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Seed dormancy is an ecologically important adaptive trait in plants
whereby germination is repressed even under favorable germina-
tion conditions such as imbibition with water. In Arabidopsis and
most plant species, dormancy absolutely requires an unidentified
seed coat germination-repressive activity and constitutively higher
abscisic acid (ABA) levels upon seed imbibition. Themechanisms un-
derlying these processes and their possible relationship are incom-
pletely understood. We developed a “seed coat bedding” assay
monitoring the growth of dissected embryos cultured on a layer of
seed coats, allowing combinatorial experiments using dormant,
nondormant, and variousgeneticallymodified seed coat and embry-
onicmaterials. This assay, combinedwith direct ABAmeasurements,
revealed that, upon imbibition, dormant coats, unlike nondormant
coats, actively produce and release ABA to repress embryo germina-
tion, whatever the embryo origin, i.e., from dormant, nondormant,
or never dormant aba seeds, unable to synthesize ABA. The persis-
tent high ABA levels in imbibed dormant seeds requires the perma-
nent expression of the DELLA gene RGL2, where it remains
insensitive to gibberellins (GA) unlike in nondormant seeds. These
findings present the seed coat as an organ actively controlling ger-
mination upon seed imbibition and provide a framework to investi-
gate how environmental factors break seed dormancy.
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In plants, mature dry seeds are the endpoint of embryogenesis
and consist of a seed coat surrounding a desiccated and highly

resistant embryo. Upon termination of embryogenesis, many
seeds are dormant; i.e., they will not germinate even under fa-
vorable germination conditions (1, 2). Seed dormancy can be
broken after a period of seed after-ripening or upon seed strati-
fication (i.e., exposure to cold and moist conditions) (3, 4).
Dormancy is a trait of considerable agronomical and ecological

importance, enhancing plant fitness by keeping the embryo pro-
tected and avoiding germination out of season. Previous work in
Arabidopsis has established that repression of germination upon
dormant seed imbibition is an active process requiring de novo and
constitutive production of the phytohormone abscisic acid (ABA)
upon seed imbibition (5–7). Thus, treating imbibed dormant WT
seeds with Norflurazon, an inhibitor of ABA synthesis, will trigger
their germination (6). The importance of the role of de novo ABA
synthesis to repress germination is further supported by the ob-
servation that dormant and nondormant dry seeds contain simi-
larly high amounts of ABA, which played an essential and well-
established developmental role during seed maturation (5) (see
also below). However, upon seed imbibition, the high ABA levels
present in both dormant and nondormant seeds drop drastically by
about 10-fold within the first 12 h (5, 8) (see below). What indeed
distinguishes dormant seeds from nondormant seeds in what
concerns their ABA content is the capacity of dormant seeds to
synthesize de novo and constitutively ABA once the initial drop of
ABA levels has occurred upon seed imbibition. How dormant

seeds achieve this characteristic de novo constitutive ABA pro-
duction upon imbibition is unknown.
Furthermore, in numerous agronomically relevant species and

in the model plant Arabidopsis, researchers have also established
that the seed coat is also essential to maintain the active re-
pression of seed germination that is occurring in imbibed dormant
seeds. This conclusion is based on the observation that seed coat
removal triggers plant embryo growth and greening (i.e., germi-
nation) (3, 9, 10).
In Arabidopsis, the seed coat consists of an outer layer of dead

tissue, the testa, and a single cell layer of endosperm live tissue
surrounding the embryo (9). Dissection experiments removing the
external testa layer while leaving the endosperm layer have shown
that the endosperm provides most if not all of the germination
repressive activity (11). How the endosperm prevents seed ger-
mination and whether there is a relationship between the pro-
cesses of coat-imposed seed dormancy and de novo ABA
production in imbibed dormant seeds is not clearly understood.
Previous reports using different plant species (but not Arabi-

