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Abstract

Higher plants have several strategies to perpetuate
themselves under adequate ecophysiological con-
ditions. The production of heterogeneous seeds is one
such strategy. That is, to ensure the survival of the next
generation, an individual plant might produce seeds
that are heterogeneous with respect to the extent of
dormancy, dispersion and persistence within the seed
bank. Heterogeneity can affect not only certain
physiological and molecular properties related to
seed germination, but also such characteristics as
colour, size and shape, parameters commonly used to
differentiate morphs within a heterogeneous seed
population. In heterogeneous seeds, the above
features determine seed behaviour and alter their
mechanism of germination. In this work, emphasis is
placed on the existence of seed mutants having major
alterations in characteristics of the testa and hormonal
response. These mutants constitute a valuable tool for
elucidating the mechanism of dormancy, germination
and perpetuation of seeds. Finally, ontogeny and
heterogeneity are reviewed, providing the first data
related to the possible hormonal control of heterogen-
eity in seeds. These results raise the hypothesis that
one of the factors triggering differences in germination
among heterogeneous seeds may be an alteration in
the signalling and action mechanism of ethylene and
abscisic acid (ABA).
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Introduction

The seed is the higher plant perpetuation unit,
resulting from sexual reproduction. In the seed,
usually a fully developed plant embryo is dispersed,
which enables the embryo to survive the period
between seed maturation and seedling establishment,
thereby ensuring the start of the next generation
(Hilhorst, 1995; Koornneef et al., 2002). Zygotic
embryogenesis, often divided into embryogenesis
(sensu stricto), maturation and desiccation (Bewley
and Black, 1994; Bewley, 1997a; Hilhorst and Toorop,
1997), includes all the morphological, structural and
gene-expression changes that occur from the appear-
ance of the zygote until the formation of a mature
embryo that is ready to germinate, once the
endogenous and environmental conditions are appro-
priate (Meinke, 1994; Torres-Ruiz, 1998; Holdsworth
et al., 1999). The change from embryogenesis to
maturation is marked by an interruption of growth
and is associated with changes in cell growth and gene
expression (Holdsworth et al., 1999), as well as with
tolerance to desiccation, controlled mainly by abscisic
acid (ABA) (Hilhorst, 1995; Leubner-Metzger, 2003).
ABA is known as a positive regulator of dormancy
and a negative regulator of seed germination (Bewley,
1997a; Koornneef et al., 2002), and recent data suggest
that it may be required to maintain seed dormancy
(Grappin et al., 2000). During development and
germination, the action mechanisms of ABA and
ethylene seem to be antagonistic. For the ethylene-
dependent seeds to germinate, current evidence
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suggests that ethylene synthesis during imbibition
interrupts dormancy maintained by ABA, thereby
triggering germination (Kende et al., 1998; Beaudoin
et al., 2000). Also, gibberellins (GAs) control seed
germination by attenuating the ABA response
(Beaudoin et al., 2000; Koornneef et al., 2002;
Leubner-Metzger, 2003). Ethylene and GA signals,
which are not related to the induction of dormancy of
the seed developing on the mother plant, help break
dormancy during seed imbibition. However, seeds of
Arabidopsis thaliana insensitive to ethylene (Beaudoin
et al., 2000) and to GAs (Steber et al., 1998) are
hypersensitive to exogenous ABA, suggesting that
during seed imbibition, ethylene and GAs can
counteract the action of ABA by inhibiting the ABA
signalling cascade.

Seed development is affected by a variety of factors
(e.g. genetic, physiological, source–sink relationships
as well as environmental), and the changes that occur
cannot be correlated simply with time after pollina-
tion. Therefore, seed development is not temporally
uniform in any given population, even when plants
are grown in identical environments. In short, a type
of heterogeneity appears. Thus, some crucifer seeds
do not mature synchronously inside the silique, but
sequentially, and some pods shatter before harvesting,
resulting in a substantial loss of seeds (Spence et al.,
1996; Roberts et al., 2002; Puga-Hermida et al., 2003a,
b). Also, within the great biological diversity in higher
plants, many species have marked seed heterogeneity
(e.g. the heterocarpy in genus Atriplex and hetero-
spermia in Sinapis arvensis and Raphanus raphanistrum)
(Venable, 1985; Mandak, 1997).

In seed heterogeneity, described in more than 200
species of angiosperms, single individual plants
produce seeds differing in their external appearance.
The aim of the present work is to provide an update on
this mechanism, used by some higher plants to
increase their fitness throughout the phases of their
life cycle. An examination is provided of the same
individual that produces seeds with different morphs,
physiological and molecular properties, and some-
times different dispersion strategies, to ensure the
perpetuation of the individual in an appropriate
ecological niche (Imbert, 2002). Heterogeneity affects
seed size and seed-coat properties, with the sub-
sequent effect on germination and/or dormancy; it
also has an effect at the physiological and molecular
level. All these alterations, together with the ontogeny
and possible hormonal participation in the heterogen-
eity of Cruciferae, are discussed in this review.

