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and so that germination is completed, the 
growth potential of the radicle should be high 
enough to overcome the resistance of the 
endospermic tissue [8, 11, 14, 15]. The role 
of the seed coat as a germination constraint 
has been studied by using testa mutants of 
Arabidopsis [14, 16]. The seed coat and 
endosperm rupture are temporally separated 
in model plants as tobacco and Arabidopsis 
[15, 17, 18].  

Dormancy as a survival mechanism 
The seed constitutes a key life-cycle stage in 
terms the mother plant survival as a species. 
It is the dispersal unit and is able to survive 
the period between seed maturation and the 
establishment of the next generation as a 
seedling after germination [19]. To survive in 
a particular location, plants have developed 
mechanisms that regulate seed germination 
to coincide with the most appropriate season 
of the year. One such mechanism for proper

(Fig. 1), inhibits phase III water uptake and 
the transition from germination to post-
germination growth [10]. The dormant seeds 
does not complete germination as it lacks 
phase III. The germination process ends 
when the radicle tip has protruded through 
the covering structures (i.e. endosperm and 
seed coat in endospermic seeds) [11, 12]. 
Seed coat and endosperm always rupture at 
the micropylar level. Completion of radicle 
emergence during seed germination depends 
essentially on embryo extension, which is a 
turgor-driven growth process. Thus, cell 
elongation is necessary and probably sufficient 
for radicle protrusion to start; however, cell 
division is not required [13]. Radicle protrusion 
depends on embryo expansion, which is a 
process driven by water imbibition and cell-
wall loosening [14]. In most endospermic 
seeds (e.g. coffee, lettuce, tobacco or 
tomato) the tissue that makes up the 
endosperm is a germination-limiting barrier,
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Fig. 1. ABA biosynthesis pathway. AAO3: abscisic aldehide oxidase; DPA: dihydrophaseic acid; 
MVA: mevalonic acid; NCED: nine-cis-epoxicarotenoid-dioxigenase; PA: phaseic acid; 
SDR1: short-chain dehydrogenase/reductase; ZEP: zeaxanthin epoxidase. 

38



Hormonal control of seed dormancy 

lose dormancy within weeks [30]. This process 
of dormancy loss can be hastened or slowed 
by environmental conditions [19]. In seeds, 
ABA is also involved in the acquisition of 
nutritional reserves, development, and 
maturation and desiccation tolerance [14]. 
Besides GAs, seed dormancy can be 
unblocked by ethylene (ET), which promotes 
seed germination in some seeds and also 
counteracts ABA effects in dormant seeds 
[12, 31].
Germinating seeds of many endospermic 
species exhibit “coat-enhanced” dormancy in 
which radicle emergence is physically 
restrained by the endosperm and in some 
cases by additional covering layers [8, 11, 
23]. In Arabidopsis and in non-endospermic 
seeds, which contain only one endospermic 
cell layer, the testa properties are responsible 
mainly for the imposed coat-dormancy [16, 
26]. Nevertheless, the Arabidopsis seed [32, 
33], is like many seeds in that both the 
embryo and seed coats have been related to 
the control of dormancy and germination [18, 
19, 26, 29]. This seed-coat-imposed dormancy 
is widespread and more common than true 
embryo dormancy, where the embryo fails to 
initiate growth even when removed from the 
constraints imposed by the seed coverings 
[19, 27]. However, this imposition is reportedly 
absent in dicotyledons, such as Brassica 
napus [34] and Phaseolus vulgaris seeds 
[35]. By contrast, in endospermic seeds, both 
the testa and endosperm layers can be 
involved in coat-enhanced dormancy [12, 22]. 
Seed dormancy is a sufficiently complex 
process to be controlled by a single endogenous 
or exogenous factor. Since dormancy is 
regulated at different developmental phases, 
in interaction with environmental factors, it is 
difficult to detect when the genetic and 
physiological differences are established. 
This difficulty arises because all assays are 
based on seed germination, which results 
from the balance between the degree of 
dormancy and the capacity of the embryo to 
overcome dormancy. Thus, mutants that 
germinate better or faster can represent 
genes that promote dormancy or those that 

timing of seed germination is seed dormancy, 
which can be defined as the temporary failure
of an intact viable seed to complete 
germination under favourable conditions [20]. 
However, still very little is known about the 
process by which the embryo emerges from 
the seed to complete germination and how 
embryo emergence is blocked in dormant 
seeds [8, 11]. During seed maturation, water 
content decreases, ABA accumulate, and 
dormancy is established [21, 22]. Dormancy 
of many species can be altered by after-
ripening (i.e. storage of mature seeds for 
several weeks under dry, warm conditions 
[22, 23]. This pause in the plant life cycle 
called dormancy also allows growth of the 
seedling to occur under conditions favourable 
and in a season that provides sufficient time 
for completion of the next generation. 
Therefore, seed dormancy is an adaptive 
mechanism to ensure plant survival. Dormancy 
can be overcome in many seeds by exposure 
to chilling, light, plant hormones, temperature, 
or osmotic shock [8, 24, 25]. Although several 
hypotheses have been proposed to explain 
the action of these factors, dormancy is still 
one of the least understood phenomena in 
the field of seed biology. Genetic evidence 
strongly indicates that ABA is central to the 
establishment and maintenance of seed 
dormancy [12, 14, 21, 25] and that gibberellins 
(GAs) are important for germination and for 
counteracting ABA effects in seed dormancy 
[12, 26, 27]. In general, ABA delays or 
prevents seed germination and determines 
the depth of dormancy during development, 
whereas GAs break dormancy and promote 
germination upon imbibition by some mature 
seeds [28]. However, the ABA signalling in 
the life cycle of seeds is still little known. The 
seeds of most angiosperms are dormant at 
maturity, and dormancy must be lost before 
germination can occur [8, 11]. Dormancy is a 
property of an intact seed, but several parts 
within the seed can contribute to seed 
dormancy [11, 12, 29]. Dormancy is genetically 
determined, and seeds with some genotypes 
are dormant after months or years of dry 
storage, whereas seeds with other genotypes
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showed that dormancy is regulated by the 
ABA genotype of the embryo and not by that 
of the mother plant. Likewise, inhibitors of 
ABA biosynthesis promote germination and 
indicate that the maintenance of dormancy in 
imbibed seeds is an active process involving 
de novo ABA synthesis as was also found for 
N. plumbaginifolia [40]. On the other hand, 
ABA-insensitive (abi) mutants abi1, abi2, 
abi3, abi4, and abi5 are able to germinate in 
the presence of ABA levels that are inhibitory 
to the WT. The Arabidopsis aba1, aba2, and
aba3 mutants are defective in zeaxanthin 
epoxidase [41], short-chain dehydrogenase/ 
reductase [42] and a molybdenum co-factor 
sulfurase genes [43], respectively. More 
recently, aba4 was identified in a screen 
for paclobutrazol-resistant germination (i.e. 
paclobutrazol, inhibitor of GAs biosynthesis), 
and the ABA4 gene appears to be involved in 
violaxanthin transformation [44]. All of the 
aba4 mutants showed similar paclobutrazol-
resistance phenotypes compared with WT 
and reduced endogenous ABA levels in 
seeds, and the germination showed lower 
dormancy than did the WT [44]. No dormancy 
was observed in abi5 mutant [45], except 
reduction of some seed-maturation-specific 
mRNAs [46]. However, germination of the 
era1, era2, and era3 (ERA, enhanced 
response to ABA) mutant seed is prevented 
by low concentrations of exogenous ABA  
that normally permit germination of the WT 
[47]. Moreover, mutations at any of ABI3 
(ABA INSENSITIVE3), FUS3 (FUSCA3) or

repress germination. The interaction between 
hormonal factors and the strong effect of the 
environment, both during seed development 
and during imbibition, make seed dormancy 
very complex. The challenge in dormancy 
research is to identity the nature of the crucial 
regulator(s) responsible from preventing the 
onset of germination (dormancy) and for 
triggering the germination process and their 
mutual interaction. According to current 
knowledge, at least three hormones (i.e. 
ABA, GAs and ET) (Fig. 2) are involved in the 
signalling that maintains and/or eliminates 
seed dormancy [36]. 

The mutants, key tools to advance 
knowledge of seed dormancy 

ABA-mutants 
It is well known that de novo synthesis of 
ABA during the imbibition of dormant mature 
seeds contributes to dormancy maintenance 
[37]. Several mutants that produce seeds with 
reduced dormancy have been raised from 
Arabidopsis. An important group of mutants is 
constituted by those specifically involved in 
seed dormancy (i.e. mutants with altered 
ABA biosynthesis or signalling). Seeds which 
lack ABA do not undergo ABA-induced 
dormancy and germinate without GAs [38]. 
Genetic studies show that ABA produced by 
the embryo itself, and not maternal ABA, is 
necessary to impose dormancy [39]. 
Reciprocal crosses between wild type (WT) 
and the ABA-deficient aba1 mutants also
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Fig. 2. Possible hormonal interactions during tobacco seed after-ripening, dormancy release and germination
and their effects on testa and endosperm rupture. Adapted from Leubner-Metzger, G. (2003b). 
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requiring after-ripening, light, and cold. Light 
may induce GAs biosynthesis during the 
early phases of germination (Fig. 3). One of 
two 3-  hydroxylase enzymes, encoded by 
the GA4H gene, is induced in germinating 
seeds of Arabidopsis by phytochrome [55]. 
Cold treatments do not stimulate GAs 
biosynthesis in some seeds, but rather increase 
their sensitivity to GAs [26]. Two different 
mechanisms of action have been proposed to 
explain the role of endogenous GAs in the 
control of germination: (i) induction of genes 
encoding enzymes that reduce the mechanical 
resistance to radicle protrusion; and (ii) direct 
effect on the growth potential of the embryo. 
A single dominant mutant (gai1) with decreased 
GA-signal transduction has been described 
[14, 30]. Gai1 has reduced sensitivity to GAs 
but does not exhibit strongly reduced 
germination. However, loss-of-function (LOF) 
alleles of this locus require slightly less GAs 
for growth than WT [56]. Mutations in the 
COMATOSE (CTS) gene also results in a 
marked reduction in germination potential. 
Thus, mature cts seeds do not respond to 
GAs, and prolonged chilling of imbibed seeds 
only partially restores the germination capacity.

LEC1 and LEC2 (LEAFY COTYLEDON)
loci affect acquisition of dormancy and 
desiccation tolerance, and seed maturation 
[48]. It is possible that the non-dormant 
phenotype of lec1, fus3, and abi3 mutants is 
due to defective seed maturation and that 
mutant seeds germinate because this is the 
default state [49]. Most of the Arabidopsis 
ABA-deficient mutants identified to date have 
been demonstrated to present germination 
that is resistant to paclobutrazol or equivalent 
GA-biosynthesis inhibitors [50, 51, 52]. In an 
ABA-deficient mutant the GA requirement for 
germination is thus less than in WT seed 
[53, 54], which is related to the antagonistic 
effect of ABA and GA on germination. 

GAs-mutants 
GAs are habitually required to overcome the 
ABA-induced dormant state. Many mutants 
that increase seed dormancy or reduce the 
germination capacity have mutations in the 
biosynthesis of signalling pathways of plant 
hormones that stimulate seed germination 
such as GAs and ET. GAs can promote 
germination by their ability to overcome 
germination constraints that exist in seeds 
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Fig. 3. Light and temperature regulation of GAs synthesis in Arabidopsis seeds. AtGA3ox 
and AtGA2ox encode GA3-oxidases which transcripts are localized during imbibition period 
in the cortical and endodermal cells of embryonic axis. Adapted from Yamaguchi and Nambara 
(2006). In: P. Hedden and S.G. Thomas (Eds.) Plant Hormone Signaling. Blackwell Publishing 
Ltd, Oxford OX4 2DQ, UK. pp. 311-338. 
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ABA biosynthesis are coupled in Arabidopsis 
[58]. By other hand, etr1-2 mutation confers 
dominant ET insensitivity and results in a 
larger proportion of mature seeds that exhibit 
primary dormancy. Likewise, a role for ET 
perception in determining the length of time 
Arabidopsis seeds remain in the lag phase 
prior to radicle protrusion was concluded by 
using ET-insensitive gain-of-function (GOF) 
receptor mutants in tomato and Arabidopsis, 
as well as single and double LOF receptor 
mutants in Arabidopsis [68]. It appears that 
EIN2, a membrane associated and positive 
regulator of ET responses [65], is a negative 
regulator of seed sensitivity with respect to 
ABA. Thus, the mutation ein2 in Arabidopsis 
produces seeds with great sensitivity to ABA 
and very little to ET. Consequently, ABA and 
ET signalling pathways appear to be closely 
related [67]. These facts indicate that seed 
dormancy in Arabidopsis is negatively regulated 
by endogenous ET, a fact that has been 
suspected [69] but not demonstrated until 
now [58, 67]. In short, ET alone is incapable 
of positively regulating seed germination, but 
an interaction between the signalling of ABA 
and ET (Fig. 1) appears to be necessary at 
some point of the germinative process [70, 
71]. Probably, ET counteracts the effect of 
ABA by diminishing sensitivity of the seed to 
endogenous ABA. More recently, it was 
reported that the hormone profiles during 
germination of seeds obtained from an etr1-2
mutant (dominant ET insensitivity and higher 
level of seed dormancy) also suggest a 
requirement of GA levels higher than in the 
WT in order to promote germination in 
absence of a functional ET signalling 
pathway [72]. These results also suggest that 
ET signalling modulates the metabolism of all 
the other plant-hormone pathways in seeds. 
The ET mimics GAs action as applied ET 
allows germination of seeds of the GAs-
deficient mutants [73]. ET insensitive mutants 
such as etr and ein2 germinate less well or 
after a longer period of after-ripening than 
WT [67]. In short, ET negatively regulates 
seed dormancy by inhibiting ABA action [67]. 

It is suggested that CTS represses embryo 
dormancy and might be involved in GAs 
signalling specific for seeds [57].  

Ethylene-mutants 
Opinions vary about the developmental stage 
during which ET regulates dormancy, and 
some suggest that the role of ET during 
dormancy inception is minimal and that its 
major action is during imbibition to terminate 
dormancy and/or initiate germination [58]. 
Seeds that respond to ET are often light 
sensitive for germination [31, 59]. Stratification 
in water at 4ºC or moist pre-chilling at 
restricted water content is able to break 
dormancy in seed-bearing woody plants [60, 
61], and ET accelerates the breaking of 
dormancy from the first week of treatment 
[62, 63]. Although ET can fully rescue the 
germination defect of some mutants (e.g. ga-1,
[64]) and some mutants in ET signalling are 
affected in their germination response [65], 
little is known about the molecular mechanism 
of ET action during the breaking of dormancy. 
However, has been suggested that some 
component(s) of ET signalling may be involved 
in this process. In beechnut seeds, FsERF1-
mRNA is absent in dormant seeds and 
increases during pre-chilling, which induces a 
progressive release from seed dormancy 
[60]. The ET treatment provokes a drastic 
increase in transcript levels of FsERF1 (a 
functional ET-responsive DNA-binding protein) 
[66]. The mutation etr1-1 insensitizes 
Arabidopsis seeds to ET and intensifies 
sensitivity to ABA; while seeds produced by 
ctr1 are less sensitive to ABA than are those 
of the WT [67]. There are antagonistic effects 
of ET and ABA on dormancy and germination. 
Thus, ET may promote germination by 
interfering with the inception and/or 
maintenance of seed dormancy by ABA [58]. 
For example, the greater proportion of dormant 
seeds in a population of mature seeds of ET-
insensitive mutants (e.g. etr1), as compared 
with those of the WT, may be a consequence 
of their increased sensitivity to ABA [67]. 
Likewise, increased ABA biosynthesis in the 
ein2 mutant indicates that ET sensitivity and
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activity of the cell-wall-degrading enzyme 
(e.g. endo- -mannanase; EC 3.2.1.78) prior 
to radicle emergence or any obvious 
degradation of the micropylar endosperm cell
walls [79, 80]. The means by which 
emergence occurs in lettuce is at present 
unknown. In tomato seeds, the walls of the 
endosperm adjacent to the cotyledons are 
thicker than those adjacent to the radicle, and
in both regions the cells exhibit thickened 
walls [81]. Changes in the cell walls occur 
prior to germination, coinciding with an 
increase in endo- -mannanase activity; the 
degradation of the micropylar endosperm cell 
walls to permit germination is likely to require 
the activities of several hydrolases [8, 11, 82]. 
In some hard seeds, the cells of the 
micropylar endosperm adjacent to and 
overlying the radicle tip have relatively thin 
walls [83, 84]. This localized modification of
endosperm cellular structure (i.e. micropylar 
endosperm) suggests that it offers little
resistance to radicle emergence. In contrast 
to the above, in date seeds (e.g. lettuce, 
tomato, and tobacco) the majority of the cells 
in the micropylar endosperm that surround 
the radicle are thick-walled. There has been 
controversy about whether the increase in 
endo- -mannanase in the micropylar endosperm 
during germination is sufficient to permit the 
radicle to emerge and the consensus 
appears to be that, whilst this enzyme is 
required for endosperm weakening, it is not, 
by itself, sufficient to allow germination to be 
completed [8, 11, 85]. Two cDNA clones for 
tomato endo- -mannanase (i.e. LeMan1 and 
LeMan2) have been reported [86], LeMan1
being expressed following germination in the 
lateral endosperm region and LeMan2 in the 
micropylar endosperm prior to the completion 
of germination [86]. Besides endo- -mannanase 
other enzymes associated with the hydrolysis 
of galactomannans have been studied in 
endospermic seeds. Recently, -mannosidase 
has been purified from tomato, and a cDNA 
(LeMside1) clone obtained [87]. -mannosidase 
and endo- -mannanase increase in activity 
prior to the completion of germination, 
particularly in the micropylar endosperm, and 
both increase in the lateral endosperm following

Seed envelop mutants 
Mutants of Arabidopsis with an altered seed 
coat or testa also show reduced seed 
dormancy [16]. The development of 
Arabidopsis seed coat, which is formed from 
two integuments of epidermal origin that 
surround the mature ovule, has been 
described [74]. The morphological differentiation 
of the outer integument, which excretes 
mucilage upon imbibition of some seeds [75], 
has been also studied [32, 76]. Within the 
Cruciferae, several aspects of seed coat 
development and maturation have been 
described, including cytology of mucilage 
production [77]. In Arabidopsis, mucilage, a 
soluble hydrophilic polysaccharide, is produced 
by the developing seed and deposited in the 
outer cell layer of the seed coat, a property
known as myxospermy. Upon imbibition or 
initial water uptake, the dehydrated mucilage 
is rapidly released from the seed coat 
providing a gelatin-like coating surrounding 
the mature seed. Although the role of 
mucilage is unknown, it is thought to aid in 
the dispersal and/or protection of the emerging 
seedling during imbibition and germination. 
Such seed-coat mucilage cells are necessary 
for neither viabilitynor germination under normal 
laboratory conditions. Seed-coat mutants 
consist of two major groups: (i) affected in 
flavonoid pigmentation that is represented by 
the transparent testa (tt) [16] and transparent 
testa glabra (ttg); the ttg1-mutants lacks 
mucilage and trichomes and is affected in the 
morphology of the outer layer of the seed 
coat as well as in pigment production; and (ii) 
affected in testa structure (e.g. ats, aberrant 
testa shape) [78]. 

Hormonal control of enzymatic proteins 
related to dormancy signalling  

Cell-wall-dismantling enzymes and seed 
dormancy 
It has been suggested that the weakening of 
the endosperm cell walls is required to allow 
for protrusion of the radicle from the seed [8]. 
However, in some seeds, such as lettuce, 
there is neither transcription nor an increased 
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Physiological studies and recent results 
obtained with sense transformants strongly 
suggest that GLU I has a causal role in 
endosperm rupture [89]. 