dopsis) have shown that seed structures surrounding the embryo
contain compounds possessing germination-inhibitory activities
that include ABA (12). Evidence suggests that the Arabidopsis
endosperm in the seed coat can biosynthesize ABA. Indeed, gene
expression studies in isolated Arabidopsis seed coat tissue have
shown that the endosperm expresses genes involved in ABA me-
tabolism (13). Furthermore, a previous report has provided in-
direct genetic evidence that the endosperm may participate to
produce a substantial proportion of the final pool of ABA present
in dry seeds (14). Finally, Barrero et al. recently demonstrated that
the Arabidopsis seed coat contains ABA (15). On the other hand,
Bassel et al. proposed a model where gibberellins (GA) or a GA-
derived signal passing from the endosperm to the embryo may
maintain dormancy by promoting the expression of ABA-
dependent germination repressors in the embryo (16). However,
Bassel et al. could not rule out that an unidentified factor X is
released by the endosperm to promote dormancy by inhibiting
GA synthesis and/or signaling in the embryo (16).
Thus, it remains unknown whether the germination-inhibitory

compounds present in seed coats, including ABA, directly par-
ticipate in the germination-repressive activity provided by the
seed coat in imbibed dormant seeds. Furthermore, it is also
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unknown whether the seed coats of dormant seeds actively syn-
thesize germination inhibitory products such as ABA or assist
somehow the de novo ABA synthesis that prevents germination
upon dormant seed imbibition. Hence, it remains to be estab-
lished what are the mechanisms controlling in imbibed dormant
seeds the two key properties of de novo ABA synthesis and of the
germination-repressive activity of the seed coat as well as whether
they are related.
When seeds are nondormant, environmental factors control

germination upon seed imbibition by determining the relative
levels of the phytohormones ABA and GA (17, 18). Concerning
ABA, unfavorable germination conditions, such as an osmotic
stress or unfavorable light (e.g., light enriched in far-red, as under
the canopy) lead to de novo endogenous ABA synthesis upon
seed imbibition (19). In turn, ABA represses germination by
stimulating de novo and upon imbibition the expression of specific
germination repressors such as theABA-insensitive 3 and -5 (ABI3
and ABI5) genes (20, 21), encoding transcription factors. Thus,
abi mutant seeds are able to germinate under unfavorable ger-
mination conditions or in presence of exogenous ABA (22, 23).
Concerning GA, nondormant seeds are able to germinate be-

cause they synthesize GA upon imbibition (17, 18). In turn, GA
synthesis ensures that RGL2 accumulation is restricted to the first
24 h upon seed imbibition by enhancing RGL2 proteasomal de-
struction after binding to a GA receptor (GID1), which enhances
RGL2 protein interaction with the F-box protein SLY1 (24–26).
If GA synthesis is prevented upon seed imbibition, as in imbibed
ga1 seeds, RGL2 protein accumulates persistently in imbibed
seeds and promotes persistent high endogenous ABA accumu-
lation after the initial drop in dry seed ABA levels has taken place
upon imbibition (8, 27). In turn, high ABA levels in imbibed ga1
seeds repress germination by stimulating de novo the expression
of ABI3 and ABI5 (8, 20, 21, 27).
In this present work, the two key properties of dormant seeds,

namely the germination-restrictive activity provided by the seed
coat and their ability to accumulate high ABA levels after their
initial drop upon imbibition, were further explored. An assay was

devised where the seed coat is physically separated (i.e., dissected)
from the embryo so that embryos are laid on a bed of seed coats.
Strikingly, this assay maintains the germination-repressive activity
of the seed coat on the embryo. The “seed coat bedding” assay
allows exploring the function of the seed coat by performing
combinatorial experiments using dormant, nondormant, and vari-
ous genetically modified seed coat and embryonic materials. The
analysis using this method suggested that the endosperm of dor-
mant seeds releases ABA in an RGL2-dependent manner to pre-
vent the germination of the embryo, thus sustaining its dormancy.
We show that dormant seeds sustain high ABA accumulation be-
cause they specifically fail to down-regulate RGL2 expression in
response to GA upon imbibition, unlike nondormant seeds.