Heterogeneity in wild seeds

Different types of seed morphs are produced by a
single individual in many higher plants. In some

species, heterogeneity is of special relevance, since the
morphs are ecologically distinct, helping the plants
cope with spatio-temporal variability of habitats.
These cases of seed diversity appear to be restricted
largely to relatively short-lived, fugitive species,
particularly weeds, providing a strategy to escape
from the negative effects of density or competition.
According to Venable and Burquez (1989), this may be
a form of bet hedging in response to environments
that vary spatially or temporally. These aspects of
morphological heteromorphism are important
because they may be associated with ecological
strategies that have evolutionary significance. Eco-
logical strategies arising from morphological hetero-
morphism include differential competitive
performance (Weiss, 1980; Venable, 1985), dispersal
(Telenius, 1992; Kigel, 1995), dormancy (Venable and
Levin, 1985; Venable et al., 1995), within- or among-
year timing of germination (McEvoy, 1984; Tanowitz
et al., 1987; Zhang, 1993), vulnerability to predators
(Cook et al., 1971) and seedling growth (Zhang, 1993).

Seed heteromorphism may occur at the level of the
inflorescence (Cavers and Steel, 1984; Venable et al.,
1995), individual (McGinley, 1989; Sakai and Sakai,
1996; Chmielewski, 1999), clone (Chmielewski et al.,
1989), population (Venable et al., 1995) or species
(Maun and Payne, 1989; Walck et al., 1997). Morpho-
logical heteromorphism may occur in seed size (Maun
and Payne, 1989), seed shape (Venable and Burquez,
1989), seed colour (McGinley, 1989; Doucet and
Cavers, 1997; Puga-Hermida et al., 2003a) (Fig. 1A),
seed-coat texture (Williams and Harper, 1965), pattern
allocation (Maun and Payne, 1989) and secondary
structures (McGinley, 1989).

The heterogeneous character of seeds has been
described for 18 families of angiosperms (Table 1),
with the Asteraceae (138 species and 52 genera),
Chenopodiaceae (18 and 10), Brassicaceae (12 and 8) and
Caryophyllaceae (11 and 2) being the most represented
(for a current review, see Imbert, 2002). In the
Asteraceae, there are peripheral and central achenes
of different size (e.g. Picris amalecitana), colour
(e.g. Crepis sancta) and dispersion structures (pappus
and trichomes, e.g. Senecio jacobea). Heterospermy
(i.e. production, in the same fruit, of seeds differing in
colour, size, shape, development or ecological func-
tions) can be found in the genus Xanthium, which
possesses two types of seeds, the upper seeds being
heavier than the lower ones. In Chenopodiaceae, some
species produce seeds that have different morphs
during the life cycle (e.g. Halogeton glomeratus).
However, in Chenopodium album the pericarp is either
reticulate or smooth, and either black or brown,
leading to four seed morphs; whereas in Salsola
volkensii, heterospermic seeds (green and yellow) were
found. In Brassicaceae, different types of heterospermy
have been described. For example, Aethionema
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carneum, A. heterocarpum and A. saxatile are hetero-
carpic, since individuals produce both many-seeded
dehiscent siliques and one-seeded indehiscent ones. In
other cases, such as Sinapis alba, the individuals
produce partially dehiscent siliques with various

types of seeds (dispersed and not dispersed), aerial
siliques (many light seeds) and underground siliques
(few heavy seeds). Other cases of seed heterogeneity
in crucifers (e.g. Brassica rapa) will be cited throughout
this review. It should be noted that some authors use
the term ‘heterogeneity’ as a synonym for polymorph-
ism to denote seeds morphs differing in shape, colour,
genetic structure or embryo size.

The ontogeny of seed heterogeneity

To understand and explain the reason for seed
heterogeneity in the life cycle of higher plants, we
must consider a number of developmental models
(e.g. heterophylly and inflorescence development).
Because plants have modular architecture and plastic
development, environmental factors can prompt
morphological variations in the same individual
(heterophylly; Wells and Pigliucci, 2000). Some studies
on heterophylly have proposed possible mechanisms
to explain the ontogeny of heteromorphic seeds.
However, the analogy is valid only for some species,
given that the prime characteristic of seed hetero-
morphism is its independence with respect to
environmental conditions (Lloyd, 1984).