Hormonal control of dismantling enzymes 
The ruptures of micropylar-endosperm and 
testa in Arabidopsis seeds are temporally 
separated, the former being ABA inhibited but 
not the latter rupture [17]. Data are scarce 
regarding the molecular mechanisms of 
both endosperm and testa weakening. The 
participation of a single enzyme in the 
process appears to be ruled out at present. 
Conversely, evidence exists for the contribution 
of several cell-wall-dismantling enzymes (e.g. 
endo- -1,4-mannanases and endo- -1,3-
glucanases) [8, 11, 12, 14, 80, 85]. Expression 
of endo- -1,3-glucanase in the micropylar 
endosperm, its inhibition by ABA and the 
inhibition of endosperm rupture by ABA is 
widespread among the Solanaceae [12, 15, 
92]. The ABA inhibition of endosperm 
weakening is partially reversed in transgenic 
tobacco seeds that overexpress endo- -1,3-
glucanase in the seed-covering layers under 
the control of an ABA-inducible transgene 
promoter [93]. In the Discussion of this last 
work, it is stated that endo- -1,3-glucanase is 
involved in cell-wall weakening; but it is not 
the only enzyme. During after-ripening of 
tobacco seeds, falling ABA levels and possibly 
decreasing sensitivity to ABA eventually 
permits GLU I expression needed for
endosperm rupture during seed imbibition 
[89], but could also permit GLU I expression
in the dry state, which results in the release 
of dormancy. Decline in ABA content, lower 
sensitivity to ABA and higher sensitivity to 
GAs correlates with after-ripening of many 
species [8, 22, 23]. In general, modulation of 
dormancy during after-ripening results in a 
broadening of the germination responses to 
environmental conditions [8, 11, 23]. The fact 
that GLU I expression is regulated by 
hormones and environmental factors [28, 91] 
suggests that GLU I could be a key factor in 
modulating dormancy and germination in 
response to the environment. Leubner-
Mezger and Meins proposed that GLU I

germination [87]. This change in activity 
parallels a greater expression of transcripts 
for both enzymes in the micropilar endosperm, 
and the increase in both -mannosidase activity 
and transcripts in the lateral endosperm 
precedes those of endo- -mannanase by about 
12 h [87].
In the case of endosperm-limited germination, it 
is believed that hydrolytic enzymes facilitate 
weakening of the endosperm surrounding the 
radicle tip by hydrolysing cell-wall materials 
[8, 11, 88]. The first morphological event 
following imbibition of tobacco seeds is the 
rupture of the seed coat (testa). This is 
followed by rupture of the endosperm, which 
is the limiting step of tobacco-seed germination 
[12, 15, 29]. Also, -1,3-glucanase ( GLU) 
activity is induced after testa rupture and just 
prior to the onset of endosperm rupture. This 
activity, localized in the micropylar endosperm 
at the site where the radicle will emerge, 
results from transcriptional induction of 
class I -1,3-glucanase ( GLU I) [10]. The 
Leubner-Metzger’s group provided direct 
evidence that GLU I has a role in rupture of 
endosperm, which is the limiting step in 
tobacco-seed germination [89]. Moreover, 
other results from this group support the 
hypothesis that a threshold GLU content is 
required for endosperm rupture, and suggests 
that accumulation of GLU is necessary but 
not sufficient for endosperm weakening. The 
induction of GLU I and endosperm rupture 
are tightly linked in response to physiological 
factors known to affect the incidence and 
timing of germination (e.g. ABA treatment 
specifically delays endosperm rupture and 
inhibits the induction of GLU I) [90, 91, 92]. 
Taken together, these findings support the 
view that germination control by coat-covering 
layers is achieved by the collaborative or 
successive action of several cell-wall-modifying 
enzymatic proteins and various molecular 
mechanisms. On the other hand, little is known 
about the molecular basis for the modulation 
of dormancy during after-ripening [8, 23]. 
Over-expression of GLU I during germination 
replaced the after-ripening effect on endosperm 
rupture, but did not influence photodormancy.
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Recently, the -mannosidase (EC 3.2.1.25) 
was purified and molecular studies were 
carried out from intact tomato seeds [98]. The 
authors concluded that -mannosidase and 

-mannanase work in collaboration in the 
mobilization of the galactomannan-containing 
cell walls of tomato seeds. Whether they 
control processes or elements in common 
remains to be determined. Germination of 
intact tomato seeds was completely inhibited 
by ABA. The production of endo- -mannanase 
in the micropylar endosperm is not initially 
sensitive to ABA during germination, leading 
to the view that the presence of this enzyme 
alone is not in itself sufficient to allow 
germination occur [96]. The decline in endo-

-mannanase activity after longer times of 
imbibition has also been noted previously and
has been related to the failure of a second 
phase of endosperm weakening necessary 
for germination to be completed [81]. All 
this considered, the initial presence of 
both mannan-degrading enzymes, endo- -
mannanase and -mannosidase, is insufficient 
to permit germination to occur. An increase in 
activity of -mannosidase occurred in the lateral 
endosperm in seeds imbibed in water whereas 
ABA weakly reduced this activity. Conversely, 
the effect of ABA on -mannosidase activity
in the micropylar endosperm was relatively 
weak but there was more sensitivity to ABA 
[98]. On the other hand, isolated endosperms 
of the gib-1 mutant of tomato seeds, a line
that does not synthesise GAs, respond to 
applied GAs (i.e. GA4) by synthesising endo-

-mannanase [97]. In the absence of GAs 
there was a small amount of -mannosidase,
although no seeds imbibed on water completed 
germination, and there was negligible endo- -
mannanase activity. In the presence of GAs, 
activities of both enzymes were induced in all 
regions, particularly in the micropylarand lateral 
endosperm regions following the completion 
of germination. Thus, in the intact gib-1 seed, 
the activities of both enzymes responded 
similarly, being low in the absence of a 
germination stimulus, but both increasing in a 
similar temporal manner in the presence of 
GAs. The behaviour of the enzymes in the 
GA-induced gib-1 mutant seeds is also similar

expression in tobacco dry seeds contributes 
to the after-ripening-mediated release of seed 
dormancy [94]. The after-ripening-mediated 
promotion of tobacco-seed germination is 
due mainly to: (i) GLU I contribution to the 
after-ripening-mediated release of dormancy 
in the dry seed state, which is manifested in 
the promotion and ABA-insensitive testa 
rupture during imbibition; and (ii) ABA-
sensitive expression of GLU I in the 
micropylar endosperm, which contributes to 
endosperm rupture [91]. Likewise, the after-
ripening-mediated release of tobacco 
dormancy is also correlated to a decrease in 
GAs requirement for testa rupture during dark 
imbibition. Thus, as in Arabidopsis and 
tomato, testa-imposed dormancy of tobacco 
appears to be regulated by an indirect ABA-
GAs interaction. The importance of testa 
characteristics appears to be a common 
feature during the after-ripening-mediated 
release of coat-enhanced dormancy in 
endospermic and non-endospermic seeds. It 
is possible, but not proven, that tomato 
endosperm weakening is a biphasic process 
and only the second phase is inhibited by 
ABA [90]. GLU I, which contributes to 
endosperm rupture of tobacco seeds, is 
induced by GAs just prior to tomato 
endosperm rupture and is inhibited by ABA 
[90]. ABA inhibits the induction of GLU I 
genes, specifically delays endosperm 
rupture. The results of Leubner-Mezger and 
Meins support the view that a threshold 

GLU I content is required, but not sufficient, 
for endosperm rupture [89, 94]. Tobacco 
germination is accompanied by ET evolution, 
and endogenous ET is required for the 
promotion of endosperm rupture and high-
level GLU I expression of light-imbibed 
seeds and non-photodormant dark-imbibed 
seeds [95]. ET does not affect the spatial and 
temporal pattern of GLU I expression and 
does not break photodormancy or affect the 
kinetics of testa rupture. All the above taken 
together, ET promotes endosperm rupture by 
enhancing GLU I expression while the 
GAs/light pathway and ET regulate GLU I 
induction in the micropylar endosperm and 
seem to control endosperm weakening [12].  
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of this critical phase in the perpetuation and 
survival of plants. 
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ABSTRACT 
The seeds of Sisymbrium officinale are largely heterogeneous in mass and colour within the ripe fruit. In order to initiate the charac-
terization of the germinative process from these heterogeneous seeds, we have used two different seed lots (i.e. brown and light-brown), 
and studied several physical and physiological properties and their possible influence on the germination rate. The most notable features 
from this work were: (i) the mass of the brown seeds was higher than the light-brown ones, which imbibed more quickly; (ii) light seeds 
contain much less mucilage (myxospermy) than do the brown; (iii) under optimal germination conditions for the brown seeds, the light-
brown ones germinated 6-fold less; and (iv) very similar profiles of germination stimulation was found in the presence of gibberellins (i.e. 
GA 4+7) and ET in brown seeds, but both hormones were not capable of stimulating the germination in light-brown ones. As a general 
conclusion, we have demonstrated the coexistence in ripe fruits of S. officinale of two seed lots with remarkable physiological and phy-
sical heterogeneity that could be used as a tool to increase our knowledge about the germination process. 
_____________________________________________________________________________________________________________

Keywords: ethylene, gibberellins, heterogeneous seeds, imbibition rate, myxospermy, seed density 

INTRODUCTION 

The appearance of the seed, the propagule chosen by sper-
matophytic plants for their dispersion and propagation, has 
great evolutionary implications, since this organ represents 
the survival and perpetuation of the mother plant (Boese-
winkel and Bouman 1995). A typical seed of an angiosperm 
contains an embryo (diploid) surrounded by an endosperm 
(triploid; with two-thirds of its genome of maternal origin) 
and a seed coat (diploid) (Raghavan 1986; Torres-Ruiz 
1998). The endosperm is formed by live cells with high 
metabolic activity, while the seed coat is comprised of a 
tissue of maternal origin (i.e. ovular tissue), the cells of 
which die during late seed maturation. Depending on the 
species, the endosperm is visible in dry seed (i.e. endo-
sperm seeds) or else completely or partially disappears 
during zygotic embryogenesis (i.e. non-endospermic seeds), 
the cotyledons exercising the nutritional role of the embryo 
(Friedman 1998; Forbis et al. 2002). 

The seeds of most angiosperms are dormant at maturity, 
and dormancy must be lost before germination can occur 
(Bewley 1997a, 1997b; Finch-Savage and Leubner-Metzger 
2006). The seed transformation from dormant (i.e. failure of 
an intact, viable seed to complete germination under favour-
able conditions) to non-dormant stage is associated with 
changes in gene expression and protein patterns (Cadman et 
al. 2006; Chibani et al. 2006; Lee et al. 2006). The germi-
nation of a mature, viable, and non-dormant seed begins 
with the gradual uptake of water, which has three phases: 
rapid initial uptake (phase I, i.e. imbibition) followed by a 
plateau in water uptake (phase II) and a further increase 
after germination is completed, as the embryo axes elongate 
(phase III) (Bewley 1997a; Manz et al. 2005). Dormant 
seeds do not complete germination and therefore lack phase 
III. The germination process ends when the radicle tip has 
protruded through its covering structures (i.e. endosperm 
and seed coat in endospermic seeds) (Bewley 1997b; Ku-
cera et al. 2005). Seed coat and endosperm rupture occur at 
the micropylar level. Cell elongation of the radicle is neces-

sary and possibly sufficient for the completion of protrusion. 
However, cell division is not essential (Barroco et al. 2005). 
That is, the radicle protrusion depends on embryo expan-
sion, which is a process driven by water uptake and cell-
wall loosening (Koornneef et al. 2002). In most endosper-
mic seeds (e.g. coffee, lettuce, tobacco, or tomato) the tis-
sue that constitutes the endosperm is a germination-limiting 
barrier, and so that germination is completed the growth 
potential of the radicle must be high enough to overcome 
the resistance of the endospermic tissue (Bewley 1997a; 
Koornneef et al. 2002; Leubner-Metzger et al. 2006). The 
role of the seed coat as a germination constraint has been 
studied by using testa mutants of Arabidopsis (Debeaujon 
and Koornneef 2000; Koornneef et al. 2002). The seed coat 
and endosperm rupture are temporally separated in model 
plants as tobacco and Arabidopsis (Liu et al. 2005; Leub-
ner-Metzger et al. 2006; Müller et al. 2006). 

Environmental factors (i.e. light and temperature) and 
phytohormones (i.e. gibberellins, GAs; abscisic acid, ABA; 
and ethylene, ET) have been associated with the promotion 
of germination of endospermic and non-endospermic seeds 
(Hilhorst and Toorop 1997; Matilla 2000; Toorop et al.
2000; Koornneef et al. 2002; Kucera et al. 2005; Müller et
al. 2006). Thus, two functions for embryonic GAs have 
been proposed to be needed during endospermic-seed ger-
mination: (i) to increase the embryo growth potential; and 
(ii) to overcome the mechanical restraint conferred by the 
seed-covering layers by weakening of the tissues surroun-
ding the radicle (Hilhorst and Downie 1995; Koornneef et 
al. 2002; Leubner-Metzger 2003; Bassel et al. 2004; Yama-
uchi et al. 2004; da Silva et al. 2005). Nevertheless, GAs 
can conduct the germination positively by means a yet well 
known cross-talk with ABA and environmental factors (i.e. 
light or temperature). Thus, light (i.e. red light) and low 
temperature (i.e. 4ºC) can modulate the spatial expression 
pattern of GA biosynthetic genes. Recently, Yamauchi et al.
(2004) demonstrated that a gene involved in GA biosynthe-
sis in seeds of A. thaliana was activated by cold stratifica-
tion at 4ºC. The increase in tissue sensitivity to GAs during 
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lots of S. officinale dry seeds. Data are the means ± standard error (S.E.) 
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highly significant (P<0.001) as determined by the LSD test.

cold stratification is another factor that may be involved in 
controlling seed germination (Derkx and Karssen 1993; 
Koornneef et al. 2002). In some seeds (e.g. Nicotiana at-
tenuata), GAs can replace red-light to trigger dark-germi-
nation (Schwachtje and Baldwin 2004). From recent evi-
dences in Arabidopsis it can be concluded that the GA re-
quirement for seed germination is determined by seed-coat 
characteristics, embryonic growth potential and by embry-
onic ABA (Debeaujon and Koornneef 2000; Debeaujon et
al. 2000). The above and other recent data indicate that 
GAs release coat and embryo dormancy, promote germina-
tion and counteract inhibitory ABA effects, directly or indi-
rectly. 

Also, it has been demonstrated that ABA inhibits: (i) 
phase-III water uptake but does not inhibit phase I or initial 
embryo-extension growth (Homrichhausen et al. 2003; Frey 
et al. 2004; Manz et al. 2005; Müller et al. 2006); (ii) the 
embryo growth potential and endosperm cap weakening 
during coffee-seed germination (da Silva et al. 2004); (iii) 
the endosperm rupture but not seed coat rupture in tobacco 
and petunia seeds (Toorop et al. 2000; Petruzzeli et al.
2003; Kucera et al. 2005). In seeds in which the seed-coat 
and endosperm rupture is not easy to detect visually (e.g. 
tomato), germination is also inhibited by ABA (Wu et al.
2000; Leubner-Metzger 2003); but deficiency in ABA in 
sitw mutant is associated with a thinner seed coat (Hilhorst 
and Downie 1995; Toorop et al. 2000). On the other hand, 
during development and germination of some seeds, ABA 
and ET action appear to be antagonistic. Thus, it was pro-
posed that ABA increases tissue sensitivity to ET, affecting 
seed germination, whereas ET may suppress seed dormancy 
by inhibiting ABA action (Beaudoin et al. 2000; Gross-
mann and Hansen 2001; Koornneef et al. 2002). 

ET promotes germination and counteracts ABA effects 
in many seeds (Kepczynski and Kepczynska 1997; Beau-
doin et al. 2000; Ghassemian et al. 2000; Matilla 2000; 
Koornneef et al. 2002) and its production is higher in non-
dormant compared to dormant seeds (Matilla 2000). How-
ever, even though great progress has been made in eluci-
dating ET signalling, the mechanism(s) of ET action re-
mains to be explained in dormant and germinating seeds 
(Kucera et al. 2005; de la Torre et al. 2006). ET biosyn-
thesis and sensitivity are both important for the germination 
(Beaudoin et al. 2000; Siriwitayawan et al. 2003; Matilla et
al. 2005) and transcripts as -1,3-glucanase or ACC-oxi-
dase, into others, are ET-altered during germination of 
some seeds (Leubner-Metzger et al. 1998; Pretruzzeli et al.
2003a, 2003b; Puga-Hermida et al. 2003; Rodríguez-Gacio 
et al. 2004). Summarily, although all findings until now 
published support the view that ET can promote seed ger-
mination and counteract ABA inhibitory effects by interfer-

ing with ABA signalling, cross-talk between ET and GAs 
cannot be discarded (Kucera et al. 2005). 

In the present study, wild mature dry seeds of Sisym-
brium officinale, collected in north-western Spain, were 
used. In this species, seed-coat and endosperm rupture are 
temporally separated at the beginning of germination and the 
hormonal control of both process can be studied. This plant 
is common in fields and path borders and can be identified 
by its yellow flowers, basal leaves divided with a large and 
round terminal lobe, and erect fruits held close to the stem. 
S. officinale produces endospermic seeds housed into a fruit 
which contains numerous heterogeneous in mass and colour 
seeds (Fig. 1). Although the heterogeneity appears to be 
related in some cases to survival, little is known about how 
the seeds are affected physiologically (Puga-Hermida et al.
2003; Matilla et al. 2005). To evaluate the impact of hetero-
geneity on the germination process of S. officinale seeds, in 
this work we used two lots (brown and light-brown) of the 
above seeds to investigate some of theirs morphologic cha-
racteristics and response to ET and GAs. 

MATERIALS AND METHODS 

Chemicals 

Aminoethoxyvinylglycine (AVG), 1-aminocyclopropane-1-carbo-
xylic acid (ACC), paclobutrazol, silver nitrate, ruthenium red, 
GA4+7, and Co2Cl were purchased from Sigma-Aldrich (Spain), 
whereas potassium nitrate was from Merck (Germany). 

Plant material 

Ripe wild seeds of Sisymbrium officinale were collected in Galicia 

Fig. 1 Adult plant of S. 
officinale.
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(north-western Spain) during July-August, 2006. Seed samples 
were separated from ripe fruit residues (i.e. pedicel, replum and 
valve) by means of a suitable sieve, divided into two populations 
(i.e. brown and light-brown; see Fig. 2A) according to the colour 
of seed coat, weighed in lots of 100 seeds (21.8 ± 0.3 and 13.3 ± 
0.6 mg for dark and light, respectively) and stored at 21 ± 0.2ºC 
before use in the germination tests. The brown:light-brown seed 
ratio inside mature fruits was around 1.8 ± 0.1. 

Germination experiments 

Fifty seeds were put into plastic Petri dishes on two Whatman No. 
1 filter paper discs moistened with 3 ml of 20 mM KNO3 (control) 
supplemented with solutions of gibberellin (GA4+7) and etephon 
(ET), inhibitors of GAs (PC, paclobutrazol) and ET (AVG, Co2Cl)
synthesis and the inhibitor of ET signalling (NO3Ag). The germi-
nation percentage was determined in a climate room (24ºC, 16 h-
light/8 h-dark photoperiod). Seeds were not sterilized in order to 
avoid influencing their dormancy status; however, by using light 
microscope fungal infection was not detected. Radicle emergence 
was taken as evidence of germination. For each experimental con-
dition, three replicates at least were used. 

Water uptake 

To study the water uptake rate, we took known weights of dark as 
well as light-brown dry seeds and surface-washed them for 15 s in 
distilled water. The seeds were then immediately placed onto filter 
paper dampened with distilled water and kept under conditions 
identical to those for seed germination. The seeds were rapidly 
surface dried and weighed hourly, and then immediately replaced 
to continue the imbibition phase. This process was repeated for 5 h. 
The water uptake for each lot was considered as fresh weight 
(FW) minus dry weight (DW) per mg of seeds. 

Tetrazolium test 

Intact seeds were incubated in a 1% (w/v) aqueous solution of 
2,3,5-triphenyltetrazolium chloride (Merck, Germany) at 30ºC in 
darkness for 2 d. Tetrazolium salts are metabolically reduced to 
highly coloured end products called formazans by NADH-depen-
dent reductases of the endoplasmic reticulum (Berridge et al.
1996). 

Ruthenium red staining to seed mucilage 

Mucilage was detected in the seed basically as described by Wes-
tern et al. (2000). Whole seeds were allowed to imbibe on moist 
filter paper for between 5 min and 1 h, before the application of 
0.2% (w/v) aqueous ruthenium red solution. Seeds were photo-
graphed with an Olympus B061 stereomicroscope. 

Statistical treatment 

The data obtained here are the mean of at least three replicates. 
The statistical treatment was based on a variance analysis and the 
averages/means were compared using the least-significant- dif-
ference (LSD) test at P<0.05 (Steel and Torrie 1982). 

RESULTS AND DISCUSSION 

Seed development is not temporally uniform in any given 
population, even when mother plants are grown in identical 
environments. In short, a type of seed heterogeneity deve-
lops (Matilla et al. 2005). As a result of such heterogeneity, 
populations of seeds with morphological differences (e.g. 
colour, size, weight, or shape) appear, and some of these 
differences can affect physiological properties (e.g. storage 
capacity or level of dormancy) (Debeaujon et al. 2000). 
Thus, some crucifer seeds do not mature synchronously in-
side the silique, but sequentially, and some pods shatter 
before harvesting, resulting in a substantial loss of seeds 
(Matilla 2007). Given that the heterogeneous character of 
some seeds can affect germination (Khan et al. 1996; 
Kantar et al. 1996; Puga-Hermida et al. 2003; Matilla et al.

2005; Luzuriaga et al. 2006), these heterogeneous lots of 
seeds constitute a valuable tool in seed physiology to study 
the endogenous factors that regulate germination. However, 
the physiological and molecular basis of seed heterogeneity 
is at present unknown. 

Morphological and structural heterogeneity in S. 
officinale seeds 

The fruits of S. officinale, as with other crucifers described 
previously (Imbert 2002), contain heterogeneous seeds that 
we have divided into two lots to study (brown and light-
brown) attending to the colour of the outermost part of the 
seed coat. The colouration of the seed coat in other crucifer 
seeds studied is due preferentially to the accumulation of 
flavonoid-type seed compounds (e.g. condensed tannins as 
proanthocyanidins), which notably influence the seed-coat-
imposed dormancy in some species (Debeaujon and Koorn-
neef 2000; Debeaujon et al. 2000). The brown seeds of S.
officinale have a density of approximately 4.7-fold that of 
the light-brown ones (Fig. 2B). Although the volume of the 
light-coloured seeds is higher than that of the dark ones, the 
great difference observed in the density is due primarily to 
different weights between the two lots (i.e. 21.8 ± 0.3 and 
13.3 ± 0.6 mg/100 seeds for brown and light-brown, respec-
tively). Once embryogenesis ends, the seed is a completely 
autonomous organism. Nevertheless, in plant species that 
produce a large quantity of seeds, this autonomy is not 
equal in each seed. That is, as seeds are heterogeneous, cer-
tain differences affect physiological properties (e.g. storage 
capacity and dormancy level) that can alter the speed and 
timing of dispersion (Kigel 1995). The tetrazolium test 
made in the brown lot of S. officinale showed that 100% of 
the seeds were alive, while in the light-brown lot, only 40 ± 
7% were alive. This fact appears to indicate that the light 
seeds had difficulties in their embryogenic process. Several 
studies have demonstrated that such difficulty may be deter-
mined by, among other factors, a different intensity of nut-
rient unloading from the mother plant to the embryo (i.e. 
seed filling) due to a positional effect of the seed in the fruit, 
thereby affecting seed-size and viability (Fenner 1991; Gut-
terman 1992; Fenner 1993; Luzuriaga et al. 2006). That is, 
seed-size variability is considered a phenotypical maternal 
effect (Moles and Westoby 2006). 