Results
Dormant WT seeds of the highly dormant Cvi and C24 ecotypes
persistently maintained RGL2 mRNA and protein upon seed
imbibition (Fig. 1A and Fig. S1A). Similarly, dormant Ler seeds
persistently accumulated RGL2 protein upon imbibition (Fig.
S1B). In contrast, upon imbibition, nondormant WT Cvi, C24, or
Ler seeds expressed RGL2 only transiently and germinated (Fig.
1A and Fig. S1 A and B). Dormant seeds also maintained high
ABI3 and ABI5 expression relative to nondormant seeds, consis-
tent with their higher endogenous ABA levels (measured for C24)
and their failure to germinate (Fig. 1 A and B and Fig. S1A).
We next investigated the capacity of rgl2 mutants to sustain de

novo ABA synthesis. rgl2 mutants lacked dormancy as they ger-
minated precociously, consistent with previous reports (28–30)
(Fig. S2). Furthermore, when compared with freshly harvested
(i.e., dormant) WT (Ler) seeds, freshly harvested rgl2-1 (Ler)
mutant seeds failed to sustain high ABA levels and high ABI5
expression upon seed imbibition (Fig. 1 C and D). Exposure to
ABA blocked rgl2-1 germination and indeed restored high ABI5
expression (Fig. 1C).
Among the five DELLA factors present in Arabidopsis, RGL2

plays a unique and central role among DELLAs to promote
ABA synthesis in seeds. Indeed, ABA strongly stimulates RGL2
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mRNA levels, but not those of the other DELLA genes, in
a positive feedback loop because ABA promotes the expression of
RGL2, which enhances ABA synthesis (8, 31). This ensures pre-
dominant RGL2 protein accumulation relative to other DELLAs
when GA levels are low (8, 27). Consistent with the notion of
a positive feedback loop sustaining RGL2 and ABI expression,
treating dormant seeds with Norflurazon, an inhibitor of ABA
synthesis, down-regulated RGL2, ABI3, and ABI5 expression and
triggered germination (Fig. 1E and Fig. S1C).
Taken together, these observations strongly suggest a model

describing how RGL2 promotes dormancy whereby RGL2 is
necessary to produce de novo ABA in dormant seeds upon im-
bibition. In turn, ABA is necessary to sustain RGL2, ABI3, and
ABI5 expression over time by virtue of the positive feedback loop
described above.

Role of the Seed Coat. Previous reports showed that the endosperm
expresses RGL2 as well as ABA biosynthetic genes (8, 13, 14).
Furthermore, seed coats isolated from dormant Ler seeds isolated
72 h after imbibition accumulated RGL2 protein (Fig. S3A). This
led us to hypothesize that the seed coat releases ABA to repress
embryo germination and therefore promote dormancy.
Consistent with this hypothesis, seed coat removal of dormant

seeds triggered germination and led to ABI5 protein disap-
pearance in coatless embryos left for 96 h in the imbibition
medium but not when ABA was present in the medium (Fig.
S4A). In contrast, embryos dissected at various times from im-
bibed dormant seeds retained high ABI5 protein accumulation
over time (Fig. S4B).
To test this hypothesis more directly, we devised a “seed coat

bedding” assay physically separating seed coats from embryos to
study how the seed coat controls embryo germination (Fig. 2A). A
bed of seed coats dissected from dormant Cvi seeds (thereafter
“dormant seed coats”) repressed the germination of coatless
embryos dissected from dormant Cvi seeds and stimulated their
ABI5 protein levels (Fig. 2B). Similar results were obtained when
a nylon filter further separated the dormant seed coats from
embryos while keeping embryos wet, thus maintaining the ex-
change of diffusible molecules (Fig. 2B). In contrast, seed coats
dissected from nondormant Cvi seeds did not repress the germi-
nation of embryos dissected from dormant Cvi seeds nor stimu-
lated their ABI5 protein levels (Fig. 2B). Presence of ABA in the
imbibition medium blocked germination and restored high ABI5
levels, confirming that these two features of dormancy are ABA
mediated (Fig. 2B).
In addition, dormant Cvi seed coats, unlike nondormant Cvi