Growth and development of the inflorescence in
angiosperms implies sequential maturation of the

Table 1. Families displaying seed hetero-
geneity (data from Imbert, 2002)

Family Number
of species

Number
of genera

Asteraceae 138 52
Chenopodiaceae 18 10
Brassicaceae 12 8
Caryophyllaceae 11 2
Nyctaginaceae 9 1
Poaceae 7 7
Fabaceae 5 5
Cistaceae 4 1
Apiaceae 3 3
Papaveraceae 2 2
Valerianaceae 2 1
Commelinaceae 1 1
Euphorbiaceae 1 1
Fumariaceae 1 1
Plantaginaceae 1 1
Polygonaceae 1 1
Rubiaceae 1 1
Thymelaceae 1 1

Figure 1. Some characteristics of heterogeneous seeds of Brassica rapa cv. Rapa. (A) Seed lots used in the study. (B) Germination
percentage of seed lots B (W,X), DB (A,B) and LB (K,O) in the presence (closed symbols) and absence (open symbols) of 7mM
ethrel. (C) Hourly water uptake during the first 5 h of imbibition of three lots (B, black bars; DB, grey bars; LB, white bars).
(Adapted from Puga-Hermida et al., 2003a.)
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flowers and seeds (acropetal maturation). Due to a
source–sink relationship (Patrick and Offler, 2001), the
proximity of seeds to vascular tissues can affect their
size (Susko and Lovett-Doust, 2000). Thus, seeds from
the same plant show size variation (Lokker and
Cavers, 1995; Simons and Johnston, 2000)
and hierarchy (Simons and Johnston, 1997; Baskin
and Baskin, 1998; Susko and Lovett-Doust, 1998). This
model may explain the seed heterogeneity in species
with inflorescences (e.g. Atriplex or Abronia). For
example, in flowers grouped in a capitulum (e.g.
Tragopodon dubius), floral development is centripetal,
and the peripheral achenes present greater mass and
size than the do central ones (Maxwell et al., 1994).
Consequently, in most heterocarpic Asteraceae, the
morphological differentiation between achenes is
related to the position within the capitulum. However,
there are examples (e.g. Bidens pilosa) in which central
achenes weigh more than peripheral ones (Rocha,
1996). In contrast, the seeds of Calendula all have the
same morphology regardless of position (Gardocki
et al., 2000), whereas in the Mediterranean composite,
Crepis sancta, the morphological differentiation
between peripheral achenes and central ones was
not associated with a germination dimorphism
(Imbert, 1999, 2001).

Some authors consider that some characteristics of
the inflorescence in the Asteraceae (i.e. deficiencies of
space for the achene or presence of bracts) favour
heterocarpy (Venable, 1985). Sometimes, the position
of the seed on the plant, or even its location within the
inflorescence (positional effect), can affect the chemi-
cal composition of the seed and of the seed coat, in
particular (Gutterman, 1994a; Maxwell et al., 1994;
Jaimand and Rezaee, 1996). In grain legumes,
sequential development and spatial heterogeneity of
pod position can lead to great quality differences
between seeds on the mother plant (Coste et al., 2001).
Legumes with multi-seeded pods frequently show a
positional effect that alters seed size and seed-coat
permeability. Thus, there are several desert legumes in
which the seeds of the pod soften at different rates –
more rapidly in the proximal or distal end of the pod,
depending on the species (Koller, 1972). The positional
effect was studied in Mesembryanthemum nodiflorum
(Aizoaceae) (Gutterman, 1980/81), revealing that seeds
produced on the same mother plant differed in their
germinability, even under similar day length and
temperature conditions during maturation. The
peripheral seeds reached a higher germination
percentage than did the other seeds, which were
scattered later. This differential germination was still
found in seeds sown 8 years afterwards, demonstrat-
ing the possible ecological importance of the phenom-
enon. Similar results were also reported in the genus
Aegilops (Poaceae), in which grains germinate in
different years to prevent competition between plants

that germinate from the same dispersal unit (Wurz-
burger and Koller, 1976).

Some plants have great variability in seed
characteristics because of the positional effect. This
effect can influence seed size as a result of differential
seed filling (Gutterman, 1992), or because the parent
plant was exposed to different environmental con-
ditions (Michaels et al., 1988; Fenner, 1993). Such
species as Triplasis purpurea (Poaceae) produce hetero-
morphic seeds (Cheplick and Sung, 1998) in response
to the maternal nutrient environment and maturation
position. In some cases, the positional effect can alter
dormancy, as in many-seeded fruits. In this way, either
simultaneous seed germination or sister-seed compe-
tition is eliminated.

In some species, developmental deficiencies
explain only seed size, but do not clarify other major
morphological differences. Thus, there must be some
ontogenic process that triggers morphological differ-
entiation in the seed. Bachmann (1983) suggested a
model based on the appearance of a hormonal
gradient from the periphery towards the centre of
the inflorescence. This model implies a morphogenetic
gradient. For example, in the inflorescence of Araceae,
sexual morphology has such a distribution: the lower
part has the female flowers, the middle part
hermaphroditic flowers, and the upper part male
flowers. This variation is assumed to be due to similar
morphogenetic gradients (Barabé and Jean, 1996). This
model, which explains the ontogeny of seed differen-
tiation, leads to the conclusion that morphological
differentiation is independent of the contribution of
the parental generation. But, in fact, it is the result only
of maternal effects, and there are no genetic
differences between seeds that are controlled by
morphological differentiation. Consequently, the
differences in shape are not genetic but maternal
effects (Imbert et al., 1999). Also, seed heteromorphism
is considered a variation within an individual (Imbert,
2001).