The brown and light-brown seeds of S. officinale are 
also heterogeneous with respect to each other, given that the 
former contain much more mucilage in the seed coat than 
do the light ones. This characteristic (i.e. myxospermy) is 
manifested in seed imbibition of both lots for a short 
amount of time in the presence of ruthenium red, a colorant 
which specifically dyes the mucilage (Fig. 3). The muci-
lage-producing cells are located in epidermal tissue of the 
seed coat of some species, including those of the family 

A B

Fig. 3 Structure of light-brown and brown seeds of S. officinale. Whole 
seeds were stained with ruthenium red as described in the Material and 
Methods. Note red staining capsule of mucilage surrounding dark brown 
seeds (B). No mucilage is visible around light-brown seeds (A).
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Brassicaceae (Boesewinkel and Bouman 1995; Western et
al. 2000, 2004). When a dry myxospermous seed is placed 
in an aqueous environment, the mucilage, extremely hydro-
philic and pectin-rich (Western et al. 2000), is released and 
completely envelops the seed coat (Fig. 3). It was suggested 
that mucilage extrusion results from the rapid expansion of 
dried mucilage upon hydration, leading to a local breakage 
of the cell wall. The nature of mucilage prior to release 
upon imbibition and its functions when extruded around 
seed are, at present, unknown aspects. However, mucilage 
may be related to imbibition, seed dispersal, germination or 
repair embryo DNA, among other ways (Huang and Gutter-
man 1998; Huang et al. 2000; Western et al. 2000, 2004; 
Huang et al. 2007). 

The germination capacity of some seeds is altered by 
seed-coat characteristics (Debeaujon and Koornneef 2000; 
Debeaujon et al. 2000). A controlled imbibitional water-
uptake allowed by seed coat components is necessary to 
initiate the normal germination process. The study of the 
water-uptake rate in brown and light-brown seeds indicates 
that the light lot imbibed water more quickly than did the 
dark lot (Fig. 4). The imbibition profile in the brown seeds 
was linear and increased gradually over the study period (i.e. 
5 h); however, the profile of the light seeds was sigmoidal, 

reaching, at 60 and 180 min, values 1.3- and 1.6-fold grea-
ter, respectively, than those obtained for brown seeds (Fig. 
4). Water uptake profiles from both lot seeds were asintotic 
after five hours. One of the causes that could favour such a 
sudden uptake of water in the light seeds could be related to 
the absence of mucilage. Seed mucilage is a natural exam-
ple of a hydrogel and is an efficient absorber of water. It 
was hypothesized that mucilage takes up water to increase 
and stabilize water potential surrounding the seed, thereby 
promoting efficient germination and seedling establishment 
(Penfield et al. 2001). If the imbibition behaviour of the 
brown seeds is as in A. thaliana (Penfield et al. 2001; Wes-
tern et al. 2000, 2004), the initial hydration of S. officinale
seeds leads to the immediate release of mucilage, an event 
correlated with breakage of the outer tangential cell wall of 
the epidermal cell due to the rapid expansion of dried muci-
lage upon hydration. This very located cell-wall burst, toge-
ther with the mucilaginous external envelope, could facili-
tate a slow and controlled water entry. For demonstrating 
this, a detailed microscopy study in the seed-coat would be 
necessary. Besides the presence of mucilage, it is worth 
mentioning that, although the volume of the light-brown 
and brown seeds was very similar, the density of the two 
lots was very different due to the notable mass of the brown 
seeds (Fig. 2B). This flaccidity in light seeds could provoke 
a quick imbibition in comparison to S. officinale brown 
seeds, and thus the sigmoidal profile of water uptake (Fig.
4) should be justified. Very rapid imbibition alters cell per-
meability and prompts losses of solutes to the external me-
dium, triggering damage that can diminish seed vigour and 
viability (Legesse and Powell 1992; Puga-Hermida et al.
2003). 

The heterogeneity in S. officinale seeds affects 
germination and hormonal sensitivity 

The experiments to optimise the germination test are shown 
in Table 1. This table reflects the strong dependence on 
light and the presence of nitrate for rapid radicle emergence.  
Light cannot be replaced by a stratification period (4ºC), 
even if nitrate (20 mM) is present (Table 1). Nitrate (0.8 
mM), in association with light, promotes germination in 
many species as Lolium rigidum Gaud. (Ellery et al. 2003). 
Radicle emergence in S. officinale can occur in the absence 
of nitrate if light and ET are present; however, less time is 
needed for emergence (Table 1). In this work, it has been 
demonstrated that the ability to germinate under optimal 
conditions (20 mM KNO3, 24ºC and 16h light/8h dark pho-
toperiod) differs within two lots of S. officinale seeds stu-
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Table 1 Effect of several treatments on germination percentage of S. officinale seeds. Data are mean 
values of three replicates ± S.E. Significant differences between values as assessed by LSD test 
(P<0.05) are shown as different letters.

Germination (%) Treatment 

24 h        48 h 72 h 

- light    
- nitrate (20 mM)   15 ± 3 a 
- nitrate (20 mM) + ET (10 µM)   17 ± 2 a 
+ nitrate (20 mM)  50 ± 4 b  100 c 
+ nitrate (20 mM) + ET (10 µM)   100 c 
+ nitrate (20 mM) + ET (50 µM)   100 c 
+ nitrate (20 mM) + ST n.f. 

+ light   
- nitrate (20 mM)   100 c  
- nitrate (20 mM) + ET (10 µM)  100 c  
+ nitrate (20 mM) 70 ± 8 d 

13 ± 6 a (LB) 
+ nitrate (20 mM) + ET (10 µM) 95 ± 4 c 

8 ± 3 a (LB) 
+ nitrate (20 mM) + ACC (10 µM) 98 ± 2 c 
+ nitrate (20 mM) + GA 4+7 (100 µM) 100 c   15 ± 3 a (LB) 
+ nitrate (20 mM) + GA 4+7 (100 µM) + ET (10 µM)   15 ± 3 a (LB) 
LB: light-brown lot; ST: stratification (ed, 4ºC); n.f.: not found. 
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died. Thus, at 24 h 6-fold more of the brown seeds germi-
nated than the light-brown ones, and the ET and/or the ACC 
had a positive effect on the brown lot and negative over the 
light. However, GA4+7 strongly stimulated germination in 
the brown seeds while hardly altering that of the light ones 
despite that ET was present (Table 1). The low percentage 
of germination in the light lot did not increase by stratifi-
cation, both in the absence as well as in the presence of 
GA4+7, nor by a short scarification. Stratification in some 
seeds affects the expression of genes involved in the syn-
thesis of physiologically active GAs (Yamauchi et al. 2004), 
and also intensifies sensitivity to GAs (Derkx and Karssen 
1993; Koornneef et al. 2002). The absence of stimulation of 
the germination of stratified light-brown seeds could imply 
that GAs did not play a major part in the process or else that 
these seeds have difficulty synthesising active GAs. By 
molecular approaches currently under way in our laboratory, 
we will soon be able to confirm or exclude this possibility. 

With the aim of making a thorough study of the effect 
of GA and ET on the germination rate of brown S. officinale
seeds, we quantified the radicle emergence in short time 
periods. The protrusion began to be detectable between 17 
and 18 h, reaching 100% at 25-26 h. This demonstrates the 
speed of the emergence process in this lot. The presence of 
GA4+7 strongly stimulated the germination between 21 and 
23 h; in fact, at 23 h the germination was 3.5-fold greater 
than in control. However, at 26 h, germination reached 
100% both in control as well as in the presence of GA4+7
(Fig. 5A). Conversely brown seeds, light ones have a great 
positive response to GA4+7 reaching in its presence germi-
nation percentages of 2.5-8.5–fold higher than the control 
(Fig. 5B). The results of Figs. 5 and 6 indicate that both lots 
of seeds present different sensitivity to GA and probably 

also different hormonal regulation of germination. A very 
similar profile of germination stimulation found for brown 
seeds in the presence of GA4+7 was also found in the 
presence of ET (Fig. 6A). The fact that the kinetics in the 
presence of ACC (the immediate precursor of ET) and ET 
are similar shows that the brown seeds of S. officinale have 
the capacity of oxidizing ACC (i.e. ACC-oxidase). This also 
occurs in other crucifers (Matilla 2000; Rodríguez-Gacio et 
al. 2004; Matilla et al. 2005). On the contrary, ET was not 
capable of stimulating the germination in light-brown seeds, 
which had a far lower germination capacity than did the 
brown seeds (Fig. 6B); that is, the results appear to indicate 
that the ET was strongly inhibitory. Although we cannot 
discard that the light seeds have difficulties to oxidize their 
endogenous ACC, the fact that the exogenous ET did not 
accelerate its germination supports the assumption that this 
hormone is not required for germination. In heterogeneous 
turnip-tops seeds, the final step of the ET pathway was 
altered concomitantly with the changes in germinating 
capacity affecting the levels and expression of ACC-oxidase 
(Puga-Hermida et al. 2003; Rodríguez-Gacio et al. 2004). 
GA4+7 and ET together were not capable, either, of boosting 
the germination percentage of the light-brown seeds lot. 

The addition to the germination medium of inhibitors of 
ET and GA synthesis gives us an idea of the participation of 
the two hormonal signals in the germination process of the 
brown seeds of S. officinale. Thus, the AVG (inhibitor of 
ACC-synthetase activity), Co2Cl (inhibitor of ACC-oxidase 
activity), and NO3Ag (inhibitor of the bonding of ET to its 
receptor) diminished the percentage of germination, particu-
larly when these compounds were added jointly (Table 2). 
The presence of GA4+7 partially reversed the inhibition, 
again demonstrating the preferential action of GAs in the 
germination process. This last observation is supported by 
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the total inhibition of germination in the presence of paclo-
butrazol, an inhibitor of GA synthesis (Table 2). However, 
the fact that the reversal caused by GA4+7 is not total, leads 
us to conclude that, apart from the presence of GA, other 
hormonal signals are needed for right radicle emergence. 

CONCLUDING REMARKS 

In this work, we have demonstrated several physical and 
physiological differences between heterogeneous lots of 
seeds from Sisymbrium officinale. The examination of the 
causes of this different behaviour, concerning the hormonal 
balance and physical requirements, complemented with a 
molecular approach, could shed light on the processes 
involved in germination for these species. Whether or not 
this heterogeneity reflects an adaptative strategy to control 
the timing and requirements for germination remains to be 
investigated; as discussed earlier, it could be also a matter 
of incomplete embryogenesis/maternal effect. In any case, 
both these heterogeneous lots are dispersed from wild popu-
lations of this weed, and probably this seed heterogeneity 
has a deep impact on the ecophysiology of this species. 
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Background and Aim, At present, published data indicate that gibberellins (GAs) and ethylene 

(ET) can individually promote germination in many seeds by interfering with ABA signalling. 

However, cross-talk between ET and GAs to achieve germination cannot be discarded. The aim 

of this study was determine if this cross-talk exist in Sisymbrium officinale L. seeds, which are 

endospermic. To this end, we have determined: (i) the expression of genes involved in the ET 

synthesis (SoACS7 and SoACO2) and GAs synthesis (SoGA20ox2, SoGA3ox2) and breakdown 

(SoGA2ox6); and (ii) biochemical activity of endo- -mannanase (MAN). These experiments 

were done during seed germination in the presence of ET, GA4+7 and inhibitors of synthesis and 

signalling of these hormones.  

 Methods The structure of the different parts of Sisymbrium officinale L. seed was determined 

by using fixation, sectioning, staining and light microscopy, ACC and MACC levels were done 

by means of its extraction and oxidation to ethylene, ACC- and GA-oxidases transcript levels 

were determined by using real-time semiquantitative PCR and activity of endo- -mannanase 

(MAN) was spectrophotometrically measured by means of dye release from AZCL-

galactomannan.  

Key Results The protrusion in S. officinale seeds consists of the two sequential phases of seed 

coat rupture and endosperm rupture. The afterripening (AR) induces a high sensitivity to ET and 

GA4+7; but, though the germination patterns are similar in the presence of both hormones, the 

GAs need is higher than of ET during early stage of germination. Both GA4+7 and ET increases 

markedly the ACC and MACC content along germination. At difference of SoGA2ox6 

expression, which is very high around protrusion and hardly inhibited by all studied treatments, 

SoGA3ox2 and SoGA20ox2 expression is mainly noticeable at 6 h of imbibition. Moreover, 

SoGA3ox2 and SoGA20ox2 expression is strongly inhibited by paclobutrazol (PB) and inhibitors 

of ET synthesis and signalling (IESS). AR induces a remarkable MAN activity in dry seeds and 
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the peak of MAN is not concomitant to 100% of germination. Both GA4+7 and ET stimulates this 

activity during germination process. 

Conclussions The alterations in germination percentage, SoACS7, SoACO2, SoGA3ox2, 

SoGA20ox2 and SoGA2ox6 expression, and MAN activity induced by GA4+7, ET and inhibitors 

of synthesis and signalling strongly suggests the existence of an interaction (cross-talk) between 

ET and GAs to trigger the germination in S. officinale seeds. All the results obtained in this work 

are carefully discussed. 

 

Key words: ACC and MACC, ACC- and GA-oxidases, endo- -mannanase, endospermic seed, 

ethylene, germination, gibberellins (GA4+7), mucilage, real-time PCR, Sisymbrium officinale. 
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INTRODUCTION 

The seed is the dispersal unit emerged in the course of plant evolution. A mature and viable seed 

that has overcome the process of dormancy, is prepared to germinate (Bewley, 1997). Seed 

germination, triggered by gradual water uptake, is achieved once integrated environmental and 

internal signals coordinate a high transcriptomic and proteomic activity, all this resulting in an 

optimal growth response (Koornneef et al., 2002; Finch-Savage and Leubner-Metzger, 2006). 

Plant hormones tightly regulate germination (Finkelstein, 2004; Kucera et al., 2005). 

Germination ends with the initial cellular elongation of the embryonic axis, not being essential 

the cellular division; and it is visible when the radicle has protruded through two covering layers 

(i.e. seed coat and endosperm single layer in endospermic seeds) at the level of micropylar 

region (Bewley, 1997; Barroco et al., 2005; Kucera et al., 2005). Two important forces, growth 

potential of the radicle and mechanical resistance of the covering layers, play antagonistic roles 

in the completion of germination. In order for a seed to complete germination, the growth 

potential of the radicle must overcome the tissue resistance of the micropylar covering layers, 

this fact also being regulated by hormonal signaling (Kucera et al., 2005). Weakening of the 

micropylar endosperm surrounding the radicle tip appears to be required for radicle protrusion, 

and is likely to involve cell-wall hydrolytic enzymes (Nonogaki et al., 2000; Mo and Bewley, 

2003; Nonogaki et al., 2007). By contrast, in some hard-seeds the micropylar endosperm 

presents a lower physical constraint to the completion of germination than the lateral endosperm, 

and hence its structure is predisposed to permit radicle protrusion (Gong et al., 2005). For many 

endospermic species, seed coat rupture and endosperm rupture are two sequential steps during 

germination (Petruzzelli et al., 2003; Liu et al., 2005). Abscisic acid (ABA) inhibits endosperm 

rupture, but not seed coat rupture (da Silva et al., 2004; Leubner-Metzger et al., 2006). The 

increase in the radicle growth potential, and the decrease in the covering layers mechanical 

resistence, can occur simultaneously (Nonogaki, 2006). Probably, a combination of both 
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possibilities could fully explain the mechanisms of seed germination in Arabidopsis and many 

other endospermic seeds.   

Precise and confirmed information is lacking in relation to the possible role of ethylene (ET) in 

the transition of dormancy to germination and in the germination sensu stricto (Kucera et al., 

2005; Matilla and Matilla-Vázquez, 2008). Although maximum ET production is usually 

detected after radicle emergence has finished, small amounts of gas are also produced in periods 

prior to protrusion. Moreover, there are seeds that cannot break dormancy by the administration 

of ET alone (Kucera et al., 2005; Finch-Savage and Leubner-Metzger, 2006; Matilla and 

Matilla-Vázquez, 2008 ), while in other cases this gas is sufficient (Matilla, 2000; Mendes-

Ribeiro and Santos Barros, 2006). ET synthesis and cellular sensitivity to it are two major factors 

for the germination in Arabidopsis (Beaudoin et al., 2000; Ghassemian et al., 2000; 

Siriwitayawan et al., 2003). Proteomic analysis in Arabidopsis revealed an essential role of 

endogenous ET only after radicle protrusion (Gallardo et al., 2002). ET mutants have been 

generated, and genetic, physiological, and molecular characterization of these mutants is starting 

to shed light on the complex process of regulation of the germination by ET. Thus, seeds of etr1 

and ein2 display enhanced primary dormancy, while ctr seeds have slightly reduced dormancy 

compared to wild type (Beaudoin et al., 2000). The etr1-2 mutation in Arabidopsis confers 

dominant ET-insensitivity and results in a larger proportion of mature seeds that exhibit hard 

primary dormancy (Chiwocha et al., 2005). 

The complexity of hormonal responses and their functional overlap support the presence of an 

intensive cross-talk between hormone signalling pathways (Brady and McCourt, 2003; 

Gazzarrini and McCourt, 2003; Razem et al., 2006; Weiss and Ori, 2007). The existence of a 

cross-talk among ET and gibberellins (GAs) seems to exist in Arabidopsis (de Grauwe et al., 

2007, 2008); but their participation during seed germination process need to be confirmed. 

However, several lines of evidence seem to support its existence: (i) newly synthesized GAs are 
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required for radicle protrusion in endospermic seeds (Ogawa et al., 2003) and ET treatment 

induces the germination of GAs-deficient mutant seeds (Karssen et al., 1989); (ii) exogenous 

GAs induces ACC-oxidase expression in imbibed ga1-3 seeds (Ogawa et al., 2003); (iii) the low 

germination of etr1 mutant seeds is reversed by GAs to wild type levels (Bleeker et al., 1988); 

(iv) the absence of ET signaling in etr1-2 mutation causes an increase in bioactive GAs, which 

demonstrates that ET negatively regulates the GAs pathway in wild type seeds (Chiwocha et al., 

2005); (v) GAs stimulate germination via DELLA protein disappearance (Tyler et al., 2004) and 

ET participates in the regulation of DELLA proteins accumulation, which suppress the GA 

response (de Grauwe et al., 2008). 

In order to gain insight on the knowledge of hormonal regulation of the germination, in the 

present work we report some effects of the ET and GA4+7 on the percentage of germination, 

endo- -mannanase (MAN) activity, and expression of two genes involved in ET synthesis 

(SoACS7 and SoACO2), two genes involved in bioactive-GA synthesis (SoGA20ox2, SoGA3ox2) 

and one involved in GAs breakdown (SoGA2ox6). All this work was carried out with seeds of 

Sisymbrium officinale L., which are endospermic, possess a high speed of germination and 

present a strong dependence of NO3
- and GAs to germinate (Hilhorst and Karssen, 1988). 

 

MATERIALS AND METHODS 

 

Plant Material 

Fruits of wild hedge mustard (Sisymbrium officinale L.) were harvested in Galicia (North-west 

Spain) during July-August of 2007. Dark ripe seeds were separeted from fruits (i.e. pedicel, 

replum and valve), cleaned and stored dry during 6 months at 21 ± 0.2ºC to break dormancy by 

after-ripening (AR).  Parallely, fruits of S. officinale were collected at two developmental stages, 

the first being whole fruit with early development (named here early fruit; EF) and the second 
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one fruits containing seeds at a very advanced development stage (i.e. late fruit, LF and late 

seeds, LS). 

 

Light Microscopy 

Seeds were fixed in 0.05 M pH 6.8 sodium phosphate buffer containing 2% (w/v) p-

formaldehyde (Panreac, Spain), 2% (v/v) glutaraldehyde (Merck, Germany) for 2 days at 4ºC. 

Fixation was followed by an ethanol dilution series. Seeds were embedded in LR White Resin 

(Sigma-

acid (Merck, Germany), Schiff´s Reagent (Merck, Germany) and 1% (w/v) Naphtol Blue Black  

(Sigma-Aldri -2 microscope (Nikon, 

Japan) was used for bright field microscopy. Images were taken with Coolpix 8400 camera 

(Nikon, Japan). 

 

Germination assays 

Three replicates of 50 seeds were sown in 90 mm Petri dishes on two layers of filter paper 

(Whatman No. 1) moistened with 3 ml of 20 mM KNO3 supplemented with solutions of 

4+7, Sigma-Aldrich, Spain), ET hrel, Sigma-Aldrich, Spain), 

(PB), Sigma-Aldrich, Spain) and a mixture of 

oxyvinylglycine (AVG) and 1 mM cobalt chloride 

(Co2Cl), Sigma-Aldrich, Spain) and signalling (10 M silver thiosulphate (STS), Sigma-Aldrich, 

Spain) of ET called here IESS.  

Germination experiments were carried out in a growth chamber at 24ºC in a 16 h photoperiod. 

