated on here because no de- 
finitive conclusions can be reached; however, the reader is 
directed to two recent publications as literature sources 
(Bewley and Black, 1994; Lang, 1996) and to review articles 
(e.g., Hilhorst, 1995; Karssen, 1995; Cohn, 1996). 

Mature primary dormant seeds can enter into a state of 
secondary dormancy in response to unfavorable germina- 
tion conditions and can remain fully imbibed for long periods 
without loss of viability (Bewley and Black, 1994). ABA does 
not appear to be involved. Secondary dormant lettuce seeds 
conduct <30% of the respiration and protein synthesis that 
occur in primary dormant seeds and use stored reserves to 
maintain themselves (Powell et al., 1983). Upon release from 
secondary dormancy, there is an increase in respiration, but 
this is lower than in seeds emerging from primary dormancy 
(Powell et al., 1984). These observations raise the question 
as to how much or how little of the respiration (or any other 
metabolic process) measured in primary dormant seeds is. 
really essential for its maintenance and breakage, and how 
much is excess, resulting in a high “background” that masks 
any subtle metabolic changes taking place. 

Facilitating Radicle Emergence 

Embryos that are constrained by a mechanical barrier, such 
as the surrounding endosperm, perisperm, or megagameto- 
phyte &e., those that exhibit coat-enhanced dormancy), ap- 
pear to require a weakening of these structures to permit 
radicle protrusion (Figure 2). This weakening involves partia1 

enzymatic degradation of the cell walls (e.g., of the endosperm 
of tomato, lettuce, tobacco, and Datura ferox). In germinat- 
ing wild-type tomato seeds, lowering of the puncture force 
required by the radicle to penetrate the mannan-rich en- 
dosperm cell walls has been attributed to endo-p-mannan- 
ase, an enzyme produced within the endosperm itself at 
about the time of radicle emergence (Groot et al., 1988). The 
enzyme is first produced in the micropylar region and later, 
after germination, in the rest of the endosperm; each region 
produces different isoforms (Nonogaki and Morohashi, 1996; 
Toorop et al., 1996; Voigt and Bewley, 1996). 

Thus, in the same tissue, there may be germination-related 
isoforms of the enzyme and other isoforms associated 
with postgermination mannan cell wall reserve mobilization. 
Whether endo-p-mannanase is in itself sufficient for germi- 
nation to be completed has been questioned, however, be- 
cause the enzyme can accumulate in the micropylar region 
of the endosperm in the absence of germination, for exam- 
ple, when embryo growth potential is not limiting (Toorop et 
al., 1996; Still and Bradford, 1997). Endo-p-mannanase is 
also produced in the endosperm of lettuce seeds when the 
seeds are released from dormancy by GA or red light, but 
this also occurs postgerminatively (Halmer et al., 1976). 
Moreover, as in tomato, endo-p-mannanase activity can in- 
crease in the absence of radicle protrusion (J.D. Bewley, un- 
published results), although the reciproca1 relationship has 
also been reported (Powell et al., 1984).. 

Perhaps the production of other hemicellulases is more 
critical for endosperm dissolution (Dutta et al., 1994). In- 
deed, by contrast to the situation in germinating seeds of 
lettuce and tomato, seeds of D. ferox exhibit increased 
endo-p-mannanase and p-mannosidase activities in the 
micropylar region of the endosperm after red light stimula- 
tion and many hours before the radicle protrudes through it 
(Sánchez and de Miguel, 1997). An increase in cellulase ac- 
tivity in the whole seed also occurs at about the same 
time as red light-induced radicle elongation (Sánchez et al., 
1986). Thus, although no cause-and-effect relationships 
have been established between the increases in activity of 
these hydrolytic enzymes and the completion of germina- 
tion in D. ferox, the possibility certainly exists. Cellulase 
activity is not important for the germination of tomato or 
lettuce seeds. In the former, cellulase activity increases after 
germination (Leviatov et al., 1995), whereas in the latter, cel- 
lulase activity is barely detectable in dormant or nondormant 
seeds (Bewley et al., 1983). Tobacco endosperm cell walls 
may instead be weakened by p-1,3-glucanase to permit 
germination. Activity of this enzyme increases before emer- 
gente of the radicle, and ABA retards both enzyme ac- 
cumulation and endosperm rupture (Leubner-Metzger et 
al., 1995). 

As with other facets of dormancy breaking, the unsatis- 
factory conclusion has to be drawn that although en- 
dosperm weakening is likely to be essential for some seeds 
to complete germination, how this is achieved remains a 
mystery. 
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Much more needs to be learned about the key processes in- 
volved in germination and dormancy. 60th germinating and 
dormant seeds must undergo many cellular and metabolic 
changes in common after imbibition, and yet only the em- 
bryos of the former emerge from their surrounding struc- 
tures. The real block to germination in dormant seeds may 
occur at the very last stage: radicle cell wall extension. Even 
so, there may still be many steps that must be completed 
between the perception of the signal for dormancy breaking 
and the final emergence of the radicle (Figure 2). In the past 
decade, most research on the cellular aspects of dormancy 
has focused on the secondary events, the metabolism of 
seeds during and after release from dormancy, but to little 
avail. New approaches that can be or are being tried in an 
attempt to identify germination- and dormancy-associated 
genes include T-DNA mutagenesis, differential display, sub- 
tractive cDNA hybridization, and the use of nondestructive 
reporter gene technology. Perhaps it is time to focus also on 
the primary events: perception and transduction of the dor- 
mancy-breaking signal. Finally, we need to determine how 
radicle extension occurs, the ultimate manifestation of ger- 
mination! 
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