Implications of seed size and mass heterogeneity
in the life cycle of plants

All plants possess a certain degree of seed heterogen-
eity, since variation in seed mass is invariably observed
(Westoby et al., 1992; Fenner, 1993). Currently, no
genetic basis is known for the control of variation in the
seed mass, although some authors conjecture that the
environment controls this process (Fenner, 1993; Wolfe,
1995). Variation in seed mass within individuals is
sometimes due to a positional effect on the mother
plant, resulting in differences in seed filling
(Gutterman, 1992), whereas differences in seed weight
between plants could result from differences in
environmental conditions (e.g. nutrients, light or
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water) to which the mother plants were subjected
during the growing season (Fenner, 1993). Seed size
has been considered one of the phenotypically
least flexible characters in many species (Fenner,
1993). In species with clear seed dimorphism, the
characteristics of germination vary frequently with
seed size or mass (Zhang, 1993, 1994; Prinzie and
Chmielewski, 1994; Andersson, 1996; Khan and Ungar,
2001). It is often hypothesized that seedlings from
larger seeds are more stress tolerant (Berger, 1985;
Zhang, 1995). This does not seem to be the case in
Crespis sancta, or in Cakile maritima, another hetero-
morphic-seeded species (Zhang, 1995). The compo-
sition and concentration of the nutrient reserves are
similar in dimorphic seeds of Salicornia europea
(Austenfeld, 1998), Cakile maritima and Arctotheca
populifolia (Hocking, 1982). On the other hand, little
information is available concerning the influence of
seed size on the resulting seedlings of woody plant
species. A higher percentage of large Cecis canadiensis
seeds germinated than did small seeds (Couvillon,
2002).

Seed size appears to be related to persistence in the
seed bank. However, the correlation between seed
dormancy and persistence is extremely weak (Thomp-
son et al., 2003), perhaps because seed dormancy and
persistence are quite different phenomena (Baskin and
Baskin, 1998). Generally, small seeds tend to occupy
deeper soil horizons, thereby avoiding predation
(Fenner, 1993; Westoby et al., 1996) and becoming
more persistent in the seed bank (Bakker et al., 1996).
Predation is one of the selective forces that act on seed
size and shape, favouring small seeds (Hulme, 1998).
Some plant communities of persistent seeds have
smaller and more rounded seeds than communities of
transient seeds (Thompson et al., 1993; Bekker et al.,
1998; Hodkinson et al., 1998; Funes et al., 1999; Moles
et al., 2000; Thompson et al., 2001; Peco et al., 2003).
However, this is apparently not universal. Thus, in
Australian flora, which is rich in shrubs and trees,
there is no relationship at all between seed size and
persistence, perhaps due to a high proportion of large-
seeded species with hard seeds (Leishman and
Westoby, 1998).

Although large seeds have some advantage over
small ones (e.g. most suited for establishment in arid
and semi-arid ecosystems) (Kigel, 1995), large seeds
are much less abundant in heterocarpic species that
produce multiple fruit morphs by a single individual
(Venable, 1985; Gardocki et al., 2000), and size appears
to affect the percentage and speed of germination.
Species that produce two or more seed types represent
groups where divergent strategies, usually found in
different taxa, are combined in one individual. Such
groups, which tend to have divergent seed functions,
each specialize in some aspect of environmental
variation to which they are predisposed, while being

buffered by the other seed type. It is currently
accepted that if a plant species produces two types
of seed with differential dispersability in space and
time, reproduction will be maximum when one of the
seed types has high dispersability and low dormancy,
and the other type the inverse. Evolution may have
arrived at a trade-off with respect to seed size, since
the small seeds are more suited to dispersion, whereas
larger seeds favour establishment and adaptation to a
particular ecosystem. However, such a generalization
is awkward, since we must take into account such
factors as the manner of dispersion, the properties of
the ecological niche, the presence of the seed bank in
this ecosystem, and the characteristics of the seed
itself, among other factors.

In view of recent data, we can conclude that small
and rounded seeds, compared with large and
elongated or flattened ones: (1) are more easily buried
(Thompson et al., 1993); (2) undergo lower predation
rates when buried (Hulme, 1998); (3) are less exposed
to germination-promoting stimuli in seed banks
(e.g. light or alternating temperatures) (Baskin and
Baskin, 1998, 2004; Milberg et al., 2000); and (4) are
more likely to have a light requirement for germi-
nation, and thus burial depth is more likely to become
a seed-survival factor (Milberg et al., 2000; Baskin and
Baskin, 2004). Thus, size and shape of seeds are key
factors in determining seed fate and persistence in soil
(Thompson et al., 1993; Bakker et al., 1996; McDonald
et al., 1996; Funes et al., 1999; Cerabolini et al., 2003). On
the other hand, large-seeded species are less depen-
dent on light for germination than small-seeded ones;
and, therefore, light response and seed mass have
coevolved (Milberg et al., 2000).