Seeds were not surface-sterilized in order to avoid influencing their dormancy status, 

nevertheless fungal infections were not detected by light microscope. Seeds were considered 
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germinated when radicle protrusion was visible. Germination tests were performed at least twice 

using three replicates.  

 

Tetrazolium test and ruthenium red staining  

Intact seeds were incubated in a 1% (w/v) aqueous solution of 2,3,5-triphenyltetrazolium 

chloride (Merck, Germany) at 30ºC in darkness for 2 d. Tetrazolium salts were metabolically 

reduced to highly coloured end products called formazans by NADH-dependent reductases of 

the endoplasmic reticulum (Berridge et al. 1996). Mucilage was detected in the seed basically as 

described by Western et al. (2000). Whole seeds were allowed to imbibe on moist filter for 

between 5 min and 1 h, before the application of 0.2% (w/v) aqueous ruthenium red solution. 

Seeds were photographed with an Olimpus B061 stereomicroscope. 

 

Quantification of ACC and MACC 

Frozen at -80ºC tissue (50 mg) was homogenized at 4ºC using mortar and pestle with sterile 

distilled water in a 1:5 ratio (FW/v). The homogenate was centrifuged at 8000 rpm (Beckman 

Avanti J-25 minifuge, rotor JA-18.1 for Eppendorf tubes) for 15 min at laboratory temperature 

and supernatant assayed for ACC analysis using Lizada´s method (Lizada and Yang, 1979). The 

MACC in supernatant was determined after being hydrolyzed to ACC in 6M HCl at 100ºC for 3 

h and quantified as Gallardo et al. (1994). The measure of ET from ACC was as described 

Rodríguez-Gacio and Matilla (2001).  

 

Total RNA isolation from seeds and cDNA synthesis  

For RNA extraction, seeds at 0, 6, 12, 18, 20, 22 and 26 h along the germination were collected, 

immediately frozen in liquid nitrogen and stored at -80ºC until use. Three replicates were taken 

for each point. Seeds were finely grounded in liquid N2 using a Mikro-Dismembrator-S 
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(Sartorius AG, Goettingen, Germany) at 1500 rpm for 2 min. Total RNA was isolated using the 

phenol extraction/LiCl precipitation method (Verwoerd et al. 1989). The integrity and purity of 

the RNA was checked both electrophoretically and by the 260/280 nm absorbance ratio. Total 

RNA samples were digested with DNase (DNase I recombinant, RNase-Free, Roche, Germany) 

following manufacturer´s directions. RNA concentration was estimated by A260 measurement, 

and the samples were stored at -80ºC. Reactives used in this protocol were supplied by Sigma-

Aldrich ( -Strand 

Synthesis kit for RT-PCR (Roche, Germany) using oligo-p (dT) as a primer, following 

manufacturer´s directions. Samples were stored at -20ºC. 

 

Isolation of SoGA3ox2, SoGA20ox2, SoGA2ox6, SoACO2, SoACS7 partial-length cDNA  

The cDNA from seeds was used as template for PCR, using pairs of degenerated primers based 

on regions found to be highly conserved in other species (Supplementary Tab. S1). PCR 

conditions were as follows: 95ºC for 2 min, 40 cycles of 95ºC for 45 s, 47-55ºC for 45 s, 72ºC 

for 45 s and a final elongation step of 7 min at 72ºC. PCR reactions were carried 

 

were  analyzed by electrophoresis and extracted from the agarose gel using MiniEluteTM Gel 

Extraction Kit (Qiagen, Germany), and then sequenced. Sequences were compared to existing 

sequences in target databases using BLAST (Altschul et al., 1997). They contained the partial-

length cDNA of genes with very high similarity to GA3ox, GA20ox, GA2oxi, ACO, ACS genes of 

other plant species. Basing on their phylogenetic relationship to the known genes (data not 

shown), they were called SoGA3ox2, SoGA20ox2, SoGA2ox6, SoACO2 and SoACS7 and 
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registered in the GenBank under the accesion numbers EU689111, EU689113, EU689112, 

EU689115 and EU689114, respectively.  

Real-time PCR assay 

PCR analysis was performed with the cDNA obtained from different times along the germination 

as stated above as a template. Specific primer design was performed using the sequences 

obtained for SoGA3ox2, SoGA20ox2, SoGA2ox6, SoACO2 and SoACS7 (Supplementary Tab. 

S2). 18S-RNA was used as a control for the genes studied since it was found to be expressed at 

constant levels throughout studied period (data not shown). The PCR was performed in a iCycler 

iQTM Real-time Detection System (Bio-Rad Laboratories, Hercules, CA, USA). For each 25 

TM SYBR® Green Supermix (Bio-

d water. Samples 

were subjected to thermal cycling conditions of DNA polymerase activation 95ºC for 4 min, 40 

cycles of 45 s at 95ºC, 45 s at 52ºC (to SoGA20ox2, SoGA2ox6) or 55ºC (to SoGA3ox2, SoACO2 

and SoACS7), 45 s at 72ºC and 45 s at 80ºC; a final elongation step of 7 min at 72ºC was 

permormed. The melting curve was designed to increase 0.5ºC every 10 s from 62ºC (to 

SoGA20ox2, SoGA2ox6) or 65ºC (to SoGA3ox2, SoACO2 and SoACS7). Real-time PCR analysis 

was performed with two different cDNAs from the same time-point (from two different RNAs), 

and each of them was carried out in triplicate. The amplicon was analyzed by electrophoresis and 

sequenced once for identity confirmation. Quantification was based on analysis of threshold 

cycle (Ct) value as described by Pfaffl (2001). 

 

Endo- -mannanase (EC 3.2.1.78) activity  

Triplicate lots of seeds were ground in 1M sodium acetate buffer, pH 4.7 (Sigma Aldrich, Spain). 

After centrifugation at 20 000 g at 4 °C for 45 min, the supernatants were assayed in duplicate for 
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MAN activity. For enzym -galactomannan 

(Megazyme International Ireland Ltd., Wicklow, Ireland) in 100 mM sodium acetate buffer, pH 

in an orbital shaker. Dye release from AZCL-galactomannan was determined spectro-

photometrically by measuring the absorbance at 590 nm in supernatant samples of the reaction 

mixture. One unit of MAN activity was defined as the amount of enzyme that releases one 

nanomole of reducing sugar equivalent to D-mannose per minute under the above conditions. A 

curve relating dye release from AZCL-galactomannan to reducing sugar release from locust bean 

gum (Sigma Aldrich) as determined by the PAH-BAH method (Lever, 1972) was constructed 

and used for interconversion of MAN activities.  

 

Statistical analysis 

The statistical treatment was based on a variance analysis and averages/means were compared by 

using the least significant diference (LSD) test at P<0.05 (Steel and Torrie 1982). 

 

RESULTS 

 

Cyto-histological alterations in the micropylar region during imbibition and protrussion of S. 

officinale seeds  

The seeds of S. officinale, as with other crucifers described, are endospermic and heterogeneous 

in colour (i.e. brown and light-brown). We have selected for this work only the brown seeds. The 

tetrazolium test made in these seeds showed that 100% of the seeds were alive. By contrast, only 

40 ± 7% were alive in the light-brown lot. The seed is surrounded by the seed coat wich contains 

the outer and inner integuments (Fig.1A; general view of S. officinale dry seed). The outer 

integument include: (i) mucilaginous cell layer enriched in columnelles and producer of 
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abundant mucilage wich surrounds the seed within a few minutes of the beginning of imbibition 

process (this myxospermic character was demonstrated with ruthenium red; Western et al., 

2000); and (ii) palisade epidermic cell layer with thickened (i.e. pectin enriched) internal 

tangential cell walls. On the other hand, the inner integument is composed by a thin endodermic 

layer without scarce differences in the cell walls thickness (Fig. 1B). Under inner integument is 

the endosperm composed by only one cell layer. In dry seed, the endospermic cells have 

abundant proteic bodies and few cell turgor (Fig. 1B). After 4 h of imbibition (Fig. 1C): (i) the 

density of columnelles decreases; (ii) the degradation of endospermic proteic bodies and the 

increase of cell turgor pressure in the endospermic micropylar region begins; and (iii) the water 

uptake triggers the radicle cell elongation and the beginning of the pressure of radicle apex on 

the surrounding envelops. At final of imbibition (18-19 h) the view is (Fig. 1D; general view): (i) 

the palisade cell layer corresponding to micropylar zone is dismanteled; (ii) the proteic bodies of 

both micropylar endosperm and micropylar endospermic adjacent cells are empties and the 

micropylar endosperm layer is thinner than at 4 h imbibition, into others, by an strong cell wall 

thinness; (iii) the proteic bodies of radicle lateral cells begins its degradation; and (iv) the seed 

coat rupture is visible in the lateral region near to micropylar zone (Figs. 1D,E). After the above 

described events, the cell layer of micropylar endosperm is broken and the protrussion executed 

(Fig. 1F).   

 

Germination profiles of S. officinale seeds  

Before initiating the studies presented here, the freshly harvested S. officinale brown seeds (non 

AR seeds) were stored dry at 21 ± 0.2 ºC and darkness for 6 months (AR seeds). This time was 

sufficient to complete the AR (data not shown). The radicle emergence of S. officinale seeds was 

strongly dependent of light and the presence of NO3
- in the germination medium (Hilhorst and 

Karssen, 1988). In control (20 mM KNO3), the protrusion began at 19-20 h (2-4 ± 1%) and 
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increased rapidly until 25-26 h (100% germination). In presence of 100 M GA4+7 or 10 M 

ethrel, the protrusion became detectable at 15-16 h (4-5 ± 1%) and 100% germination was at 23 

h. Quantitatively significative differences were no observed between both hormonal treatments 

(Tab. 1).  The germination percentages in presence of ACC were similar to those obtained with 

ethrel (data not shown). Together, GA4+7 and ethrel were incapable of boosting the germination 

percentage with respect to individual hormones (data not shown). Maximum germination 

percentage was not altered by the ACC-synthase inhibitor AVG (10 or 100 M), while the ACC-

oxidase inhibitor Co+2 (100 M) slightly decreased it. All these inhibitions were strongly 

overcome by GA4+7 and ethrel, and the inhibitor of bio-active gibberellin sinthesis paclobutrazol 

(PB) strongly prevented it (data not shown).   

 

Effect of ethrel and GA4+7 pulses on the germination rate of S. officinale 

This experiment was conducted to determine whether the time-course of S. officinale seed 

germination was altered by ethrel or GA4+7 added to the medium at different times of imbibition 

phase. The results of the time-course may reflect the need for ET or GAs during imbibition and 

its effects on germination pattern. To this end, ethrel and GA4+7 were applied at 0, 4, 8, 12 y 16 

h, and then the kinetics of induced germination quantified. The germination time-course was 

different depending on the time of application. Thus, ethrel and GA4+7 only stimulate the radicle 

emergence if applied very early (i.e. 0 or 4 h, respectively) (Figs. 2A, B, F, G). Contrary, the 

hormonal effect was slower or even null when ethrel or GA4+7 were added at the middle or late 

stage of imbibition, respectively (i.e. 8, 12 y 16 h; Figs. 2C-E, H-J).  

 

Alterations in ACC and MACC produced by ethrel and GA4+7 during germination 

An ACC peak coincident with the onset of radicle emergence was detected in control (Table 1). 

The protrusion acceleration caused by GA4+7 and ethrel also accelerated the appareance of the 
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ACC peak. However, the presence of GA4+7 provocked a sharp decline in ACC after reaching the 

maximum germination percentage. This last fact was not observed in the presence of ethrel, 

probably due to the existente of an ACC autocatalytic production. In fact, during all studied 

period the ACC levels were always greater in presence of ethrel than GA4+7 (Table 1). The ACC 

content significantly decreased with IESS after completing the imbibition phase. However, the 

PB caused the opposite effect that IESS. With regard to the MACC levels, very abundant in dry 

seed (two times higher than the ACC): (i) decreased significantly in the control until it starts 

protrusion (20 h), increasing thereafter; (ii) exogenous ethrel caused an increase in MACC 

following the same pattern as in control but with minimal value at 18 h; (iii) GA4+7 induced 

higher MACC levels than control decreasing from 12 h; (iv) PB induced MACC values lower 

than in the control and in the presence of GA4+7, while IESS induced greater amounts of 

conjugated than the control and in the presence of PB (Table 1).  

 

Effect of ethrel and GA4+7 on SoACS7 and SoACO2 transcript levels during germination 

Prior to the study of gene expression during germination, we have demonstrated that SoACS7 

and SoACO2 genes were expressed during seed development. Thus, the level of SoACS7 

transcript was very abundant during all studied development stages, decreasing slightly with the 

desiccation process. By contrast, SoACO2 expression was much lower than SoACS7 in EF, 

increased concomitantly with the development and also during desiccation. Interestingly, AR 

caused in dry seeds a decrease in the level of both SoACS7 and SoACO2 transcripts (Fig. 3A). 

The SoACS7 expression was not detected during imbibition of control AR seeds and those 

treated with ethrel, GA4+7, PB and IESS. However, notable levels of SoACS7-mRNA were found 

in control when germination reached 50-100 %. The control expression pattern was slightly 

increased by ethrel and IESS (Figs. 4A, C, D), but was totally eliminated with PB (data not 

shown).  The presence of GA4+7 accelerated the SoACS7 expresión concomitantly with the 
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stimulation of induced radicle emergence (Tab. 1; Fig. 4B). The SoACO2 transcript was barely 

detected in control during the first 6 h of imbibition, rose sharply in the final hours of imbibition 

and during the progress of the radicle emergency (Fig. 5A). The SoACO2 expression pattern was 

similar to the control in the presence of GA4+7 (Fig. 5B), strongly inhibited by PB (Fig. 5C) and 

much less inhibited by IESS (Fig. 5E). Finally, ethrel caused a similar SoACO2 expression 

pattern than the one found in the control, but with slightly higher values (Fig. 5D).  

 

Effect of ethrel and GA4+7 on SoGA3ox2, SoGA20ox2 and SoGA2ox6 transcript levels during 

seed germination  

The level of SoGA3ox2-mRNA increased during seed development, was a sharp drop during 

desiccation and AR process stimulated its expression in dry viable seeds (Fig. 3B). The 

SoGA20ox6 expression was very high in the EF phase, while in LF, LS and NAS was 

approximately 5 times lower. AR slightly rose the SoGA20ox6 transcript in dry viable seeds (Fig. 

3B). However, the SoGA2ox6 expression was scarce in EF, increased linearly up to the NAS 

stage and AR process caused a slight decrease in the SoGA2ox6-mRNA level (Fig. 3B). During 

the first 6 h of imbibition occurred a strong stimulation of SoGA3ox2 expression, while the 

SoGA3ox2-mRNA levels from 12 to 26 h were similar and about half that at 6 h. (Fig. 6A). 

However, although the SoGA3ox2 expression profiles were very similar in the presence of ethrel 

and GA4+7, the ethrel profile was slightly greater than that of GA4+7 (Fig. 6B, C). The SoGA3ox2 

expression pattern in control seeds was strongly inhibited by PB and IESS (Figs. 6A, C, E).  

Ethrel and GA4+7 decreased between 3-4 times the SoGA3ox2 transcript level determined in 

control at 6 h, increasing gradually over the period studied. The stimulation of SoGA20ox2 

expression observed in control at 6 h of imbibition was identical to the one that was shown for 

SoGA3ox2; but the level of transcripts was 5-6 times lower between 12-26 h (Figs. 6A, 7A). 

However, as also happened with the SoGA3ox2 transcript level, exogenous GA4+7 and ethrel 
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inhibited the level of SoGA20ox2-mRNA at 6 h and slightly increased it from 6 h onwards (Figs. 

7A, B, D). On the other hand, the SoGA20ox2 expression in the presence of GA4+7 and ethrel 

were diminished by PB and IESS (Figs. 7B-E). Interestingly, the SoGA3ox2 expression pattern 

in the control was not altered by exogenous PB and IESS between 12-26 h (Figs. 7A, C, E). 

Contrary to SoGA3ox2 and SoGA20ox2, the SoGA2ox6 expression was hardly detectable at 6 h 

and was very high between 12-20 h (Fig. 8A). This expression pattern was markedly inhibited 

with all treatments used, especially with IESS (Figs. 8B-E). 

 

Alterations in endo- -mannanase activity in the presence of ethrel and GA4+7 

 A notable MAN activity was determined in dry AR seeds of S. officinale (Fig. 9A) and 3 h 

imbibed seeds (data not shown). This high MAN decreased dramatically until 12 h and increased 

sharply again before and during the radicle emergence. The maximum of enzymatic activity did 

not correspond with the 100% of germination (i.e. 26 h; Tab. 1) (Fig. 9A). The low MAN 

observed between 6-12 h was strongly stimulated with GA4+7 and ethrel, the second being more 

effective (Figs. 9B, D). Both hormonal treatments increased the MAN between 18-26 h 

coinciding with the high stimulation of radicle emergence (Tab. 1). The presence of PB, which 

strongly inhibited the protrusion in S. officinale seeds, caused the greatest MAN stimulation 

observed in this study. However, IESS induced a MAN pattern similar to that observed with 

GA4+7 (Figs. 7C, E).  

 

DISCUSSION 

 

The S. officinale seed is composed of the embryo, surrounded by two covering layers (i.e. seed 

coat and one single layer of endospermic cells), and cotyledons (Fig. 1A-D). The micropylar 

endosperm surrounding the radicle tip is only composed of one cell layer. In A. thaliana also 
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exists one micropylar endospermic cell layer (Liu et al., 2005), but one or two exist in Lepidium 

sativum (Müller et al., 2006) and a few in Lepidium virginicum (Nguyen et al., 2000). As occurs 

in Arabidopsis (Mansfield and Briarty, 1996; Müller et al., 2006), the germination of S. 

officinale seed consists of the two sequential phases of seed coat rupture and endosperm rupture 

(Fig. 1E,F). This temporal sequence was no visible in Solanaceae seeds (Petruzzelli et al., 2003). 

The role of the seed coat as a germination constraint has been studied by using mutants of 

Arabidopsis (Debeaujon and Koornneef, 2000; Koornneef et al., 2002). On the other hand, 

although the intervention of micropylar endosperm in the rupture of the seed coat is not yet 

clarified, the secretion of hydrolytic enzymes, whose substrates are structural components of the 

cell wall (i.e. loosening), or the increase in the cellular expansion to cause the physical rupture of 

the seed coat, are two possibilities to consider. Thus, the micropylar endosperm is considered as 

a barrier for radicle protrussion (Leubner-Metzger et al., 2006) and play a determinant role in 

Arabidopsis dormancy (Bethke et al., 2007). The endosperm cell wall weakening (Bewley, 

1997) seems to be required for lettuce (Toorop et al., 1999) and Lepidium sativum (Müller et al., 

2006) endosperm rupture. Moreover, ABA specifically inhibits both weakening and rupture of 

endosperm (Müller et al., 2006) and endosperm rupture is under the control of an ABA-

gibberellin antagonism (Kucera et al., 2005; Müller et al., 2006). Endosperm weakening seems 

to be biphasic in some seeds: the first phase is ABA insensitive and the second one is inhibited 

by ABA (Toorop et al., 2000; da Silva et al., 2004). Here, we have demonstrated that the tissues 

surrounding to radicle apex are structurally altered during the first hours of imbibition: (i) 

palisade layer is dismanteled; (ii) in endosperm layer, the volume of cytoplasm increases and the 

abundant proteic bodies are degradated; and (iii) in radicle, the proteic bodies corresponding to 

sub-apical space are also degradated. On the other hand, the secretion of mucilage, an extremely 

hydrophylic polimer and pectin-rich, is very abundant in imbibed S. officinale seeds and 

completely envelops the seed coat (Fig.1A-D). The mucilage-producing cells in mixospermous 
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seeds like S. officinale are located in epidermal tissue of the seed coat of several species, 

including those of the family Brassicaceae (Western et al., 2004). Because the imbibition 

process must be tightly regulated in order to start the normal germination process, the mucilage 

can be involved in a slow and controlled water uptake (Penfield et al., 2001). The fruit of S. 

officinale contains two kind of seeds with respect to the colour of their seed coat (i.e. brown 

seeds used in this work, and light-brown ones). Brown seeds have a greater capacity to secrete 

mucilage, a slower water uptake rate and a far faster radicle emergency (Iglesias-Fernández et 

al., 2007). That is, the mucilage might work in S. officinale to enhance and control the initial 

imbibition.  

 The AR S. officinale seeds acquire a high sensitivity to ET and GA4+7. So much so that 

strongly stimulating protrussion, and both germination profiles are very similar in the presence 

of both phytohormones (Tab. 1). PB and IESS sharply inhibited the effect induced by GA4+7 and 

ET, and this inhibition is overcome by the addition of GA4+7 and ET, respectively (data not 

shown). The intervention of the GAs in the germinative process of endospermic seeds appears to 

be beyond any doubt. However, the ET seems to act in concert with GAs, and the participation 

of these appears to be quantitatively and qualitatively more important (for review see Matilla and 

Matilla-Vázquez, 2008). There are seeds in which the highest production of ET and active GAs 

temporally coincides (Kucera et al., 2005). However, will be very interesting to demonstrate 

whether ET stimulates germination by altering GAs biosynthesis or sensitivity, or whether it acts 

through its own production or signalling.  Although the germination time-courses in the presence 

of ET and GA4+7 were very similar, a detailed analysis of the germination kinetics shown in 

figure 2 suggests a greater need for exogenous GAs with respect to ET in the early stages of 

germination. The obtained time-courses in the presence of PB, an inhibitor of bio-active GAs 

synthesis, were consistent with this. Thus, its addition at the beginning of imbibition led to a 

sharp radicular emergence slowdown, and the germination percentages were increasing as the 
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time of application of PB was later. On the other hand, the time-courses in the presence of ISSE 

were very close between them and very separated regarding to the control minus IEES, 

suggesting that ET synthesis and signalling during imbibition phase is involved in the 

germination process.   