seed coats, were sufficient to block the germination of embryos
dissected from nondormant Col seeds, stimulating their ABI5
protein accumulation (Fig. 3A andB). Furthermore, dormant Cvi
seed coats, unlike nondormant Cvi seed coats, blocked the ger-
mination of embryos dissected from nondormant seeds carrying
a β-glucuronidase blue marker transgene fused to an ABA-
responsive promoter (pRD29B-GUS) (32) (Fig. S5). Absence of
germination was associated with strong blue marker staining in
cotyledons (Fig. S5). Dormant Cvi seed coats, unlike nondormant
Cvi seed coats, could also block the germination of aba2 embryos
dissected from aba2 seeds, unable to synthesize ABA and there-
fore never dormant, and stimulated their ABI5 protein levels
(Fig. 3 A and B). On the other hand, aba1 seed coats, unlike Ler
dormant seed coats, could not block the germination of embryos
dissected from dormant WT (Ler) seeds nor stimulate their
ABI5 protein levels (Fig. 3 C and D). Furthermore, extracts ob-
tained from Cvi dormant seed coats isolated 24 h and 48 h after
seed imbibitionmarkedly delayed the germination of Col embryos
and stimulated their ABI5 proteins levels, unlike extracts ob-
tained from nondormant seed coats (Fig. S6A). Taken together,
these observations show that ABA coming from dormant seed
coats stimulated diffusely ABA-dependent genes in the overlying

embryos and repressed their germination. We observed that ger-
mination arrest did not take place when embryos dissected from
nondormant Col seeds were laid on a layer of intact dormant Cvi
seeds (Fig. S6B). Thus, it appears that ABA released by the seed
coat is retained within the intact dormant seed (Discussion).
To directly detect ABA released from seed coats, dormant and

nondormant Cvi seed coats dissected 24 h (t = 0 h) upon imbi-
bition (i.e., a time when the large drop of ABA levels present in
dry seeds has occurred) were incubated in MS medium for 24 h
(t = 24 h) (Fig. 4A). ABA levels remained constant in both dor-
mant and nondormant seed coat material for each time point (t <
0.05; Fig. 4B). However, dormant seed coat material contained
three- to fourfold higher ABA levels than nondormant seed coat
material (t< 0.05; Fig. 4B). ABA levels 2.6-fold higher were found
in the incubation MS medium containing dormant seed coats
relative to that containing nondormant seed coats after 24 h of
incubation (t < 0.05; Fig. 4B). More absolute ABA levels were
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found in the incubation medium than in the seed coat material
itself, consistent with the notion that ABA is produced de novo in
the endosperm of dormant seeds and released toward the embryo
to repress germination (t < 0.05; Fig. 4B).
Finally and consistent with our findings described above

showing that RGL2 promotes ABA synthesis, we found that rgl2
mutant seed coats, unlike dormant seed coats (Ler ecotype),
were unable to arrest the germination of dormant embryos (Ler)
and to stimulate ABI5 protein levels (Fig. 5 A and B). As
expected, dormant Ler seed coats used in the seed coat bedding
assay accumulated RGL2 protein when analyzed 72 h after im-
bibition (Fig. S3B). We wished to test whether other DELLA
factors are active in the seed coat to repress germination. The
DELLA factors GAI and RGA are known to promote dormancy
and to promote ABA accumulation in seeds under far-red light
illumination (27, 28, 30). gai/rga double mutant seed coats, unlike
rgl2 mutant seed coats, were able to arrest the germination of
dormant embryos (Ler) and to stimulate ABI5 protein levels
(Fig. 5 A and B). These results strongly indicate that release of
ABA by the seed coat is specifically dependent on the DELLA
factor RGL2.

Discussion
In summary, our observations show that (i) constitutively higher
ABA levels in imbibed dormant seeds necessitate a functional
RGL2 gene whose expression remains high and irresponsive to
GA, unlike nondormant seeds (Fig. 1 and Fig. S1); (ii) dormant
seed coats sustain higher ABA release than nondormant seed
coats and in a seed coat bedding assay elicit the same embryonic
responses as those observed with exogenous ABA, including in
aba2 embryos (Fig. 3); and (iii) repression of germination and
stimulation of ABA-responsive gene expression in embryos
requires functional RGL2 and ABA1 genes in the seed coat
(Figs. 3 and 5). Altogether, these observations strongly support
a model in which the seed coat maintains seed dormancy by
releasing ABA to repress embryo germination, with RGL2 being
a contributing factor to promote ABA synthesis in the endo-
sperm (see model in Fig. 6).
We found that intact dormant seeds are unable to repress

embryo germination, suggesting that ABA released by the seed
coat is retained within seeds (Fig. S6B). This could be due to a
specific transmembrane ABA flux between endosperm cells and
embryonic cells possibly involving recently identified members of
the ABCG subfamily of ABC transporters (33, 34). Furthermore,
the reported observations should not be meant to imply that the
ABA derived from the endosperm is the major and only cause of