Dormancy in heterogeneous seeds

At present, few studies are available on dormancy in
heterogeneous seeds. Seed dormancy, defined as the
temporary failure or block of a viable seed to complete
germination under physical conditions that normally
favour the process (Bewley, 1997a; Baskin and Baskin,
1998; Koornneef et al., 2002), can be coat-imposed
and/or determined by the embryo itself (Leubner-
Metzger, 2003). Seed-coat characteristics are a key in
the development of physical dormancy, as they affect
water uptake and gas exchange. Thus, many seeds
have physical dormancy due to a hard seed coat (Bell
et al., 1993; Boesewinkel and Bouman, 1995; Baskin
and Baskin, 1998, 2004). Chemical or physical
treatments that increase the permeability of these
seeds boost germination (Baskin et al., 1998). However,
the part of the seed coat made permeable depends on
the seed type (Kelly and van Staden, 1985; Manning
and van Staden, 1987; Angosto and Matilla, 1993a, b,
1994). In some seeds (e.g. Fabaceae, Geraniaceae,
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Malvaceae), one surprising feature of the palisade cells
(responsible for seed-coat impermeability), is the so-
called ‘light line’ running in a periclinal direction
through the secondary cell-wall material (Manning
and van Staden, 1985; Meisert et al., 2001). Some
authors suggest that the osmiophilic ‘light line’ may
be responsible for seed-coat hardness (Harris, 1987).
However, this is not clear in the Geraniaceae (Meisert
et al., 2001).

In addition, some species produce heteroge-
neously coloured seeds with different degrees of
hardness, as in the case of Senna obtusifolia (about 90%
were green and had hard-seed-coat dormancy,
whereas the rest were brown and non-dormant)
(Baskin et al., 1998). Some 82–93% of the brown seeds
germinated, while only 15–32% of the green ones
germinated. This apparent heterogeneity in S. obtusi-
folia may be an important ecophysiological strategy,
since brown seeds can germinate in the spring in
temperate regions, whereas green seeds cannot
germinate until late spring–summer, when high
temperatures cause an increase in seed-coat per-
meability. The argument applied to these legumes
may be a way of explaining the appearance of
heterogeneity with respect to the occurrence of hard-
seededness within a species. In Arabidopsis, most testa
mutants have reduced seed dormancy (Debeaujon
et al., 2000). Thus, the ats mutant forms fewer dormant
seeds than does the wild type, because the testa
possesses three rows of cells rather than six (Léon-
Kloosterziel et al., 1994). Also, seeds of the tomato sit w

mutant (deficient in ABA) show less resistance to
radicle penetration because they have a very fine testa
(one layer of cells), whereas the wild type has four to
five cell layers (Hilhorst and Downie, 1995). Dor-
mancy in Vicia faba was studied to determine whether
the genes that control dormancy are related to other
genes. For example, a locus involved in dormancy
(i.e. doz), which was characterized, proved to be linked
to a locus controlling anthocyanin and pro-antho-
cyanidin synthesis (i.e. sp-v), with the genetic distance
estimated to be about 25 cM (Ramsay, 1997). Some of
these mutations affect primary dormancy, and there-
fore, the seeds can develop viviparism (Groot and
Karssen, 1992; Ren and Bewley, 1998; Koornneef et al.,
2002). Ren and Bewley (1998), studying Brassica rapa
ssp. pekinensis, reported a relationship between
precocious germination and testa structure, involving
the testa area through which the cotyledon penetrates.
Viviparism normally causes damage, but at times
serves as a mechanism for the adaptation and
propagation of the species (Picciarelli et al., 1994).
Amaranthus retroflexus L. (red-root pigweed) plants
produce more than 1 million homogeneously coloured
seeds per m2 that have different degrees of dormancy.
This enables them to remain in wet soil for several
years, and only a small percentage of their very large

seed bank may germinate from time to time (Cavers
and Steel, 1984). On the other hand, the seeds of
Spergularia diandra, which are heterogeneous in colour
(black, brown and yellow), have different degrees of
dormancy depending on the position on the mother
plant, maturation conditions and post-maturation
temperatures; the yellow seeds are the lightest with
the highest percentage of dormancy (Gutterman,
1994a, b). In contrast, in different populations of
coloured seeds from bull thistle (Cirsium vulgare), the
proportion of dormant seeds did not appear to be
associated with seed colour (Doucet and Cavers,
1997).

Plants that produce achenes have several strategies
to slow down water uptake and induce dormancy,
including: (1) involucral bracts covering the achene
(Gutterman, 1994b); (2) differential permeability of the
involucral bracts in individuals with heteromorphic
seeds (Takeno and Yamaguchi, 1991); (3) differential
permeability of the achene according to its location on
the plant (McDonough, 1975); and (4) heterogeneity in
achene size among heteromorphic individuals (Ven-
able et al., 1987; Rocha, 1996). Dormancy in achenes
can be induced as a consequence of a different
chemical composition of the seed coat in the morphs
(e.g. concentration of water-soluble germination
inhibitors or ABA content; Takeno and Yamaguchi,
1991; Beneke et al., 1993), or by differences in a
requirement, either physical (e.g. temperature), light
(e.g. photoperiod) or chemical (e.g. salinity) to induce
germination of the different seed morphs (Brown and
Mitchell, 1984; Berger, 1985; de Clavijo, 1994).