 The functional overlap between different hormonal responses support the presence of an 

interaction (cross-talk) between theirs signalling pathways (Brady and McCourt, 2003; 

Chiwocha et al., 2005; De Grauwe et al., 2007, 2008; Holdsworth et al., 2008). We suggest the 

existence of a relationship between ET and GAs signalling pathways during the germination 

process since both hormones cause similar pattern of embryonic axis protrusion and this pattern 

is not altered by the addition of both hormones together. ET and GAs have similar stimulatory 

effects on Arabidopsis hypocotyl elongation (Smalle et al., 1997). Molecular characterization of 

such and others cross-talk should provide an advance on the picture of seed germination. The 

approximation to understanding the ET-GAs interaction at the molecular level during 

germination of S. officinale seeds was the main objective of this work. Due to this, we have 

studied the expression of two genes involved in ET synthesis (SoACS7 and SoACO2) and three 

genes involved in GAs synthesis (SoGA20ox2, SoGA3ox2) and breakdown (SoGA2ox6). The 

alteration in the expression of these five genes during zygotic embryogenesis and acquisition of 

AR shows that: (i) the expression of SoACS7, the highest of all transcripts studied, and 

SoGA3ox2 decreases sharply with seed desiccation; (ii) the expression of both SoACO2 and 

SoGA2ox6 increases as seed development and desiccation progresses, while the SoGA20ox2-

mRNA decreases sharply in the transition EF to LF and remains constant until the complete 

drying, suggesting that, unlike SoACO2 and SoGA2ox6, the expression of SoGA20ox2 has a very 

relevant role in the middle and late stages of seed development; (iii) the acquisition of AR causes 

a significant decrease in the level of SoACS7, SoACO2 and SoGA2ox6 transcripts or the failure to 

transcribe them, and on the other hand, a sharp increase in the expression of SoGA3ox2. This last 
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result strongly suggests that the mechanism of action of AR to overcome the S. officinale seed 

dormancy directly affects the GAs synthesis via SoGA3ox2. However, it seems that the ET 

pathway is not involved in this post-harvest process. Although the molecular mechanisms 

involved in the acquisition of AR are not clearly understood, there are convincing indications 

that processes related to dormancy release occur in dry seeds. Thus, recent results from cDNA-

AFLP (Bove et al., 2005; Leymarie et al., 2007), microarrays (Finch-Savage et al., 2007; Carrera 

et al., 2008) and gen- and protein-omic (Johnson and Dyer, 2000; Chibani et al., 2006) analyses 

show that gene expression is altered in AR dry seeds. To try to explain that a seed with a very 

low hydration could carry out a measurable gene activity, Manz et al. (2005) demonstrated the 

existence of areas with high moisture in tobacco viable dry seeds.  

 Bioactive-GAs are required for seed germination as demonstrated by the non-germinating 

phenotype of the gai1-3 Arabidopsis mutant (Koornneef and van der Veen, 1980; Ogawa et al., 

2003). GA biosynthesis takes place during early seed imbibition because germination can be 

inhibited at that time by GA-biosynthesis inhibitors (Pen et al., 2002; Ogawa et al., 2003; Fig. 2 

of this work). The fact that SoGA3ox2-mRNA increases during the acquisition of AR in S. 

officinale suggests the involvement of GAs synthesis in the preparation for germination. 

However, the levels of bioactive-GAs produced during AR does not appear to be sufficient to 

start the germination process, since at 6 h of imbibition: (i) the SoGA3ox2 and SoGA20ox2 

expression is markedly increased; and (ii) the SoGA2ox6 expression, involved in GA 

deactivation, is very scarce regarding to the rest of the germination period. Nevertheless, it is 

probable that SoGA3ox2 is more involved than SoGA20ox2 in the synthesis of bioactive-GAs 

during S. officinale seed germination since the levels of SoGA20ox2 transcripts are less 

abundant. On the other hand, given the wide expression of SoGA2ox6 that takes place during the 

progression of radicle emergence, we can conclude that the level of bioactive-GAs during 
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germination of S. officinale seeds is tightly controlled by modulating both their synthesis and 

catabolism. 

 Cross-talk between ET/GAs has been demonstrated to control several pathways of plant 

growth and development in Arabidopsis (Ogawa et al. 2003; Chiwocha et al., 2005; Weis and 

Ori, 2007; De Grauwe et al., 2008; Dugardeyn et al., 2008). Recently, hypocotyl elongation 

induced by ET was found to be dependent but not mediated by GAs (Vandendussche et al., 

2007). Yet, there are few studies at molecular level on the ET/GAs cross-talk during the 

germination of seeds different to Arabidopsis. The Chiwocha´s results interestingly suggest that 

the ET signalling modulates the metabolism of several plant-hormone pathways in seeds (v.e. 

those of GAs and ABA) (Chiwocha et al., 2005). In S. officinale seeds, the results obtained using 

pulses of hormones and inhibitors (v.e. PB and IESS; Fig. 2) suggest that ET seems less 

important than the GAs to trigger the protrusion. Moreover, SoACS7 is expressed very late in the 

germination process, perhaps because the endogenous ACC levels are sufficient to supply the 

SoACO2, whose expression is very noticeable around the protrusion. It is very possible that 

SoACS7 is not the only member of SoACS family related to germination; but we failed to isolate 

others. On the other hand, the presence of ethrel or GA4+7, which accelerate the radicle 

emergence in S. officinale, alter the ACC levels before protrusion and the SoACO2 expression 

pattern. By contrast, in the presence of PB and IESS, the germination percentage, ACC content 

and SoACO2 expression are markedly inhibited. The addition of ET triggers a positive feedback 

that raises the PsACO1 expression in pea seeds (Petruzzelli et al., 2000). Likewise, the 

application of GA3 also produced an increase in ACC content, ACC-oxidase, FsACO1 

expression and ET synthesis in Fagus sylvatica seeds, suggesting some ET/GAs cross-talk 

(Calvo et al., 2004a). During GA4 treatment of ga1-3 seeds, which stimulates germination, 

expression of AtACO was also increased (Ogawa et al., 2003).  
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 By comparing the levels of SoGA3ox2 and SoGA20ox2-mRNA in the control we can 

conclude that the expression and regulation SoGA3ox2 must be of great importance during 

germination since their expression is higher than that of SoGA20ox2. Several results presented in 

this work referred to SoGA3ox2, SoGA20ox2 and SoGA2ox6 expression point out an ET/GAs 

cross-talk regulation during S. officinale seed germination. Thus, (i) SoGA3ox2 expression is 

strongly inhibited by PB and IESS, and by GA4+7 and ethrel during germination and imbibition, 

respectively; (ii) ethrel and GA4+7 diminish two times the levels of SoGA20ox2-mRNA during 

the first 6 h of imbibition and increase the SoGA20ox2 expression along germination, while PB 

markedly inhibits the level of SoGA20ox2-mRNA at 6 h and the levels of SoGA20ox2 transcrips 

in presence of IESS and PB are lightly higher than control between 18-26 h; (iii) SoGA2ox6 

expression is severely inhibited by inhibitors PB and IESS during the germinative process, and 

by GA4+7 and ethrel between 18-26 h; but these hormone stimulate the SoGA2ox6-mRNA at 

onset of imbibition. Taking all this into account, the results summarized in this paragraph 

suggest the hypothesis that the regulation of the synthesis of bioactive-GAs involved in the 

germination of S. officinale seeds is subject to strong control by ET and GAs (i.e. ET/GAs cross-

talk regulation), and if the threshold level of GAs necessary to prompt germination is surpassed, 

a destruction mechanism exists (v.e. SoGA2ox6) to respond at this unnecessary synthesis. As an 

alternative explanation, and based on the study of the impact of the etr1-2 mutation during 

germination of A. thaliana (Chiwocha et al., 2005), it is possible that the lack of GAs synthesis 

(i.e. PB) or ET synthesis and signalling (i.e. IESS) in S. officinale seeds causes compensatory 

responses in other hormonal pathways or that GAs and ET normally regulate these hormonal 

pathways in a positive or negative way, either directly or indirectly. Recently, a cross-talk of 

FsGA20ox1 by GAs and ET in germinating beechnuts seeds was evidenced (Calvo et al., 

2004b); and more recently an up- and down-regulation of different GA metabolism genes by ET 
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have been demonstrated, this finding being also related to ET/GA cross-talk (Dugardeyn et al., 

2008). 

 To conclude this study on some interactions between ET and GAs in S. officinale, we 

have determined the effect of both hormones on MAN activity. In tomato seeds, MAN activities 

are expressed sequentially in different parts of endosperm, initially in the micropylar area 

(germinative expression) and subsequently in the surrounding lateral area (postgerminative 

expression) (Nonogaki et al., 2000; Gong and Bewley, 2007 and references therein). At present, 

the consensus appears to be that, while MAN activity is required for endosperm weakening, it is 

not, by itself, sufficient to allow germination to be completed (Gong et al., 2005). In S. 

officinale, a noticeable in vitro MAN activity is present in dry seeds, and its activity strongly 

decrease until 12 h of imbibition. Presumably this enzyme protein was synthesized during 

zygotic embryogenesis or alternativelly their gene(s) translated in the own dry seed during AR 

process since MAN activity is scarcely detected in not AR seeds. By means of western blot 

analysis, a MAN protein was recently found in an inactive form in dry rice seeds (Ren et al., 

2008). After 12 h imbibition, MAN activity increases in S. officinale seeds and reaches a 

maximum between 20-22 h (9-51% of germination). Previous studies in rice have shown that 

there is an increase in MAN activity mostly after the completion of germination, this increase 

being positively affected by GAs (Wang et al., 2005). Interestingly, (i) GA4+7, ethrel and IESS 

augments in S. officinale seeds the MAN activity between 6-12 of imbibition. However, GA4+7 

do not affect this activity along protrussion, while ethrel does; and (ii) the MAN activity is 

strongly risen in the presence of PB along germination process, apparently indicating that a fall 

in the content of bioactive-GAs triggers a rapid desynchronization in the seed, whereupon a non-

specific enzymatic stimulation takes place without provoking protrussion due to the absence of 

GAs. All data presented here on MAN activity during germination process of S. officinale seeds 

point to an ET/GAs cross-talk regulation, as discussed for the expression of the genes studied. To 
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shed light on this approach, we are carrying out an in situ hybridization to know the spatial and 

temporal localization of SoMAN in hedge mustard seeds. 

SUPPLEMENTARY DATA 

Supplementary information is available online at www.aob.oxfordjournal.org and includes 

the following. Table S1: List of degenerated primers used for PCR assay in the isolation of 

partial-length cDNAs. Table S2: List of primers used for the Real-time PCR assay.  
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LEGENDS 

Fig. 1. Structure of Sisymbrium officinale L. mature seed. Bright field microscopy of 

longitudinal sections of seeds stained with PAS-Naphthol Blue Black. (A) Entire dry seed, 

showing the mature and fully differentiated embryo, the endosperm (aleurone layer) and the testa 

(seed coat). (B) Structure of micropylar zone enclosing the radicle tip in dry seed. (C) Structure 

of micropylar zone enclosing the radicle tip at 4 h of imbibition. (D) General view of a seed at 

18- 19 h of imbibition. (E) Detail of testa rupture in germinating seed (18- 19 h). (F) Radicle 

protrusion in germinating seed (22 h). AL, aleurone layer; C, cotyledon; ChE, chalazal 

endosperm; Col, columella; II, inner integument; ME, micropylar endosperm; PL, palisade 

layer; R, radicle; SAM, stem apical meristem; SC, seed coat. Arrows show empty proteic bodies. 

The letter refers to the position of the close-up section. Size bars are given for each panel.  

Fig. 2. Germination time-course of Sisymbrium officinale seeds under indicated pulses of 10 M 

ethrel ( ); 1 mM Cl2Co, 1 mM Ts-Ag ( )(pannels A- 4+7 ( ); 25 

) (pannels F-J). Control (20 mM KNO3) ( ). Data are means ± standard error (S.E) of 

3 independent experiments. 

Fig. 3. Transcript analysis by real-time PCR of ethylene and gibberellin biosynthesis genes 

during the development of the fruit and seed of S. officinale. (A) Expression profile of SoACO2 

and SoACS7. (B) Expression profile of SoGA3ox2, SoGA20ox2, SoGA2ox6. EF: early fruit; LF: 

late fruit; LS: late seed; NAS: not after-ripened dry seed; AS: after-ripened dry seed. Error bars 

represent the standard error of three independent experiments. 

Fig. 4. Expression profile of SoACS7 during germination time course of S. officinale seeds 

analyzed by real-time PCR. (A) Control (20 mM KNO3 4+7; ; 

1 mM Cl2Co, 1 mM STS. Error bars represent the standard error of three 

independent experiments.  
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Fig. 5. Expression profile of SoACO2, during germination time course of S. officinale seeds 

analyzed by real-time PCR. (A) Control (20 mM KNO3 4+7 PB; (D) 

2Co, 1 mM STS. Error bars represent the standard 

error of three independent experiments.  

Fig. 6. Expression profile of SoGA20ox2 during germination time course of S. officinale seeds 

analyzed by real-time PCR. (A) Control (20 mM KNO3 4+7

thtrel 2Co, 1 mM STS. Error bars represent the standard 

error of three independent experiments.  

Fig. 7. Expression profile of SoGA3ox2 during germination time course of S. officinale seeds 

analyzed by real-time PCR. (A) Control (20 mM KNO3 4+7

threl 2Co, 1 mM STS. Error bars represent the standard 

error of three independent experiments.  

Fig. 8. Expression profile of SoGA2ox6 during germination time course of S. officinale seeds 

analyzed by real-time PCR. (A) Control (20 mM KNO3 4+7

threl 2Co, 1 mM STS. Error bars represent the standard 

error of three independent experiments.  

Fig. 9. Profile of endo- -mannanase activity during germination time course of S. officinale 

seeds. (A) Control (20 mM KNO3 4+7 threl; (E) 

2Co, 1 mM STS. Error bars represent the standard error of three 

independent experiments.  
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Table 1. Effect of GA4+7 and ethrel on ACC and MACC levels during the S. officinale seed germination 

*Percentage of germination; **ACC (nmol g-1 FW); *** (nmol g-1 FW). Data are mean values of three replicates ± 
SE. The ACC and MACC values in dry seed were 320±15 and 619±31, respectively. Significant differences 
between values as assessed by LSD test (P>0.05) are shown as different letters. 

Treatment         
  6h 12h 15h 18h 20h 22h 26h 
control not AR - - - - - 2±1a 7±2a*

 AR - - - - 9±2b 51±5f 100±4i*

  68±3c 70±2c 73±1d 80±7d 90±6g 80±2d 79±5d**

  301±16f 305±21f 240±28e 206±12d 175±11b 254±18e 303±18f***

         
GA4+7 not AR - - - - - 7±2a 14±5b 
 AR - - 4±2a 10±3b 25±4d 92±7h 100±2i 
  70±7c 76±5d 79±3d 84±6e 75±3d 47±3b 30±6c 
  276±24e 392±31j 364±14h 341±27h 332±18g 231±16e 255±24e 
         
PB  - - - 2±1a 25±4d 92±7h 100±2i 
  64±4c 65±3c 67±5c 70±2c 87±4e 96±5g 102±8g 
  254±21e 123±9a 169±11b 198±17c 328±23g 142±12a 273±31e 
         
Ethrel not AR - - - - - 5±1a 12±3b 
 AR - - - 8±2b 24±3d 89±6h 100±3i 
  80±6e 89±6f 97±6g 118±7g 105±6g 100±4g 95±2g 
  329±21g 382±27j 325±19g 271±8e 332±14g 359±12h 343±11h 
     
IESS  - - - - - 7±2b 61±1g 
  76±4d 79±5d 76±3d 75±3d 71±3c 69±5c 35±2a 
  254±20e 281±26e 312±11f 338±17g 388±14g 359±12h 343±11h 
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Table S1. List of degenerated primers used for PCR assay in the isolation of 
partial-length cDNAs.

Gene      Primer name       Primer sequence (5´-3´)   

SoGA3ox 

  FwConGA3ox   ATGTGGTCNGAAGGNTTCAC 

  RvConGA3ox   ATGTGNAANAAGTCACC 

SoGA20ox 

  FwConGA20ox   AADCTNCCNTGGAARGAGAC 

  RvConGA20ox   TGBAARCARCTCTTGTA 

SoGA2ox 

  FwConGA2ox   GGNTTYGGAGARCAYWCWGACCC 

  RvConSoGA2ox   CACTNNTAAAYCTYCCATTNGTCA

SoACO 

 FwConACO   ATGGAGAGAACATCAAGYTTYCTVTT 

 RvConACo   TTAGAATGTCTCCTCVGTNGCCA 

SoACS 

 FwConACS  CCAGGGTTTGATAGAGATTTGAG 

 RvConACS  GCAGNSGACGCAAATYCATCC
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Table S2. List of primers used for the Real-time PCR assay  

Gene    Primer name            Primer sequence (5´-3´)            Amplicon size (bp)  

SoGA3ox2 

                    FwSoGA3ox       CTGTGGTTGGCATTAGGTTC 168

 RvSoGA3ox GAGAGTTGAGTCGGTATGGG 

SoGA20o2x 

 FwSoGA20ox GGTCTTGGTGAAGGATGG 180

 Rv SoGA20ox AAGATCATGGAGCTTCTGG 

SoGA2ox6 

 Fw SoGA2ox GTAGATGGACTTGAGATTTGC 89

 Rv SoGA2ox CAGTCACCGACCAATACG

SoACO2 

 FwSoACO GGTGATAACCAACGGCAAGT 89 

 RvSoACo TGTAGAACGAGGCAATGGAC 

SoACS7 

 FwSoACS CGATCCCTGCCTTCTTA 113

 RvSoACS TAAGAAGGCAGGGATCG

18SRNA  

 Fw18S-RNA  GGCTCGAAGACGATCAGATA 87 

  Rv18S-RNA  TCATAAGGTGCCGGCGGAGT 
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Abstract

After-ripening (AR) in Sisymbrium officinale seeds altered SoACS7, SoACO2, SoGA20ox2, SoGA3ox2, and SoGA2ox6

gene expression. Except for SoGA20ox2 expression, which sharply diminished, the expression of the other genes

rose during development, particularly that of SoACS7. In contrast, only the SoACO2 and SoGA2ox6 transcripts

increased with seed desiccation; the others decreased. AR increased the SoGA3ox2 transcript in dry seed, but

dramatically decreased the SoACS7 transcript. At the onset of imbibition, AR inhibited SoACS7 and SoACO2

expression and stimulated that of SoGA20ox2, SoGA3ox2, and SoGA2ox6, demonstrating that the participation of

ethylene (ET) and gibberellins (GAs) differs in after-ripened and non-after-ripened seeds. The inhibition of SoACO2

expression in the presence of GA4+7, paclobutrazol (PB), inhibitors of ET synthesis and signalling (IESS), and notably
ET+GA4+7 indicated ET–GA cross-talk in non-after-ripened seeds. A positive effect of AR in reversing this inhibition

was found. The idea of ET–GA cross-talk is also supported by the effect of ET on SoGA3ox2 expression, notably

induced by the AR process. In contrast, SoGA20ox2 expression did not appear to be susceptible to AR. SoGA2ox6

expression, poorly known in seeds, suggests that AR prompted an up-regulation under all treatments studied,

whereas in non-after-ripened seeds expression was down-regulated. On the other hand, the b-mannanase (MAN)

activity dramatically increased in dry after-ripened seed, being significantly boosted by ET. The absence of MAN

inhibition by IESS suggests that although ET seems to be one of the factors controlling MAN, its presence did not

appear to be essential. GA4+7 only increased MAN in seeds wich were after-ripened. Here, it is proposed that ET and
GAs participate actively in establishing the AR process.

Key words: After-ripening, ethylene, endospermic seed, germination, gibberellin, inhibitors of ethylene synthesis and signalling

(IESS), b-mannanase, paclobutrazol, SoACS7, SoACO2, SoGA3ox2, SoGA20ox2, SoGA2ox6.