dormancy. The strength of dormancy in a given seed, i.e., its ca-
pacity to restrain from germinating upon imbibition, is most likely
related to the seed’s capacity to synthesize ABA as a whole: in
both the endosperm and the embryo. Rather, we wish to propose
that the endosperm is an essential contributor to sustain dor-
mancy, i.e., to prevent germination over time upon imbibition.
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That ABA synthesized in embryos also contributes to overall seed
dormancy is most likely reflected by the observation that dormant
embryos green and germinate slower than nondormant embryos
upon dissection (Fig. S7A). In agreement with this view, we found
that coatless embryos dissected from isolated dormant seeds 24 h
after imbibition contained 2.5-fold more ABA than coatless em-
bryos isolated from nondormant seeds (Fig. S7B).
It should be pointed out that dormancy-promoting function of

the seed coat is not strictly restricted to the endosperm. Structural
and pigmentation testa defects in Arabidopsis transparent testa (tt)
mutant are associated with decreased dormancy in a maternally
inherited manner (6, 9). This suggested that the testa layer, a tis-
sue of maternal origin, has a dormancy-promoting effect that
appears to be independent of endosperm function. The low dor-
mancy phenotype of tt seeds is unlikely related to ABA present in

the testa or ABA synthesized in the endosperm. Indeed, Karssen
et al. used reciprocal crosses to show that maternal ABA does not
contribute to dormancy and tt germination is stimulated by Nor-
flurazon. Rather, it was proposed that the testa may inhibit ger-
mination by decreasing permeability to water and/or oxygen or by
exerting a mechanical restraint to the growing embryo (6, 9, 35).
This work focused on the role of the DELLA factor RGL2 to

promote higher ABA levels in dormant seeds upon imbibition.
Indeed, RGL2 is central among DELLAs to repress seed germi-
nation because its mRNA expression is positively regulated by
ABA, thus establishing the positive feedback loop that sustains
RGL2 expression (8, 27). However, genetic studies have shown
that other DELLA factors, such as GAI and RGA, promote dor-
mancy although their contribution was revealed in a rgl2 mutant
background (30).We previously reported that GAI andRGA also
promote, together with RGL2, higher endogenous ABA levels in
the context of far-red light-dependent repression of seed germi-
nation (27). One would therefore anticipate that GAI and RGA
also participate to sustain higher ABA levels upon imbibition of
dormant seeds but only in the embryo because gai/rga seed coats
could arrest germination in a seed coat bedding assay (Fig. 5).
The model proposed here to describe seed dormancy (Fig. 6)

leaves unanswered an important question, that of the control of
RGL2 expression: how do dormancy-breaking factors abolish
constitutive RGL2 expression in dormant seeds, and, to begin
with, how do dormant seeds achieve constitutive expression of
RGL2 upon imbibition. It is unlikely that constitutive RGL2
expression reflects low GA synthesis because exogenous GA
does not significantly alter RGL2 expression in dormant seeds
(Fig. 1A and Fig. S1A). In contrast, stratification or after-rip-
ening treatments indeed down-regulate RGL2 expression (Fig.
1A and Fig. S1A), in agreement with previous reports showing
that GA does not stimulate germination of highly dormant seeds,
unlike stratification or after-ripening treatments (36). Thus,
dormant seeds may fail to sufficiently express essential GA sig-
naling components necessary to the proteolytic degradation of
RGL2 in response to GA, such as SLY1 or GID1 receptors (Fig.
S8). Consistent with this possibility, we observed that 24 h upon
imbibition, dormant seeds failed to increase SLY1 mRNA levels,
unlike nondormant seeds (Fig. S8). In contrast, GID1a mRNA
levels were similar in both dormant and nondormant seeds
(GID1b and GID1c are not significantly expressed in seeds) (Fig.
S8). Thus, low expression of SLY1, an essential component of the
GA-dependent DELLA degradation machinery, in dormant
seeds may be a contributing factor leading to persistent RGL2
accumulation upon dormant seed imbibition. However, sly1
mutant seeds may show various levels of dormancy, and after-
ripened sly1 seeds are nondormant, i.e., are able to germinate,
despite expressing high RGL2 protein levels comparable to those
found in freshly harvested dormant sly1 seeds (8, 37). This sug-
gests the existence of proteolysis-independent down-regulating
pathways of DELLA germination repressor activity, operative
during the after-ripening time period, which may involve protein
interactions or posttranslational modifications (37, 38). It has
recently been proposed that natural variations of dormancy in
Arabidopsis seeds are controlled by several additive but in-
dependent molecular and genetic pathways (39).