The study of dormancy of seeds from inflores-
cences provides important information. In the spikelet
of the genus Aegilops (Poaceae), two caryopsis types
differ in size and dormancy level. The largest
caryopses have the least dormancy and can germinate
in different seasons (Maranon, 1989). In the perennial
herb Cenchrus ciliaris, the dispersal unit contains 1–4
seeds. The units that contain one seed show much less
dormancy than those with more than one (Hacker and
Ratcliffe, 1989). This suggests that the interactions
between the fruits developing in the same inflores-
cence determine the dormancy level.

Alterations of the seed coat of heterogeneous
seeds affect dormancy and germinability

The seed coat, the main layer responsible for
impermeability, often consists of prismatic, radially
elongated, and compactly arranged palisade cells
(Meisert et al., 1999). The palisade layer of the seed
coat appears to account for the variation in per-
meability of Arabidopsis thaliana seeds with different
colours (Chaple et al., 1994; Kuang et al., 1996). Mature
A. thaliana seeds have a dark coat due to condensed
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tannins of the procyanidin type. The imbibition rate of
seeds with different seed-coat colours (e.g. pea, wheat
and turnip tops) is slower in dark seeds than in light
ones (Huang et al., 1983; Powell et al., 1986a; Powell,
1989; Puga-Hermida et al., 2003a) (Fig. 1C), to such a
degree that water-uptake ability has been related to
dormancy (Huang et al., 1983), as well as to radicle
emergence (Powell and Matthews, 1978, 1980). In peas
and soybeans these differences in the rate of water
uptake and seed vigour occur between lots within a
cultivar (Oliveira et al., 1984), whereas in P. vulgaris
genotypic differences between cultivars are more
important (Powell et al., 1986b). In this latter case, the
cultivars with an absence of anthocyanins in the seed
coats imbibe rapidly (the seed coat loosens rapidly),
have low vigour, suffer higher solute leakage, and
show poor field emergence. The pigmented seeds
imbibe slowly, the seed coat remains tightly appressed
to the cotyledons, and the embryonic axis develops
normally (Powell et al., 1986b; Legesse and Powell,
1992). These differences in pigmentation and imbibi-
tion are determined by seed genotype (Powell, 1989).
Similar results have been reported in Panicum
miliaceum seeds (Khan et al., 1996).

Seed permeability is also related to density and
thickness of the seed coat, both parameters being low
in light-coloured seeds. The permeability of dark seed
coats can be reduced by the number of layers making
up the coat, by cell density, and by certain chemical
reactions (e.g. phenolic oxidation) exclusive to dark
seeds. The normally dormant pigmented seeds of
Sorghum halepense may be altered by drought during
development, which produces non-pigmented, thin-
ner-coated, more germinable seeds (Benech-Arnold
et al., 1992). Thick, strongly pigmented seed coats may
also form a chemical barrier to pathogens (e.g. the
ortho-dihydroxyphenols can act as a defence against
herbivory; Hendry et al., 1994) and perhaps promote
persistent seed banks in the soil.

A striking case of heterogeneity involves seeds,
belonging to the same species, that have developed at
different altitudes (Angosto and Matilla, 1993a, b,
1994). The seeds of the legumes Adenocarpus decorti-
cans, Astragalus granatensis ssp. granatensis and Cytisus
reverchonii (all endemic to the Betic Cordillera, Spain)
were collected from different altitudes. All seeds had
the same mass and shape, and required chemical
scarification to germinate, showing an optimum
temperature according to altitude. The highest
germination rates were correlated with the lowest
amounts of ABA in all species, while putrescine was
the only polyamine that varied with altitude (Angosto
and Matilla, 1993a). In Astragalus granatensis ssp.
granatensis the tangential-cell layer of the seed coat
thinned as the altitude rose, and at lower altitudes the
outside of the seed coat was rougher. However, in
Adenocarpus decorticans the outside of the seed coat

from seeds collected at a medium altitude (1520 m)
was smoother than that from seeds maturing at lower
(1340 m) and higher (1800 m) altitudes. This rough-
ness, and the consequent increase in surface area,
presumably enhance the capacity of the seed to absorb
water during imbibition (Angosto and Matilla, 1993b).
On the other hand, seeds from two endemic
populations of Festuca indigesta (Gramineae) collected
at altitudes of 2250 m and 2560 m (both populations of
seeds having the same mass and shape) did not
require scarification, but rather strongly depended on
temperature to germinate. No variation in free ABA
was observed between the two types of mature wild
seeds. However, whereas the seed-coat structure was
similar in the two populations, the aleurone layer was
composed of a single (2250 m) or a double (2560 m)
layer of cells, respectively (Angosto and Matilla, 1994).