Introduction

The seed, which is the dispersal unit in angiosperms and

ensures the survival and perpetuation of the mother plant, is

formed by zygotic embryogenesis. This complex process,

regulated by hormones and a developmental programme
(Yamaguchi and Nambara, 2006, and references therein), is

divided into two extensive phases called morphogenesis and

maturation. During seed maturation, the cell cycle ceases,

molecular dependence on the mother plant disappears,

water content diminishes, storage products are synthesized,

abscisic acid (ABA) accumulates, and primary dormancy is

established (reviewed in Hilhorst and Toorop, 1997; Raz

et al., 2001; Finkelstein et al., 2002; Kermode, 2005; Weber

et al., 2005; Finch-Savage and Leubner-Metzger, 2006;

Holdsworth et al., 2008). Dormancy, defined as the failure
of an intact viable seed to germinate under favourable

conditions, is an adaptive trait optimizing germination to

the most suitable time for the seed to complete its life cycle

(Finch-Savage and Leubner-Metzger, 2006; Bentsink et al.,

2007). Thus, in order for germination to begin, seed

dormancy must be lost (Filkelstein et al., 2008).
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After-ripening (AR) is one way to overcome seed

dormancy. A recent concept of seed AR suggested that this

process triggers a widening or increasing sensitivity of seeds

to environmental conditions, promoting germination, at the

same time as it narrows or decreases sensitivity to condi-

tions that repress germination (Finch-Savage and Leubner-

Metzger, 2006). Seed AR is determined by moisture and oil

contents, seed covering structures, and temperature, and
requires seed moisture contents above a threshold value

(Manz et al., 2005, and references therein). The main seed

AR effects can be grouped as: (i) a widening of the

temperature range for germination (Oracz et al., 2007); (ii)

a lowering of the ABA level and sensitivity plus a rise in

sensitivity to gibberellins (GAs) or loss of requirement for

GAs (Grappin et al., 2000; Ali-Rachedi et al., 2004;

Cadman et al., 2006); (iii) a loss of light requirement for
germination of seeds that do not germinate in darkness

(Derks and Karssen, 1993) and an increase in seed

sensitivity to light in seeds that do not germinate even with

light (Derks and Karssen, 1993; Batlla and Benech-Arnold,

2005, and references therein); (iv) a loss of the nitrate

requirement (Derks and Karssen, 1993; Alboresi et al.,

2005, and references therein); and (v) an accelerated

germination velocity (reviewed by Finch-Savage and Leub-
ner-Metzger, 2006; Holdsworth et al., 2008). However,

although the need for AR is well known in several species,

it has been hardly studied at the molecular level with respect

to changes induced by AR signals in the dry viable seed and

their impact during imbibition (Kucera et al., 2005; Finch-

Savage and Leubner-Metzger, 2006; Holdsworth et al.,

2008). Recent results indicate that non-imbibed seeds (i.e.

dry seeds), characterized by a low moisture level, are
competent for both transcription and translation. Thus, the

AR process in viable dry seeds can positively or negatively

alter the level of several transcripts (Bove et al., 2005;

Finch-Savage et al., 2007; Leymarie et al., 2007) and

proteins (Chibani et al., 2006). It is probable that there are

zones in the dry seed where the moisture level is relatively

high (i.e. above the threshold) to allow these alterations

(Manz et al., 2005). This partial and localized imbibition
environment was called ‘low hydration’ by Holdsworth

et al. (2008). The conditions that generate optimal ‘low

hydration’ values for seed AR have been determined

(Leubner-Metzger, 2005). Likewise, complex and specific

gene networks related to seed AR were recently updated

(Finch-Savage and Leubner-Metzger, 2006; Holdsworth

et al., 2008, and references therein).

Many plant hormones have been shown to be involved in
germination (Kucera et al., 2005). Among these, GAs have

long been known as stimulators and ABA as an inhibitor

(Finkelstein et al., 2002, 2008; Yamaguchi and Kamiya,

2002; Yamaguchi and Nambara, 2006). However, the role

of ethylene (ET) seem less obvious than that of ABA and

GAs, since the intervention of ET during the maintenance

of seed dormancy and during the transition from dormancy

to germination involves a complex network with many steps
still to be clarified (Vandenbussche and Van der Straeten,

2007). Thus, opinions vary concerning the developmental

stage during which ET regulates dormancy. Some suggest

that ET acts minimally during dormancy inception and that

its major action is during imbibition to terminate dormancy

and/or initiate germination (Matilla and Matilla-Vázquez,

2008, and references therein). In studies using ET response

mutants of Arabidopsis, endogenous ET promoted seed

germination by decreasing sensitivity to endogenous ABA

(Beaudoin et al., 2000). ET appears to be a negative
regulator of ABA during germination (Ghassemian et al.,

2000). In short, ET seems to act antagonistically against

ABA during dormancy termination but acts in concert with

GAs to promote these transitional changes. Although ET

and GAs work together in the process of radicle emergence,

the participation of GAs appears to be quantitatively and

qualitatively more important. To date, published data

indicate that ET is not the hormone that triggers the
decisive steps during the appearance and elimination of

dormancy in seeds, but rather is part of a complex network

of interacting signals involved in dormancy, the details of

which are currently difficult to assess with precision. The

etr1-2 mutation confers dominant ET insensitivity and as

a consequence results in mature seed populations that

exhibit more pronounced primary dormancy (Chiwocha

et al., 2005). Moreover, etr1-2 mutation disrupts ABA
homeostasis, and auxin, cytokinin, and GA pathways are

all affected in mutant seeds (Chiwocha et al., 2005).

Although the signs of seed germination become visible

with radicle emergence, it is unquestionable that during the

maturation period (Nakabayashi et al., 2005; Holdsworth

et al., 2008), imbibition (Yamaguchi et al., 2004; Finch-

Savage and Leubner-Metzger, 2006), and dry storage (Grappin

et al., 2000; Holdsworth et al., 2008) of the seed a series of
preparatory processes occur to break seed coats. However,

the identity of these processes and their hormonal regula-

tion is far from being known in detail at the molecular level

(Kucera et al., 2005). Similarly, there are major gaps in our

knowledge of the control of the molecular mechanisms that

participate in the reduction and elimination of dormancy, as

in the case of AR, a temporally and environmentally

regulated process in the dry seed, which determines the
germination potential and the loss of dormancy (Carrera

et al., 2008). At present, most of the information on AR has

been provided by studies on tobacco and Arabidopsis.

However, the Arabidopsis thaliana accessions Ler and Col

have a weak dormancy that is eliminated by short periods

of AR (van der Schaar et al., 1997), making these species

less suitable for dormancy studies. In contrast, the Cvi

accession, which is considered profoundly dormant because
it requires several months of AR, is currently used for

genetic and molecular studies of dormancy and AR (Alonso

et al., 2003; Ali-Rachedi et al., 2004; Bentsink et al., 2006;

Carrera et al., 2008; Holdsworth et al., 2008). In this work,

using endospermic seeds of the nitrophilous species hedge

mustard, Sisymbrium officinale L., in which dormancy is

overcome by a long AR, it is demonstrated that the

expression pattern of genes involved in ET synthesis
(SoACS7 and SoACO2) and in GA synthesis (SoGA20ox2

and SoGA3ox2) and breakdown (SoGA2ox6) is notably
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altered during the imbibition period of after-ripened seeds;

these alterations are strongly affected by the presence of ET

and/or GA4+7. It is proposed that ET–GA cross-talk exists

to overcome seed dormancy by AR.

Materials and methods

Plant material and seed after-ripening treatment

Ripe fruits of hedge mustard, S. officinale (L.), were

collected in the field in Galicia (north-western Spain) at the

time of their natural dispersal (July–August 2006). After

harvest, the fruits were dried at room temperature for

1 month to allow separation of seeds from the rest of the
fruit (i.e. valves, replum, and pedicel) by hand. After

collection, seeds were air-dried for 7 d and mature dark

seeds were separated from light ones, which were discarded.

Freshly harvested dark seeds (non-after-ripened seeds) were

stored dry at 2160.2 �C for 6 months (after-ripened seeds)

until the experiment began. The loss of seed dormancy by

AR was demonstrated by means of a germination test. In

parallel, fruits of S. officinale were collected at two de-
velopmental stages: the first involved whole fruits with early

development (early fruits; EF) while the second one in-

cluded both whole fruits and seeds with very advanced

development [late fruits (LF) and late seeds (LS)] .

Germination assays

Three replicates of 50 seeds were sown in 90 mm Petri dishes

on two layers of filter paper (Whatman No. 1) moistened

with 3 ml of sterile 20 mM KNO3, pH 7.0 (control)

supplemented with solutions of gibberellin (100 lM GA4+7,

Sigma-Aldrich, Spain), ET (10 lM etephon, Sigma-Aldrich,

Spain), an inhibitor of GA synthesis [25 lM paclobutrazol

(PB), Sigma-Aldrich, Spain], and a mixture of inhibitors of

synthesis [100 lM aminoethoxyvinylglycine (AVG) and
1 mM cobalt chloride (Co2Cl), Sigma-Aldrich, Spain] and

signalling of ET [1 mM silver thiosulphate (STS), Sigma-

Aldrich, Spain] called IESS (inhibitors of ET synthesis and

signalling).

Germination experiments were conducted in a growth

chamber at 24 �C with a 16 h photoperiod (photosynthetic

photon flux density of 55 lmol m�2 s�1). Seeds were not

surface-sterilized in order to avoid influencing their dor-
mancy status; in any case, fungal infections were not

detected by light microscopy. Seeds were considered germi-

nated when radicle protrusion was visible. Germination

tests were performed at least twice using three replicates.

The imbibition period in this study ended immediately

before the onset of radicle protrusion. The specificity of the

ethephon effects in this study was checked as described in

Calvo et al. (2004a).

Total RNA isolation from seeds and cDNA synthesis

After-ripened and non-after-ripened seeds were imbibed for

0, 3, 6, 12, and 15 h; three replicates of 50 seeds were

collected in 2 ml tubes from the Petri dishes, immediately

frozen in liquid N2, and stored at –80 �C until RNA

extraction. A grinding ball (stainless steel, 0.7 mm) was

added to the tubes, and seeds were finely ground in liquid

N2 using a Mikro-Dismembrator-S (Sartorius AG, Goettin-

gen, Germany) for 2 min at 1500 rpm. For each point, three

replicates were taken. Total RNA was isolated using the

phenol extraction/LiCl precipitation method (Verwoerd
et al., 1989). The integrity and purity of the RNA were

checked both electrophoretically and by the 260/280 nm absor-

bance ratio. Total RNA samples were digested with DNase

(DNase I recombinant, RNase-Free, Roche, Switzerland)

following the manufacturer’s directions. The RNA con-

centration was estimated by A260 measurement, and the

samples were stored at –80 �C. Reagents used in this

protocol were supplied by Sigma-Aldrich (Spain). The
cDNA was synthesized from 1 lg of total RNA using the

First-Strand Synthesis kit for RT-PCR (Roche, Switzer-

land), using oligo-p (dT) as a primer and following the

manufacturer’s directions. Samples were stored at –20 �C
until used.

Isolation of SoACS7, SoACO2, SoGA3ox2,
SoGA20ox2, and SoGA2ox6 partial-length cDNA

The cDNA sequences were obtained from seed RNA using

degenerate primer pairs based on highly conserved regions

of corresponding genes from other species (Table 1). That

is, primers were designed in such a way that they would

pick up any SoACS, SoACO, SoGA20ox, SoGA3ox, or
SoGA2ox, respectively. PCR conditions were as follows:

95 �C for 2 min, 40 cycles of 95 �C for 45 s, 47–55 �C for

45 s, 72 �C for 45 s, and a final elongation step of 7 min at

72 �C. PCRs were performed in a 25 ll reaction volume

containing 12.5 ll of 23 Super Premix, Sapphire (Mbio-

tech, Seoul, Korea), 1 ll of forward primer (100 lM, final

concentration 4 lM), 1 ll of reverse primer (100 lM, final

concentration 4 lM), and 9.5 ll of sterilized water, and
finally 1 ll of cDNA. PCR products were analysed electro-

phoretically and the bands of the expected size were excised

and extracted from the agarose gel using a MiniElute� Gel

Extraction Kit (Qiagen, Hilden, Germany), and then

Table 1. List of degenerate primers used for PCR assay in the

isolation of partial length cDNAs

Gene Primer name Primer sequence (5#–3#)

SoGA3ox2 FwConGA3ox ATGTGGTCNGAAGGNTTCAC

RvConGA3ox ATGTGNAANAAGTCACC

SoGA20ox2 FwConGA20ox AADCTNCCNTGGAARGAGAC

RvConGA20ox TGBAARCARCTCTTGTA

SoGA2ox6 FwConGA2ox GGNTTYGGAGARCAYWCWGACCC

RvSoGA2ox CACTNNTAAAYCTYCCATTNGTCA

SoACO2 FwConACO ATGGAGAGAACATCAAGYTTYCTVTT

RvConACo TTAGAATGTCTCCTCVGTNGCCA

SoACS7 FwConACS CCAGGGTTTGATAGAGATTTGAG

RvConACS GCAGNSGACGCAAATYCATCC
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sequenced. Sequences were compared with existing sequen-

ces in target databases using BLAST (Altschul et al., 1997).

They contained cDNA sequences of genes with vey high

similarity to GA3ox, GA20ox, GA2ox, ACO, and ACS

genes of other plant species (GenBank databases). They

were named SoACS7, SoACO2, SoGA3ox2, SoGA20ox2,

and SoGA2ox6, and registered in GenBank under the

accession numbers EU689114, EU689115, EU689111,
EU689113, and EU689112, respectively.

Real-time semi-quantitative PCR assay

Semi-quantitative PCR analysis was performed with the

cDNA obtained as described above as a template. Specific

primer design was performed using the sequences found for
SoGA3ox2, SoGA20ox2, SoGA2ox6, SoACO2, and

SoACS7 (Table 2). Meanwhile, 18S RNA was used as

a control for the genes studied, since it was found to be

expressed at constant levels throughout the study period

(Supplementary Figs S1, S2 available at JXB online). The

PCR was performed in an iCycler iQ� Real-time Detection

System (Bio-Rad Laboratories, Hercules, CA, USA). For

each 25 ll reaction, a 1 ll cDNA sample was mixed with
12.5 ll of IQ� SYBR� Green Supermix (Bio-Rad Labora-

tories), 0.5 ll of forward primer (12 lM, final concentration

240 nM), 0.5 ll of reverse primer (12 lM, final concentra-

tion 240 nM), and 10.5 ll of sterilized water. Samples were

subjected to thermal cycling conditions of DNA polymerase

activation at 95 �C for 4 min, 40 cycles of 45 s at 95 �C,
45 s at 52 �C (for SoGA20ox2 and SoGA2ox6) or 55 �C (for

SoGA3ox2, SoACO2, and SoACS7), 45 s at 72 �C, and 45 s
at 80 �C; a final elongation step of 7 min at 72 �C was

performed. The melting curve was designed to increase

0.5 �C every 10 s from 62 �C (for SoGA20ox2 and

SoGA2ox6) or 65 �C (for SoGA3ox2, SoACO2, and

SoACS7). Real-time PCR analysis was performed with two

different cDNAs from the same time point (from two

different RNAs), and each was made in triplicate. The

amplicon was analysed by electrophoresis and sequenced
once for identity confirmation. Real-time PCR efficiency

was estimated via a calibration dilution curve and slope

calculation. Expression levels were determined as the

number of cycles needed for the amplification to reach

a threshold fixed in the exponential phase of the PCR (CT).

The DDCT method was used to analyse data (Pfaffl, 2001).

In order to observe the alterations in the transcript levels,

the expression in dry seeds was used to relativize data

(Finch-Savage et al., 2007).

Endo-b-mannanase (EC 3.2.1.78) activity

Triplicate lots of after-ripened and non-after-ripened seeds

were ground in 1 M sodium acetate buffer, pH 4.7 (Sigma

Aldrich, Spain). After centrifugation at 20 000 g at 4 �C for

45 min, the supernatants were assayed in duplicate for

endo-b-mannanase (MAN) activity. For enzymatic determi-

nation, 100 ll of 0.25% (w/v) AZC L-galactomannan

(Megazyme International Ireland Ltd, Wicklow, Ireland) in

100 mM sodium acetate buffer, pH 4.7) were mixed with
25 ll of supernatant and incubated at 28 �C for 3 h, with

constant agitation in an orbital shaker. Dye release from

AZC L-galactomannan was determined spectrophotometri-

cally by measuring the absorbance at 590 nm in supernatant

samples of the reaction mixture. One unit of MAN activity

was defined as the amount of enzyme that releases 1 nmol

of reducing sugar equivalent to D-mannose per minute

under the above conditions. A curve relating dye release
from AZC L-galactomannan to reducing sugar release from

locust bean gum (Sigma Aldrich) as determined by the

PAH–BAH method (Lever, 1972) was constructed and used

for interconversion of mannanase activities.

Results

Germination characteristics in after-ripened seeds

Freshly harvested and mature dark S. officinale seeds hardly
germinated. However, the germination rate (i.e. percentage

of seeds that are likely to germinate) increased with the time

of dry storage at 2160.2 �C (Table 3), implying that AR

was strongly involved in breaking dormancy of these

endospermic seeds. On the other hand, the absence of

nitrate strongly delayed the germination, and complete

germination was reached after 73 h in after-ripened seeds,

as opposed to only 561% without AR (Fig. 1). Likewise,
AR in S. officinale seeds broadened the range of optimal

germination temperatures. Hence, the highest germination

percentage was reached between 20 �C and 30 �C in after-

ripened seeds, and emergence of the radicle occurred far

earlier than in the seed lot without AR, in which germina-

tion peaked at 30 �C (Fig. 2). The water uptake rate during

imbibition, which was sigmoidal in S. officinale seeds, was

also affected by AR. Non-after-ripened seeds imbibed
hardly any more than did seeds after AR was fully

established (Fig. 3). This varying imbibition pattern does

not appear to be related to mucilage production by

epidermal tissue of the seed coat, since both after-ripened

and non after-ripened seeds showed the same secretion

Table 2. List of primers used for the real-time PCR assay

Gene Primer name Primer sequence
(5#–3#)

Amplicon
size
(bp)

SoGA3ox2 FwSoGA3ox2 CTGTGGTTGGCATTAGGTTC 168

RvSoGA3ox2 GAGAGTTGAGTCGGTATGGG

SoGA20ox2 FwSoGA20ox2 GGTCTTGGTGAAGGATGG 157

Rv SoGA20ox2 AAGATCATGGAGCTTCTGG

SoGA2ox6 Fw SoGA2ox6 GTAGATGGACTTGAGATTTGC 89

Rv SoGA2ox6 CAGTCACCGACCAATACG

SoACO2 FwSoACO2 GGTGATAACCAACGGCAAGT 89

RvSoACO2 TGTAGAACGAGGCAATGGAC

SoACS7 FwSoACS7 GGCTTCTATGTTGTCGGA 113

RvSoACS7 CGATCCCTGCCTTCTTA

18S RNA Fw18S-RNA GGCTCGAAGACGATCAGATA 87

Rv18S-RNA TCATAAGGTGCCGGCGGAGT
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capacity (data not shown). Moreover, the water uptake rate

was altered by the imbibition temperature, increasing with

temperature (i.e. 20, 24, or 30 �C) in non-after-ripened

seeds, but peaking at 24 �C in after-ripened seeds (Fig 3).

Prior to the investigation of the molecular effects of GAs

and ET during imbibition of after-ripened seeds, a thorough

study of the effect of both hormones on germination was

performed by quantifying the radicle emergence over short
time periods (Table 3). In control seeds (20 mM KNO3),

radicle protrusion began to be detectable at 19 h, and

reached 100% after 26 h. At this time point, only 8% of the

non-after-ripened seeds germinated. The presence of GA4+7

advanced and strongly stimulated germination in the after-

ripened seeds between 18 h and 22 h, whiles carcely affecting

non-after-ripened seeds (Table 3). A similar profile was

found in the presence of exogenous ethephon (Table 3) or

the ET immediate precursor ACC (data not shown).

Together, GA4+7 and ethephon were incapable of boosting
the germination percentage with respect to individual hor-

mones (data not shown). The addition of PB, a widely used

inhibitor of GA synthesis, or a mixture of IESS (i.e.

Table 3. Effect of GA4+7 and ethephon on germination percentage of S. officinale seeds with (6 months) and without (freshly harvested

seeds) after-ripening

IESS, inhibitors of ET synthesis and signalling; PB: paclobutrazol; 0, not found

Treatment Germination (%)*

15 h 18 h 19 h 20 h 21 h 22 h 26 h

Control Not after-ripened 0 0 0 0 0 261 a 861 b

After-ripenedy 0 0 0 361 a 1662 c 2765 d 5364 f

After-ripened 0 0 261 a 962 b 4063 e 5165 f 10064 i

GA4+7 Not after-ripened 0 0 0 0 562 a 76 2 a 1463 b

After-ripened 462 a 1063 b 1562 c 2564 d 6463 g 9267 h 10062 i

PB Not after-ripened 0 0 0 0 0 161 a 261 a

After-ripened 0 261 a 361 a 461 a 461 a 862 b 1964 c

PB+GA4+7 Not after-ripened 0 0 0 0 261 a 661 a 1261 b

After-ripened 161 a 861 b 1662 c 2363 d 6065 g 9164 h 10062 i

ET Not after-ripened 0 0 0 0 261 a 561 a 1263 b

After-ripened 0 862 b 1163 b 2463 d 6264 g 8966 h 10063 i

IESS Not after-ripened 0 0 0 0 0 462 a 462 a

After-ripened 0 0 0 0 261 a 762 b 6161 g

IESS+ET Not after-ripened 0 0 0 0 0 461 a 1062 b

After-ripened 0 561 a 1062 b 2161 c 5962 g 8563 h 10061 i

* Data are mean values of three replicates 6SE. Significant differences between values as assessed by LSD test (P < 0.05) are shown as
different letters (Steel and Torre, 1982).

y Dry seeds stored at 2160.2 �C for 3 months.

Fig. 1. Germination percentage at 24 �C of Sisymbrium officinale

seeds in the absence of 20 mM KNO3. After-ripened seeds (filled

squares); non-after-ripened seeds (open squares). Data are means

6SE of three independent experiments.

Fig. 2. Germination percentage of Sisymbrium officinale seeds at

different germination temperatures in the presence of 20 mM

KNO3. Filled symbols, after-ripened seeds; open symbols, non-

after-ripened seeds. Circles, 20 �C, squares, 24 �C; triangles,
30 �C. Data are means 6SE of three independent experiments.
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AVG+CoCl2+STS) strongly depressed radicle emergence in

both after-ripened and non-after-ripened seeds (Table 3). In
contrast, the inhibition provoked by PB and IESS was

overcome by the addition of GA4+7 and ethephon, respec-

tively (Table 3).