Materials and Methods
Plant Material. The rgl2-1 and gai-t6/rga-t2 mutant (Ler ecotype; kindly
provided by Jinrong Peng, National University of Singapore, Singapore)
described in ref. 40 and pRD29B-GUS transgenic line (Col ecotype; kindly
provided by Erwin Grill, TU Munich, Munich, Germany) described in ref. 32
and aba2-1 mutant (Col ecotype; kindly provided by Maarten Koornneef,
Max Planck Institute, Cologne, Germany) described in ref. 41.

Seed Coat Bedding Assays. Arabidopsis seeds were dissected into embryos and
seed coats at 4 h after seed imbibition by using a very fine syringe needle (BD

Fig. 6. Model for seed coat- andABA-dependent repression of dormant seed
germination. Dormancy is a state where GA-dependent down-regulation of
RGL2mRNA and protein expression is blocked. As a result, constitutive RGL2-
dependent production of ABA in the endosperm maintains ABI-dependent
repression of embryo germination.
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Fig. 5. Seed coat-dependent repression of germination necessitates a func-
tional RGL2 gene in endosperm cells. (A) Seed coat bedding assays using
embryos dissected from freshly harvested, i.e., dormant (D), Ler seeds laid on
a layer of seed coats dissected from freshly harvested, Ler seeds [Ler (D)],
rgl2-1(rgl2), or gai-t6/rga-t2 (gai/rga) mutant seeds. Pictures were taken 86 h
after imbibition. (B) Proteins were extracted from the embryo material
shown in A.
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Micro-Fine) onWhatman 3MM paper laid on the surface of MS agar medium.
Ten coatless embryos were laid on a layer of different numbers [30 (Fig. 2B),
100 (Fig. 3A), 50 (Figs. 3D and 5A)] of seed coats on the surface of MS agar
medium in presence or absence of 0.5 μM ABA and grown under continuous
light (40 μmol m−2 s−1) at 20–21 °C. Seed coats and coatless embryos were
further physically separated by a 0.45-μm pore-size nylon transfer membrane
(Schleicher and Schuell BioScience).

ABA Measurements. To measure ABA levels, several different plant materials
were used. In Fig. 1 B andD about 50mg of Arabidopsis seeds was used and in
Fig. S7B, 500 coatless embryos and 500 seed coats from dormant and non-
dormant Cvi seeds were obtained at 24 h after seed imbibition on MS agar
medium. In Fig. 4, 500 seed coats fromCvi (ND) andCvi (D) seedsweredissected
at 24 h after seed imbibition on MS agar medium. The seed coats were in-
cubated in 150 μL MS liquid medium for 0 h and 24 h under continuous light
(40 μmol m−2 s−1) at 20–21 °C. Thereafter, absolute ABA levels in seeds coats
and in the MS incubation liquid medium (without the seed coats) were mea-
sured. The ABA levels were determined as described in ref. 27. All experiment
was repeated three times.

RNA Extraction and Analysis.Details of procedures are provided as SI Materials
and Methods.

Protein Extraction and Analysis. Plant materials were collected and frozen
under liquid nitrogen and homogenized. Total protein was extracted with
homogenization buffer [0.0625 M Tris-HCl (pH 6.8), 1% (wt/vol) SDS, 10%
(vol/vol) glycerin, 0.01% (vol/vol) 2-mercaptoethanol]. For ABi5 and RGL2
protein detection in plant materials delivered from intact seed, 20 μg of total
protein was separated by SDS/PAGE gel and blotted onto Immobilon-P
transfer membrane (Millipore). For the detection of ABi5 protein in coatless
embryo, 10 embryos were used and for the detection of RGL2 protein in
seed coat, 100 seed coats were used. ABI5 and RGL2 proteins were immu-
nologically detected as described (8).

Germination Assays and GUS Assay. Details of procedures are provided in SI
Materials and Methods.
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