The seeds with alterations in shape of the seed coat
produced by mutant plants are heterogeneous with
respect to the wild type and, consequently, constitute
an important tool for studying the role of seed-coat
variations in the physiology of seeds. Thus, the use of
A. thaliana mutants, such as the recessive aberrant testa
shape (ats) or the transparent testa glabra (ttg),
demonstrates the importance of seed-coat properties
in determining seed shape, dormancy and germina-
tion (Léon-Kloosterziel et al., 1994). Perhaps the
absence of the mucilage layer in ats and ttg seeds
allows more O2 to diffuse into the seed, and this
higher O2 level might stimulate the breaking of
dormancy (Corbineau and Côme, 1995). Several
pigmentation mutants (Debeaujon et al., 2000) and
those with altered seed-coat structure (Léon-Kloos-
terziel et al., 1994; Meinke, 1994) have reduced
dormancy. The reduction of dormancy is more
pronounced in the seed-coat-pigmentation mutants
than in structural mutants (Debeaujon et al., 2000). The
above Arabidopsis mutants are characterized by a
replacement of the pro-anthocyanidin polymers by
anthocyanins, conferring far greater water per-
meability, and by a reduction of the phenolic content
in the endothelium and the crushed parenchyma
layers, thus thinning the seed coat.

In the ga1 mutants, which have impaired GA
biosynthesis and depend on exogenous GAs for
germination, the mechanical removal of the seed
envelopes can substitute for the GA requirement,
whereas some transparent testa (tt) mutants germinate
in the absence of stratification, light or GAs
(Debeaujon and Koornneef, 2000). Double mutants
(tt £ ga1), in the absence of GAs, are able to germinate
fully when they imbibe under optimal germination
conditions with respect to light and temperature.
These results demonstrate that the GA requirements
for germination may be imposed by the seed coat, and
its characteristics are responsible for the degree of
coat-enhanced dormancy. Consequently, the specific
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weakening of the testa is sufficient to enable
germination in the absence of GAs (Debeaujon et al.,
2000).

In addition, the TTG gene (the mutant ttg of
A. thaliana has an altered seed-coat surface) is a
homologue of the R locus of maize, which is a
transcription factor that activates the promoters of
genes associated with the anthocyanin pathway
(Lloyd et al., 1992).The maize Vp1 gene, which is
expressed in seeds and is associated with ABA
sensitivity (Bailey et al., 1999), is also involved in
flavonoid synthesis (McCarty, 1995). The main
determinant of wheat caryopsis colour is the flavonoid
phlobaphene (Grotewold et al., 1994), which is located
in the seed coat. The taVp1 gene, an orthologue of Vp1,
is related to the R locus, which controls the colour of
wheat kernels (Bailey et al., 1999). While the taVp1
appears not to be related to the level of post-harvest
dormancy (McKibbin et al., 1999), seeds having a red
colour (a dominant trait regulated by three genes) are
more resistant to preharvest sprouting than white
ones (Flintham, 2000; Warner et al., 2000). Four facts
are important in the study of the R locus: (1) its
relationship with ABA sensitivity (Kawakami et al.,
1997); (2) this locus, located on chromosome 3,
increases dormancy levels in wheat caryopses (Flin-
tham, 2000; Warner et al., 2000); (3) this locus can
increase dormancy in Triticum aestivum by enhancing
ABA sensitivity (Himi et al., 2002); and (4) in wheat,
this locus is responsible for the development of
germinability, which may be controlled by one or
more genes closely linked to the R locus (Himi et al.,
2002). Also, sorghum genotypes with high tannin
concentrations in the seed coat avoid preharvest
sprouting (Lijavetzky et al., 2000), and seed-coat
pigmentation regulates germinability in Panicum
miliaceum L. seeds (Khan et al., 1996).

In conclusion, Arabidopsis testa mutants demon-
strate that the degree of seed dormancy is determined
not only by characteristics of the embryo, but also by
characteristics of the testa, and therefore it is possible
to identify the role of the testa in determining seed
shape, dormancy and germination in a number of
heterogeneous seeds. However, in endospermic
heterogeneous seeds, the contributions of both the
testa and the endosperm layers to the degree of coat-
imposed dormancy need to be considered (Hilhorst,
1995; Bewley, 1997b).