Alterations in SoACS7, SoACO2, SoGA20ox2,
SoGA3ox2, and SoGA2ox6 expression in late
embryogenesis and dry seed with and without AR

Prior to the study of the alterations of the transcripts

provoked by AR during the imbibition of S. officinale seeds,

the expression of SoACS7, SoACO2, SoGA20ox2,

SoGA3ox2, and SoGA2ox6 was evaluated during embryo-

genesis. The objective of this experiment was to determine

whether these genes were active during seed formation and

whether the level of their transcripts was altered by AR in

ripe seed. For this, whole seeds showing early development
(early fruits, EF) and full development (late fruits, LF) were

collected, as well as seeds in the desiccation phase (LS),

seeds submitted to AR (after-ripened seeds, AS), and those

which were not (non-after-ripened seeds, NAS).

With the gene expression in AS as control, the following

results were found. (i) The level of SoACO2 mRNA

increased concomitantly with development and during seed

desiccation; however, AR lowered the level of this transcript

(Fig. 4A). (ii) The expression of SoACS7 was very abundant

during embryogenesis, diminishing with the desiccation

process and very strongly with AR (Fig. 4B). (iii) The

SoGA3ox2 transcript level increased with development and
strongly decreased with desiccation; AR induced a notable

expression of this gene related to the synthesis of bioactive

GAs (Fig. 4C). (iv) SoGA20ox2 expression was quantita-

tively very strong only in the early developmental phases,

and AR hardly affected the level of this transcript (Fig. 4D).

(v) The transcription of SoGA2ox6 increased with develop-

ment and desiccation, negatively affecting AR at the level of

SoGA2ox6 mRNA (Fig. 4E).

After-ripening alters SoACS7, SoACO2, SoGA20ox2,
SoGA3ox2, and SoGA2ox6 expression patterns during
early imbibition

In order to study the effect of AR on the expression of

genes that are involved in ET synthesis and in GA synthesis
and breakdown, homologues of ACS, ACO, GA20ox,

GA3ox, and GA2ox were isolated. They were cloned by

means of the primer strategy mentioned in Materials and

methods. In total, five partial cDNAs (SoACS7, SoACO2,

SoGA20ox2, SoGA3ox2, and SoGA2ox6) were isolated, and

their phylogenetic relationships to the known genes are

shown in Supplementary Figs S3–S7 at JXB online. The

molecular mechanism operating during the imbibition phase
of after-ripened seeds is at present largely unknown. The

notable differences observed in the germination rate of

after-ripened and non-after-ripened seeds in the presence of

ethephon, GA4+7, or inhibitors (Table 3) led to the analysis

of the effect of AR on alterations in the accumulation of

five transcripts involved in the synthesis of ET (SoACS7

and SoACO2) and GAs (SoGA20ox2, SoGA3ox2, and

SoGA2ox6) during the early imbibition period (0–15 h). In
the control (20 mM KNO3), the following results were

recorded. (i) The SoACS7 transcript was expressed only at

the beginning of imbibition (3 h) in seeds that were not

after-ripened, and the AR process eliminated this expression

(Fig. 5A). (ii) The level of SoACO2 transcript was very high

in non-after-ripened seeds at 3 h and strongly diminished up

to 12 h, increasing afterwards; AR reduced transcript

accumulation during the first 6 h of imbibition (Fig. 5C).
(iii) SoGA20ox2 mRNA levels were almost similar at 3, 12,

and 15 h, hardly being affected by the AR process;

however, AR strongly increased the lowest transcript level

found at 6 h (Fig. 6A). (iv) The transcript accumulation

pattern found for the SoGA3ox2 gene (Fig. 6G) was similar

to that of SoGA20ox2. (v) The expression of SoGA2ox6 was

the lowest of all GA-oxidases studied in this work, notably

at 6 h in non-after-ripened seeds; and the expression levels
at 12 h and 15 h imbibition were slightly increased by AR

(Fig. 6M).

Fig. 3. Water uptake of Sisymbrium officinale seeds during the

first 9 h of imbibition at different temperatures in the presence of

20 mM KNO3. (A) Non-after-ripened seeds. (B) After-ripened

seeds. Black bars, 20 �C; grey bars, 24 �C; striped bars, 30 �C.
Data are means 6SE of three independent experiments.
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The GA4+7 treatments, compared with the control,

strongly reduced the expression of SoACO2 in non-after-

ripened seeds, this expression being stimulated by AR (Fig.

5E). PB induced a SoACO2 expression pattern resembling

that produced by GA4+7, but quantitatively higher (Fig. 5G),

the stimulation of expression surpassing that of the control in

after-ripened seeds (Fig. 5C, G). No SoACS7 transcription

was detected in the presence of GA4+7 or PB in either seed
lot. GA4+7 provoked a notable accumulation of SoGA20ox2

transcript in non-after-ripened seeds at 6 h and 15 h

imbibition, and AR diminished this accumulation compared

with the control and GAs treatments (Fig. 6A, B). The

expression of SoGA20ox2 increased during imbibition in the

presence of PB and, even though hardly any differences were

found in after-ripened seeds, the AR process induced more

SoGA20ox2 transcripts than in the control at 12 h and 15 h
(Fig. 6A, C). At the beginning of imbibition, AR caused the

absence of SoGA3ox2 expression in the presence of GA4+7

and PB (Fig. 6H, I). However, in the presence of GA4+7 and

PB, the accumulation of SoGA2ox6 transcripts was strongly

stimulated by AR (Fig. 6N, O).

In the presence of ethephon-derived ET, the following

results were obtained. (i) SoACS7 transcript accumulation

was strongly inhibited, and, as in the control, no transcripts
were detected in after-ripened seeds (Fig. 5B); on the other

hand, no transcription was found in the presence of either

IESS or ethephon+GA4+7. (ii) In non-after-ripened seeds,

a significant decline with respect to control was found in the

level of SoACO2 transcripts during the first 6 h of

imbibition, then rising until the end of the imbibition,

unlike those of the control. AR consistently induced lower

transcript accumulation (Fig. 5D). The SoACO2 expression
pattern in the presence of IESS was very similar to that in

the presence of GA4+7 (Fig. 5H, E), whereas ethephon and

GA4+7 added together registered the lowest SoACO2

transcript accumulation of all treatments studied (Fig. 5F).

(iii) The SoGA20ox2 expression pattern was qualitatively

similar to that of the control, but ethephon notably lowered

the transcript level during the first 12 h of imbibition in

after-ripened seeds (Fig. 6D). (iv) The presence of IESS
strongly decreased the SoGA20ox2 transcript accumulation

at the beginning of imbibition of non-after-ripened seeds,

this treatment being the only one in which AR stimulated

transcripts during imbibition (Fig. 6E). When ethephon and

GA4+7 were added together, the SoGA20ox2 transcript

levels were quantitatively lower than when both hormones

were added separately (Fig. 6F). (v) Treatments with

ethephon, IESS, and ethephon+GA4+7 strongly inhibited
the SoGA3ox expression in after-ripened and non-after-

ripened seeds (Fig. 6J–L). (vi) The SoGA3ox2 mRNA

accumulation in the presence of ethephon was similar to

that of seeds treated with PB (Fig. 6I, J), whereas this

SoGA3ox2 transcript accumulation was similar in the

presence of IESS and ethephon+GA4+7, showing strong

inhibition, between 6 h and 15 h, compared with the

ethephon treatment in after-ripened seeds (Fig. 6J–L). (vii)
In the presence of ethephon, the accumulation of SoGA2ox6

transcripts was strongly stimulated by AR (Fig. 6P), this

Fig. 4. Transcript analysis by real-time PCR of SoACO2, SoACS7,

SoGA3ox2, SoGA20ox2, and SoGA2ox6 (A–E) during the de-

velopment of the fruit and seed of S. officinale. EF, early fruit; LF,

late fruit; LS, late seed; NAS, non-after-ripened dry seed; AS,

after-ripened dry seed. Error bars indicate the standard deviations

of three independent experiments.
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accumulation being strongly inhibited by IESS (Fig. 6Q),

and the presence of ethephon+GA4+7 was not capable of

overcoming this inhibition (Fig. 6R).

Alterations in b-mannanase activity induced by AR in
the presence of ET and GA4+7

AR strongly altered MAN activity both in dry seeds and

during imbibition. In control seeds, the main difference took

place in dry seeds, where AR provoked the enzymatic

activity ;12-fold more than in non-after-ripened seeds, in

which the MAN activity increased slightly as imbibition

progressed (Fig. 7A). In addition, the AR notably boosted

enzymatic activity during the first 3 h of imbibition, but

clearly depressed it between 6 h and 12 h compared with the

non-after-ripened seeds (Fig. 7A). In both seed lots, MAN

activity was considerable prior to radicle emergence (Fig.
7A). The ethephon treatment substantially affected the MAN

activity, so that, in non-after-ripened seeds, ethephon caused

strong stimulation in the initial (0–3 h) and final imbibition

phases (12–15 h). However, in after-ripened seeds, ethephon

stimulated the enzymatic activity throughout the entire study

Fig. 5. Transcript analysis by real-time PCR of SoACS7 and SoACO2 during the time course of imbibition at 24 �C of S. officinale seeds.

SoACS7: (A) control and (B) ethephon. Transcription in after-ripened seeds was not detected. SoACO2: (C) control; (D) ethephon; (E)

GA4+7; (F) ethephon+GA4+7; (G) PB; (H) IESS. Non-after-ripened seed (black bars); after-ripened seed (grey bars). Error bars indicate the

standard deviations of three independent experiments.
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Fig. 6. Transcript analysis by real-time PCR of SoGA20ox2, SoGA3ox2, and SoGA20x6 during the time course of imbibition at 24 �C of

S. officinale seeds. SoGA20ox2: (A) control; (B) GA4+7; (C) PB; (D) ethephon; (E) IESS; (F) ethephon+GA4+7. SoGA3ox2: (G) control; (H)

GA4+7; (I) PB; (J) ethephon; (K) IESS; (L) ethephon+GA4+7. SoGA2ox6: (M) control; (N) GA4+7; (O) PB; (P) ethephon; (Q) IESS; (R)

ethephon+GA4+7. Non-after-ripened seed (black bars); after-ripened seed (grey bars). Error bars indicate the standard deviations of three

independent experiments.
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period compared with the control (Fig. 7A) and the non-

after-ripened seeds, as well as those treated with ethephon

(Fig. 7D). The presence of IESS in after-ripened and non-

after-ripened seeds sharply boosted MAN activity through-

out the study period (Fig. 7E). The presence of GA4+7 in the

non-after-ripened seeds resulted in a profile of MAN which

was qualitatively and quantitatively similar to that of the

control (Fig. 7A, B) but quantitatively far lower than in the
presence of ethephon (Fig. 7B, D). However, the enzymatic

stimulation by GA4+7 in after-ripened seeds was quantita-

tively lower than that found with ethephon (Fig. 7B, D).

Finally, after the first 3 h of imbibition of after-ripened seeds,

PB induced the greatest stimulation in the enzymatic activity

of all the treatments studied, but hardly altered the activity in

non-after-ripened seeds (Fig. 7C).

Discussion

AR affects germination and some related parameters

In this study, it is shown that the AR process affects the

germination of S. officinale seeds in four ways. First, AR was

incapable of replacing or preventing the presence of NO3
– in

the germination medium. The role of NO3
– in the alleviation

of dormancy by low temperatures (i.e. stratification) is

strongly supported by previous results in Arabidopsis, suggest-

ing a notable role for NO3
– transported by the mother plant to

the seed to promote germination through a complex signal-
ling network in which the ABA and GA pathways may be

involved (Ali-Rachedi et al., 2004; Alboresi et al., 2005).

Recently, it was demonstrated in the Cvi accession that the

seeds first become sensitive to NO3
–, then to cold, and finally

to light (Finch-Savage et al., 2007). It was tentatively

concluded that increased NO3
– accumulation and reduction

convey a signal to break dormancy rather than to function as

a nitrogen source for nutrition (Finch-Savage et al., 2007).
However, little is known about the role of NO3

– in dry AR at

moderate temperatures. The presence of a signalling pathway

for the NO3
– in S. officinale seeds was initially suggested due

to the possible presence of receptors and because the effect of

the NO3
– in promoting germination was independent of its

reduction in the plant (Hilhorst and Karssen, 1989; Hilhorst,

1990). The results found in this study point to the idea that

the NO3
– signalling networks and AR engage in cross-talk,

given the strongly positive effect of AR on the stimulation of

radicle emergence in medium without NO3
– compared with

medium with NO3
– (i.e. protrusion 50 h ahead, comparing

Fig. 1 and Fig. 2). That is, it cannot be ruled out that NO3
–

affects a very early stage of the imbibition of after-ripened

seeds, provoking greater effectiveness in the breaking of

dormancy. In support of this hypothesis, it was previously

demonstrated that NO3
– positively altered other signalling

pathways and levels of hormones involved in the germination

of other species. Thus, in seeds of the Arabidopsis accession

Ler, NO3
– provoked a reduction in the light requirement

(Batak et al., 2002), and altered the ABA levels in seeds of

Cvi during early imbibition (Ali-Rachedi et al., 2004). Other

Fig. 7. Analysis of endo-b-mannanase activity during the time

course of imbibition at 24 �C of S. officinale seeds. (A) Control; (B)

GA4+7; (C) PB; (D) ethephon; (E) IESS. Non-after-ripened seed

(black bars); after-ripened seed (grey bars). Error bars indicate the

standard deviations of three independent experiments.
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nitrogenous molecules (e.g. nitric oxide and nitrite) stimulate

germination in Arabidopsis (Bethke et al., 2004). However, it

is not known whether they do so per se or whether this

happens because they are metabolic derivatives of NO3
–.

Secondly, in the presence of NO3
–, AR in S. officinale

broadened the optimal temperature range for germination

(i.e. 24–30 C), accelerating the protrusion compared with non-

ripened seeds. This widening of the temperature range com-
patible with good germination was also described in Avena

sativa and Bromus tectorum after-ripened seeds [Corbineau

et al., 1986; Bair et al., 2006; and updated by Leubner-

Metzger (http://www.seedbiology.de)]. Dry AR may repre-

sent a natural mechanism for controlling dormancy release

in dry climates (Probert, 2000) and it is widely accepted that

the temperature is the greatest regulator of dormancy cycles

in the soil (Probert, 2000; Baskin and Baskin, 2004).
Thirdly, the AR in S. officinale induced a notable

sensitivity to ET and GA4+7, both hormones strongly

stimulating germination. The germination profiles in the

presence of ET and GA4+7 are very similar. PB and IESS

strongly inhibited the effect induced by ET and GA4+7.

Although the intervention of the GAs in the avoidance of

dormancy in endospermic seeds appears to be beyond any

doubt, the role of ET is far from being known in detail.
Briefly, ET seems to act in concert with GAs to promote

germination; however, the participation of GAs appears to

be quantitatively and qualitatively more important

(reviewed in Matilla and Matilla-Vázquez, 2008, and

references therein). Fourthly, AR quantitatively altered the

initial seed water uptake rate, with 24 �C (used in this work)

being the temperature at which the seed is most rapidly

imbibed. However, although the entry of water is more
rapid in after-ripened seeds, this imbibition must be tightly

controlled in order to initiate the normal germination

process. Currently, there are no scientific data to explain

this difference in water uptake rate between after-ripened

and non-after-ripened seeds. The secretion of mucilage by

the seed coat during hydration could act as a mechanism to

control the entry of water, affecting the seed viability and

germination (Western et al., 2000; Penfield et al., 2001;
Rautengarten et al., 2008). The fruit of S. officinale contains

mixospermous seeds that are heterogeneous with respect to

the colour of their seed coat, and the dark seeds (used in

this work) have: (i) a greater capacity to secrete mucilage;

(ii) a slower and controlled water uptake rate; and (iii) a far

faster protrusion of the radicle than in the other population

(Iglesias-Fernández et al., 2007). However, the AR process

does not alter mucilage production (data not shown),
apparently ruling out that this hygroscopic compound may

function to enhance and control the water uptake during S.

officinale seed imbibition.

AR alters the expression patterns of SoACS7, SoACO2,
SoGA20ox2, SoGA3ox2, and SoGA2ox6 genes during
the imbibition period

To gain knowledge at the molecular level concerning

hormonal regulation of AR in S. officinale seeds, the

expression patterns of genes involved in ET synthesis (i.e.

SoACS and SoACO) and GA metabolism (i.e. SoGA3ox,

SoGA20ox, and SoGA2ox) were studied. Previously, it was

shown that the level of SoACO2, SoGA3ox2, and

SoGA2ox6 transcripts rose during development. Notably,

the content in the transcripts corresponding to SoACO2

and SoGA2ox6 increased with the seed desiccation process,

decreasing SoACS7, SoGA20ox2, and SoGA3ox2. However,
except for the expression of SoGA3ox2 which was markedly

increased, and SoGA20ox2, AR triggered a major fall in the

level of the rest of the transcripts studied, above all

SoACS7, a gene strongly expressed during embryogenesis.

Taking into account that the expression in after-ripened dry

seeds was used to normalize data, the existence of transcrip-

tion in dry S. officinale seeds is evident. Transcriptional

activity in environments which are hardly hydrated, such as
that in dry seeds, is under debate. However, the discovery of

zones with high hydration in after-ripened tobacco seeds

has led to strong expectations that this enigma can be

deciphered (Leubner-Metzger, 2005; Manz et al., 2005). The

cDNA-AFLP analysis of Nicotiana plumbaginifolia (Bove

et al., 2005) and barley (Leymarie et al., 2007) demonstrates

that the great majority of the transcripts studied declined in

abundance during AR. Global transcript analysis in Arabi-

dopsis using microarrays also showed that the expression

level of 30 genes, including DOG1, decreased during AR

(Finch-Savage et al., 2007). Although the dry seeds may

contain stored mRNAs from the final phases of embryo-

genesis with a function far from being known, the present

results also suggest that after-ripened and non-after-ripened

dry seeds have the capacity for transcription. The confirma-

tion of this capacity will be important in order to delve into
the mechanism of AR in S. officinale.

Although the alteration in the expression of various gene

groups has been studied in Arabidopsis during the breaking

of dormancy by stratification and AR (Yamaguchi et al.,

2004; Finch-Savage et al., 2007; Holdsworth et al., 2008,

and references therein), there are no detailed studies at the

molecular level on the hormonal regulation of the mecha-

nisms induced by the AR process at the onset of germina-
tion. It has been demonstrated here that in the very early

phase of imbibition (i.e. the first 6 h), AR strongly inhibits

the expression of SoACS7 and SoACO2, whereas it

stimulates the expression of SoGA20ox2, SoGA3ox2, and

SoGA2ox6. This indicates that the preparation for radicle

protrusion during the imbibition phase under the AR

process requires strong stimulation of GA synthesis and

has less need for the stimulation of ET synthesis. That is,
the need for and participation of GAs and ET appear to

differ in after-ripened and non-after-ripened seeds in early

imbibition. As occurs in Arabidopsis (De Grauwe et al.,

2007; Weiss and Ori, 2007), cross-talk clearly takes place

between ET and GAs in S. officinale. Major germination-

associated changes in the transcriptome of A. thaliana

were evident within 6 h of the initiation of imbibition

(Nakabayashi et al., 2005; Holdsworth et al., 2008). The
expression of SoACO2 and SoACS7 is inhibited very

rapidly by ethephon (i.e. the first 3 h). However, while
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SoACO2 expression increased during the progression of

imbibition and was inhibited by the AR process, the

expression of SoACS7 sharply diminished and was not

detectable in after-ripened seeds. Petruzzelli et al. (2000)

have reported that in pea seeds ET provokes a positive

feedback that raises the Ps-ACO1 mRNA level; and

Hermann et al. (2007) have shown that the ACO transcript

is accumulated in Beta vulgaris seeds upon imbibition. On
comparing after-ripened and non-after-ripened seeds when

SoACO2 expression was stimulated by ethephon, it was

again concluded that the intensity of SoACO2 expression

was lower in after-ripened seeds. The strong SoACO2

expression observed during the first 6 h in seeds not treated

with ethephon was probably related to the production of

ET involved in the protrusion. This assumption is sup-

ported by the fact that, in the presence of ethephon,
SoACO2 expression was inhibited compared with seeds not

treated with ethephon. The role of ET during the imbibition

phase is not known and its role in the removal of dormancy

is debated (Matilla and Matilla-Vázquez, 2008), but it has

been demonstrated that both ET biosynthesis and sensitiv-

ity are important for seed germination of Arabidopsis

(Beaudoin et al., 2000; Ghassemian et al., 2000; Kucera

et al. 2005). Thus, there are seeds in which ET is not
required for dormancy maintenance or release, nor is it

needed for germination to start (Matilla, 2000; Kucera et al.

2005; Gianinetti et al., 2007). The inhibition of SoACO2

expression in non-after-ripened seeds in the presence of

GA4+7, PB, or ISSE, and notably with ET+GA4+7, as well

as the clear effect of AR in reversing this inhibition,

strongly indicated the presence of cross-talk between the

two hormone signalling pathways. The existence of some
cross-talk between ET and GAs to regulate FsACO1 gene

expression during the breaking of dormancy in stratified

Fagus silvatica seeds has previously been shown (Calvo

et al., 2004a).