The role of hormones in the occurrence of seed
heterogeneity at the molecular level

Although heterogeneity appears to be related to seed
survival, at present little is known about how the
behaviour of these seeds is hormonally regulated. In
some Brassicaceae, heterogeneity refers to the fact that

seeds do not mature synchronously on the mother
plant, but rather sequentially (Meinke, 1994; Spence
et al., 1996). Shattering of the silique causes substantial
loss of viable seeds, which, in some cases, may remain
in the seed bank of the soil and infest future crops.
Given that the heterogeneous character of seeds can
affect germination (Gutterman, 1994a; Khan et al.,
1996; Doucet and Cavers, 1997; Puga-Hermida et al.,
2003a) (Fig. 1B), and that fruiting species bear a great
abundance of highly heterogeneous seeds, these seeds
constitute a valuable tool to study the endogenous
factors that regulate germination. We have used these
characteristics of mature seeds of turnip tops (Brassica
rapa L. cv. Rapa), which are heterogeneous in colour
and size, to identify these endogenous factors. It
appeared that the activity of the final step of the
ethylene pathway, levels of endogenous ABA and
polyamines, and capacity of imbibition are affected by
heterogeneity (Puga-Hermida, 2003; Puga-Hermida
et al., 2003a, b; Rodrı́guez-Gacio et al., 2004). The
sensitivity to ethylene appeared not to be distributed
equally among the heterogeneous seeds (Fig. 1A).
Moreover, the ACC oxidase activity and expression of
the transcript corresponding to the gene BrACO1 are
more intense in germinating black seeds than in dark
brown or light brown seeds, respectively (Fig. 2; Puga-
Hermida et al., 2003b). Our results raise the hypothesis
that one of the factors triggering differences in
germination among heterogeneous seeds of B. rapa
L. cv. Rapa may be an alteration in the mechanism of
ABA and ethylene action. Interactions between ABA,
ethylene signalling and physiology have been demon-
strated recently (Beaudoin et al., 2000; Grossmann and
Hansen, 2001; Koornneef et al., 2002).

Concluding comments

The appearance of the seed in the life cycle of a higher
plant is a special adaptation mechanism to adverse
environmental conditions, making it possible for the
plant species to perpetuate itself. Once zygotic
embryogenesis has been completed, the seed is a
completely autonomous entity (Torres-Ruiz, 1998).
Seeds may be morphologically heterogeneous (e.g.
colour, size, weight and shape), and some of these
differences affect physiological properties (e.g. level of
dormancy), which, in turn, can alter the speed and
timing of dispersion (Kigel, 1995). It is not known
what causes this heterogeneity, but it is an important
strategy for the survival of certain plant species in
adverse and variable ecosystems (Egli, 1998). Within
heterogeneous seed populations, some seed lots are
more persistent than others in the soil seed banks
(Khan et al., 1996). The reason for this persistence in
not currently known, although some investigators
attribute it to the seed coat (Hendry et al., 1994).
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Thus, coloration and chemical composition of the seed
coat might affect the capacity and rate of water uptake
(Powell et al., 1986a; Benech-Arnold et al., 1992; Khan
et al., 1996; Puga-Hermida et al., 2003a). In crucifers, it
is well known that some type of heterogeneity results
from the fact that seeds of fruits (i.e. siliques) do not
mature synchronously on the mother plant, but rather
sequentially (Meinke, 1994; Spence et al., 1996).

Although heterogeneity appears to be related to
survival, little is known about how the seeds are
affected physiologically. It has been demonstrated that
the ability to germinate differs within a population of
heterogeneous seeds (Gutterman, 1994a; Puga Her-
mida et al., 2003b). In this sense, the capacity for water
uptake, altered by the different structural character-
istics (Benech-Arnold et al., 1992; Debeaujon et al.,
2000) and colour (Khan et al., 1996; Puga-Hermida
et al., 2003a) of the palisade layer (Meisert et al., 1999)
of the seed coat, appears to be involved. For the first
time, a differential sensitivity to ethylene and capacity
to synthesize it was demonstrated recently in
heterogeneous seeds (Puga-Hermida et al., 2003a).
We suggest that during silique maturation, a degree of
differential preparation for the production and
perception of ethylene takes place in the seeds. In
addition, the seeds of B. rapa cv. Rapa are hetero-
geneous with respect to their free and conjugated ABA
content (Puga-Hermida et al., 2003a, b). Our results
raise the hypothesis that one of the factors triggering
different germination rates in heterogeneous seeds of
B. rapa L. cv. Rapa may be an alteration in the
mechanism of ABA and ethylene action. This ABA–
ethylene interrelationship would be consistent with

that put forward by Grossmann and Hansen (2001).
These authors proposed a model assigning different
roles for ABA (e.g. promotion of dormancy, inhibition
of cell elongation and division, senescence or
gravitropism) as an ethylene-triggered second hormo-
nal messenger in the regulation of growth and
development in higher plants. It appears that ABA
increases tissue sensitivity to ethylene, affecting
seed germination (Beaudoin et al., 2000), whereas
ethylene may suppress seed dormancy by inhibiting
ABA action (Beaudoin et al., 2000; Koornneef et al.,
2002).

In summary, the still meagre physiological and
molecular evidence gathered suggests that an array of
signals triggered by factors within and/or outside the
seeds induces heterogeneity, the biological function of
which is far from being fully understood. Never-
theless, the differential seed maturation, the source–
sink relationship during zygotic embryogenesis, and
the arrangement of the seeds within the fruit should
not be neglected in future attempts to elucidate this
important aspect of survival in higher plants.
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