Previous works have demonstrated that the synthesis and

perception of GAs are essential for seed germination in

Arabidopsis (Ogawa et al., 2003). Central players are the

GA3ox and GA2ox gene families involved in GA bio-
synthesis and breakdown, respectively (Yamaguchi et al.,

2004; Mitchum et al., 2006). Thus, the GA3ox1 gene, but

not the GA3ox2 gene, is induced by stratification during

seed imbibition (Yamaguchi et al., 2004; Mitchum et al.,

2006). In this study, it was demonstrated that the AR

process provokes a strong expression of SoGA3ox2 and

SoGA20ox2 genes at the onset of imbibition, SoGA3ox2

expression being fully inhibited by GA4+7, PB, ethe-
phon+GA4+7, and ISSE. However, exogenous ethephon,

which considerably lowers the level of SoGA3ox2 tran-

scripts in non-after-ripened seeds, can slightly raise

SoGA3ox2 expression in after-ripened seeds. This fact again

leads to the assumption of the existence of cross-talk

between ET and GAs during the transition from seed

dormancy to germination induced by AR. On the other

hand, the fact that exogenous GA4+7 strongly inhibits
SoGA3ox2 expression during imbibition agrees with pre-

vious evidence indicating that bioactive GAs may control

their own synthesis through a negative feedback regulation

of the expression genes of GA biosynthesis (Olszewski et al.,

2002). However, this feedback regulation does not appear

to be identical in after-ripened and non-after-ripened seeds,

since the inhibition by exogenous GA4+7 of SoGA3ox2

expression compared with the control is not quantitatively

similar in the two seed lots. In support of this hypothesis

are the results of SoGA3ox2 expression in after-ripened and
non-after-ripened seeds in the presence of the PB, which

strongly alters its expression pattern.

Taking into account the results of SoGA3ox2 and

SoGA20ox2 expression and those of percentage germina-

tion, it is concluded that the requirement for ET and GAs

for radicle emergence preparation involves, apart from the

two hormone signalling pathways, the strict control of the

level of ET and GAs in the appropriate tissue, and the
regulation of SoGA20ox2 whose expression profiles are

qualitatively and quantitatively different from those ob-

served for SoGA3ox2. Thus, it is proposed that SoGA20ox2

expression and regulation must be of great importance

during the imbibition of S. officinale seeds, since their

expression is considerably higher than that of SoGA3ox2 in

all the treatments studied, and does not appear to be as

susceptible to AR, as has been demonstrated here for
SoGA3ox2. It has been postulated that cross-talk between

ET and GA signalling regulates FsGA20ox gene expression

during the breaking of dormancy in stratified F. silvatica

seeds (Calvo et al., 2004b). The results of SoGA20ox2

expression in the presence of ethephon, GA4+7, and

ethephon+GA4+7 also appear to support ET–GA cross-

talk. Taking together the results of SoGA3ox and

SoGA20ox2 expression during imbibition, it is concluded
that: (i) GA biosynthesis is indispensable to overcome hedge

mustard seed dormancy; (ii) both genes are regulated by

both ET and GAs to carry out the transition from

dormancy to germination induced by AR; and (iii) AR

strongly inhibits SoGA3ox2 expression in the presence of

GA4+7, PB, and ethephon+GA4+7, indicating that this gene

is subjected to a tight feedback regulation, possibly to

prevent accumulation of GAs after the signal for AR has
been decided.

On the other hand, it is demonstrated here that, at the

onset of imbibition of S. officinale seeds, SoGA2ox6 is

expressed at basal levels, confirming the need for the

synthesis of bioactive GAs in both the presence and absence

of AR (i.e. high expression of SoGA3ox2 and SoGA20ox2).

Moreover, it was also demonstrated that the AR process

up-regulated SoGA2ox6 expression under all the treatments
studied, as opposed to the down-regulation observed in

non-after-ripened seeds. Due to the scant information on

SoGA2ox6 physiology in seeds, the alterations found in

SoGA2ox6 expression in S. officinale are very complex to

explain and relate to the breaking of dormancy induced by

the AR process. Nevertheless, it is worth emphasizing that

although the AR does not appear to affect SoGA2ox6

expression in controls, the expression in after-ripened seeds
tended to be greater than in non-after-ripened seeds, in the

treatments studied. Previous results demonstrate that
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AtGA2ox6 is down-regulated by stratification in dark,

imbibed Arabidopsis seeds (Yamaguchi et al., 2004). Also,

up- and down-regulation of different GA metabolism genes

by ET in Arabidopsis seedlings have recently been demon-

strated, this finding being related to ET–GA cross-talk

(Vandenbussche et al., 2007; Dugardeyn et al., 2008). The

present results, considered overall, suggest the hypothesis

that the regulation of the synthesis of bioactive GAs
involved in the AR process is subject to strong control.

Consequently, if the threshold level of GAs necessary to

prompt germination is surpassed because of any endoge-

nous or exogenous agent, the seed responds with the

destruction of the unnecessary bioactive GAs, and

SoGA2ox6 would be involved in this destruction.

ET and GAs alter b-mannanase activity during imbibition
of after-ripened seeds

In the seeds of a number of plant species, MAN activity

shows a sharp surge during germination. However, the

timing of the highest enzymatic activity depends on the
species. The MAN activity increases in the micropylar

endosperm prior to the completion of seed germination

(Toorop et al., 1996; Nonogaki et al., 2000), or it increases

afterwards (Bewley et al., 1997, and references therein;

Marraccini et al., 2001; Gong et al., 2005). Controversy

persists as to whether the rise in MAN activity in the

endosperm during germination is sufficient to permit radicle

emergence, and the consensus appears to be that, while this
enzyme is required for endosperm weakening, it is not, by

itself, sufficient to allow germination to be completed (Gong

et al., 2005). In contrast to the extensive investigation of

MAN before and after the protrusion process, there is no

information on the evolution of this cell wall-loosening

enzyme in AR seeds. Here, it is shown for the first time that

the specific activity of MAN is much higher in dry after-

ripened seeds that in dry non-after-ripened seeds, and MAN
activity remains high in after-ripened seeds over the first 3 h

of imbibition, abruptly declining afterwards. The cause of

this high enzymatic activity early on is unknown. However,

while this manuscript was in preparation, Ren et al. (2008),

using anti-MAN antibodies of tomato in rice seeds,

reported that a MAN protein is present in an inactive form

in dry rice grains. If these results are applicable to S.

officinale, possibilities to explain the presence of MAN
activity in dry seed can be proposed. (i) This protein forms

part of a pool of proteins stored from zygotic embryogen-

esis. (ii) AR promotes MAN gene expression in dry seeds.

Leubner-Metzger (2005) demonstrated a transient low level

transcription and translation of the b-1,3-glucanase gene

during tobacco seed AR, leading to the release of dor-

mancy, whereas in Arabidopsis the expression profiling

revealed that transcripts of a number of genes exhib-
ited a transient accumulation within 6 h after imbibition

(Nakabayashi et al., 2005). Ren et al. (2008) do not present

data on the expression of OsMAN1, OsMAN2, OsMAN6,

and OsMANP in the very early phases of rice seed imbibition.

(iii) The enzymatic activity is high in dry seed and after 3 h

of imbibition as a consequence of the fact that the enzyme is

studied in vitro under optimal conditions that do not exist in

vivo. (iv) If the present results reflect in vivo events, the AR

may soften the tissue very early with unknown implications in

the germination process; and (v) as an alternative to (iv),

MAN may be involved in the production of sugars from the

degradation process of the cell wall, these sugars serving to

nourish the embryo. The MAN activity in lettuce endo-
sperm is assumed to be associated with reserve mobilization

closely following radicle emergence rather than with prior

endosperm weakening (Wang et al., 2004). It bears mention-

ing in relation to proposal (iv) that the MAN activity

increased notably in after-ripemed S. officinale seeds immedi-

ately before radicle emergence (data not shown). On the other

hand, MAN activity was significantly increased by ethephon

treatment both at the onset of imbibition and in the period
near radicle emergence. Nevertheless, IESS did not inhibit

MAN activity in either after-ripened or non-after-ripened

seeds, suggesting that ET is one of the factors contributing to,

but not indispensable for, the regulation of MAN activity

during imbibition. ET increases MAN activity in germinating

thermotolerant lettuce seeds (Nascimento et al., 2000), and

the authors hypothesize that the endosperm weakening is

a result of elevated enzymatic activity. However, this
hypothesis does not agree with the findings of Wang et al.

(2004) who point out that some members of the MAN family

may be ET responsive and may be associated with sugar

reserve mobilization from the cell wall rather than with

endosperm weakening prior to protrusion. It is noteworthy

that exogenous GA4+7 increases MAN activity during

imbibition of S. officinale after-ripened seeds, but not in non-

after-ripened seeds. In contrast, the MAN activity is dramat-
ically increased in the presence of the GA synthesis inhibitor

PB, apparently indicating that a fall in the level of bioactive

GAs triggers a rapid desynchronization in the seed, where-

upon a non-specific enzymatic stimulation takes place

without provoking radicle emergence due to the absence of

GAs. A search at http://www.bioinformatics2.wsu.edu/cgi-

bin/Athena/cgi/home.pl revealed ABA, GAs, and dehydration

motifs/transcription factors in the promoters of the MAN of
Arabidopsis. However, no motif for ET was found. Neverthe-

less, the expression of the LeMAN2 gene is up-regulated in

Sl-ERF2-overexpressing seeds, suggesting that Sl-ERF2 (an

ET response-factor gene) stimulates seed germination through

the induction of LeMAN2 (Pirello et al., 2006). Taken

together, the data presented on MAN activity during early

imbibition of S. officinale after-ripened seeds point to ET–GA

cross-talk, as discussed for the expression of the genes
studied.

Is ET–GA cross-talk required for AR?

The complexity of hormonal responses and their functional
overlap support the presence of an intensive cross-talk

between hormone signalling pathways (Brady and

McCourt, 2003). Although the influence of ET on expres-

sion of GA response and synthesis genes provided evidence

for the existence of an interaction between both hormones
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(De Grauwe et al., 2008, and references therein), it was not

clear at which level this cross-talk appeared. DELLA

proteins, which act as nuclear repressors of GA signalling,

appear to be key integrators in the ET–GA cross-talk (Jiang

and Fu, 2007; Steber, 2007, and references therein). The

current tendency is to suggest that the ET–GA cross-talk is

multiple, depending on the process and the state of de-

velopment. Recent reviews have dealt extensively with these
interactions (Kucera et al., 2005; De Grauwe et al., 2007,

2008; Dugardeyn et al., 2008; Holdsworth et al., 2008). On

the other hand, ET promotes dormancy breaking through

interactions with ABA signalling. Seeds of etr1 and ein2/

era3 mutants display increased dormancy correlated with

increased sensitivity to ABA in seed germination. In

contrast, the ctr1 mutation and treatment of A. thaliana

wild-type seeds with ACC result in decreased sensitivity to
ABA. Thus, ET stimulation of seed germination may occur

via antagonism of ABA signalling (Filkenstein et al., 2008,

and references therein). Having said all this, and taking into

account the results presented here, it is proposed that the

intervention of ET–GA cross-talk seems probable in the S.

officinale AR process. However, whether this intervention is

direct or indirect is at present unclear. Obviously, any

hormonal interaction results in an alteration of hormone
levels (Chiwocha et al., 2005). It is probable that the effect

of ET on GA, and vice versa, might be indirect, possibly via

ABA. The ET–ABA cross-talk is under study at present by

our group.

Supplementary data

Supplementary data are available at JBX online.

Figure S1. Transcription levels of a housekeeping gene

(18S RNA), presented as CT mean values, during the

development of the fruit and seed of S. officinale. EF, early

fruit; LF, late fruit; LS, late seed; NAS, not after-ripened
dry seed; AS,after-ripened dry seed. Error bars indicate the

SDs of 10 independent experiments.

Figure S2. Transcription levels of a housekeeping gene

(18S RNA), presented as CT mean values, during the time

course of imbibition at 24 �C of S. officinale seeds. (A)

Control; (B) GA4+7; (C) PB; (D) etephon; (E) IESS; (F)

etephon+GA4+7. Non-after-ripened seed (open circles);

after-ripened seed (filled circles). Error bars indicate the
SDs of 10 independent experiments.

Figure S3. Phylogenetic tree (cladogram) including

SoACS7 and other plant ACS genes. Accession numbers

are given in parentheses. The aLRT statistical test of branch

support was used (numerical values in branch).

Figure S4. Phylogenetic tree (cladogram) including

SoACO2 and other plant ACO genes. Accession numbers

are given in parentheses. The aLRT statistical test of
branchsupport was used (numerical values in branch).

Figure S5. Phylogenetic tree (cladogram) including

SoGA20ox2 and other plant GA20ox genes. Accession

numbers are given in parentheses. The aLRT statistical test

of branch support was used (numerical values in branch).

Figure S6. Phylogenetic tree (cladogram) including

SoGA3ox2 and other plant GA3ox genes. Accession num-

bers are given in parentheses. The aLRT statistical test of

branch support was used (numerical values in branch).

Figure S7. Phylogenetic tree (cladogram) including

SoGA2ox6 and other plant GA2ox genes. Accession num-

bers are given in parentheses. The aLRT statistical test of

branch support was used (numerical values in branch).
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Khalil-Ahmad, Regad F, Latché A, Pech JC, Bouzayen M. 2006.

Sl-ERF2, a tomato ethylene response factor involved in ethylene

response and seed germination. Plant and Cell Physiology 47,

1195–1205.

Probert RJ. 2000. The role of temperature in the regulation of seed

dormancy and germination. In: Fenner M, ed. Seeds: the ecology of

regenation in plant communities. Wallingford, Oxon: CAB International,

26–292.

Rautengarten C, Usadel B, Neumetzler L, Hartmann J,

Büssis D, Altmann T. 2008. A subtilisin-like serine protease essential

for mucilage release from Arabidopsis seed coats. The Plant Journal

54, 466–480.

Raz V, Bergervoet JHW, Koorneef M. 2001. Sequential steps for

development arrest in Arabidopsis seeds. Development 128, 243–252.

Ren Y, Bewley JD, Wang X. 2008. Protein and gene expression

patterns of endo-b-mannanase following germination of rice. Seed

Science Research 18, 139–149.

Steber CM. 2007. De-repression of seed germination by GA

signaling. Annual Plant Reviews 27, 248–263.

Steel RG, Torrie JH. 1982. Principles and procedures of statistics.

Tokyo: Mc Graw-Hill.

Toorop PE, Bewley JD, Hilhorst HWM. 1996. Endo-b-mannanase

isoforms are present in the endosperm and embryo of tomato seeds,

but are not essentially linked to the completion of germination. Planta

200, 153–158.

Vandenbussche F, Vancompernolle B, Rieu I, Ahmad M,

Phillips A, Hedden P, Moritz T, Van Der Straeten D. 2007.

Ethylene-induced Arabidopsis hypocotyl elongation is dependent on

but not mediated by gibberellins. Journal of Experimental Botany 58,

4269–4281.

Vandenbussche F, Van Der Straeten D. 2007. One for all and all for

one: cross-talk of multiple signals controlling the plant phenotype.

Journal Plant Growth Regulation 26, 78–187.

Van der Schaar W, Alonso-Blanco C, Léon-Kloosterziel KM,
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Supplementary material: 

 

 

 

 

Figure S1. Transcription levels of housekeeping gene (18S-RNA), presented as CT 

mean values, during the development of the fruit and seed of S. officinale. EF: early 

fruit; LF: late fruit; LS: late seed; NAS: not after-ripened dry seed; AS: after-ripened dry 

seed . Error bars indicate standard deviations of ten independent experiments.  
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Figure S2. Transcription levels of housekeeping gene (18S-RNA), presented as CT 

mean values, during imbibition time course at 24°C of S. officinale seeds. (A) Control; 

(B) GA4+7; (C) PB; (D) etephon; (E) IESS; (F) etephon + GA4+7. Not after-ripened seed 

- of ten independent 

experiments. 
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V. radiata ACS5 (Z12134)
L. sativa ACS2 (AF380837)
A. thaliana ACS7 (NM_118753)
L. sativa ACS2 (AF380837)

B. oleracea ACS2 (AF338651)
S. officinale ACS7 (EU689114)
C. papaya ACS1b (AJ277161)
S. tuberosum ACS2 (Z27235)
P. persica ACS (AF239663)
P. salicina ACS3 (EU034650)
P. domestica insititia ACS1 (AJ890088)
P. armeniaca ACS3 (AF184078)
M. domestica ACS3a (AB243060)
P. pirifolia ACS2 (AB007639)
P. communis ACS3 (AY388988)
P. communis ACS2b (AY388989)
P. communis ACS3 (AY388988)

P. communis ACS2a (AF386519)
A. thaliana ACS5 (NM_125977)
A. thaliana ACS9 (ETO3) (NM_114830)
A. thaliana ACS8 (NM_119939)
A. thaliana ACS4 (NM_127846)
A. thaliana ACS11 (NM_116873)
A. thaliana ACS6 (NM_117199)
A. thaliana ACS1 (NM_116016)
A. thaliana ACS2 (NM_100030)
A. thaliana ACS12 (NM_124548)
A. thaliana ACS10 (NM_104974)

0.58

0.76

0.95

0.65

0.61

0.67

0.99

0.98

0.93

0.82

0.88

0.16

0.95

0.95

 

Figure S3. Phylogenetic tree (cladogram) including SoACS7 and other plant 

ACSgenes. Accession numbers are given between brackets.  aLRT statistical test of 

branch support was used (numerical values in branch). 
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C. sativus ACO2 (AF033582)

H. annuus ACO (L29405)

B. rapa rapa ACO1 (AJ309321)

B. oleracea ACO2 (X81629)

A. thaliana ACO2 (NM_104918)

M. sinuata ACO (EU280891)

S. officinale ACO2 (EU689115)

B. juncea EFEMR2 (AF252628)

B. rapa rapa ACO2 (AJ309322)

B. juncea EFE (Z11750)

B. oleracea ACO1 (X81628)

C. papaya ACO2 (AJ853461)

P. hortorum ACO (U07953)

D. kaki ACO2 (AB073009)

P. hortorum ACO3 (U67861)

M. domestica ACO (AB086888)

A. thaliana ACO1 (NM_127517)

1

0.99

0.93

0.17

0.013

0.73

0.99

0.94

1

0.75

0.08

0.41

0.82

Figure S4. Phylogenetic tree (cladogram) including SoACO2 and other plant ACO 

genes. Accession numbers are given between brackets.  aLRT statistical test of 

branchsupport was used (numerical values in branch). 
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A. thaliana GA20ox3 (NM_120802)

A. thaliana GA20ox1 (GA5) (U20873)

A. thaliana GA20ox2 (NM_124560)

A. thaliana GA20ox4 (NM_104778)

S. officinale GA20ox2 (EU689113)

P. vulgaris GA20ox (U70531)

P. trichocarpa GA20ox (EF396896)

P. nigra GA20ox (EF396895)

P. maximowiczii GA20ox (EF396894)

N. tabacum GA20ox (AB109762)

F. sylvatica GA20ox1 (AJ420191)

S. lycopersicum GA20ox4 (EU675630)

A. thaliana GA20ox5 (NM_103535)

0.56

0.99

0.74

0.32

0.86

0.54

0.31

0.91

0.82

Figure S5. Phylogenetic tree (cladogram) including SoGA20ox2 and other plant 

GA20ox genes. Accession numbers are given between brackets.  aLRT statistical test 

of branch support was used (numerical values in branch). 
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A. thaliana GA3ox3 (NM_118289)

N. tabacum GA3ox (EF471116)

D. ferox GA3ox (AJ309321)

P. subhirtella GA3ox (AB188145)

F. ananassa GA3ox (DQ195505)

P. sativum GA3ox (AF10169)

P. tremula x tremuloides GA3ox1 (AY433958)

S. officinale GA3ox2 (EU689111)

A. thaliana GA3ox2 (GA4H) (NM_106683)

A. thaliana GA3ox1 (GA4) (NM_101424)

A. thaliana GA3ox4 (NM_106682)

L. sativa GA3ox (AB012205)

C. morifolium GA3ox2 (AB371603)

C. maxima GA3ox (U63650)

0.56

0.76

0.85

0.067

0.99

0.99

1

 

Figure S6. Phylogenetic tree (cladogram) including SoGA3ox2 and other plant GA3ox 

genes. Accession numbers are given between brackets.  aLRT statistical test of branch 

support was used (numerical values in branch). 
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A. thaliana GA2ox8 (NM_118239)

A. thaliana GA2ox7 (NM_103976)

A. thaliana GA2ox4 (NM_103695)

H. vulgare GA2ox5 (AY5514335)

O. sativa GA2ox (NM_001050827)

C. maxima GA2ox (AJ315662)

A. thaliana GA2ox2 (NM_102743)

B. rapa pevirides GA3ox2 (AB331923)

A. thaliana GA2ox3 (NM_129007)

V. angularis GA2oxA1 (AB181372)

A. thaliana GA2ox1 (NM_106491)

S. oleracea GA2ox2 (AF506282)

S. officinale GA2ox6 (EU689112)

A. thaliana GA2ox6 (NM_100121)

C. annuum GA2ox (DQ465393)

S. lycopersicum GA2ox3 (EF441353)

P. sativum GA2ox (AF100954)

V. angularis GA2oxB3 (AB181376)

0.98

0.98

0.63

0.9

0.91

0.99

0.87

0.82

0.74

0.66

0.96

0.86
0.71
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Figure S7. Phylogenetic tree (cladogram) including SoGA2ox6 and other plant GA2ox 

genes. Accession numbers are given between brackets.  aLRT statistical test of branch 

support was used (numerical values in branch). 
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