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Gibberellin Requirement for Arabidopsis Seed Germination Is
Determined Both by Testa Characteristics and
Embryonic Abscisic Acid'

Isabelle Debeaujon® and Maarten Koornneef*

Laboratory of Genetics, Wageningen University, Dreijenlaan 2,
6703 HA Wageningen, The Netherlands

The mechanisms imposing a gibberellin (GA) requirement to
promote the germination of dormant and non-dormant Arabidopsis
seeds were analyzed using the GA-deficient mutant gai, several
seed coat pigmentation and structure mutants, and the abscisic acid
(ABA)-deficient mutant abal. Testa mutants, which exhibit reduced
seed dormancy, were not resistant to GA biosynthesis inhibitors
such as tetcyclacis and paclobutrazol, contrarily to what was found
before for other non-dormant mutants in Arabidopsis. However,
testa mutants were more sensitive to exogenous GAs than the
wild-types in the presence of the inhibitors or when transferred to
a GA-deficient background. The germination capacity of the ga7-71
mutant could be integrally restored, without the help of exogenous
GAs, by removing the envelopes or by transferring the mutation to
a tt background (tt4 and ttg1). The double mutants still required
light and chilling for dormancy breaking, which may indicate that
both agents can have an effect independently of GA biosynthesis.
The ABA biosynthesis inhibitor norflurazon was partially efficient in
releasing the dormancy of wild-type and mutant seeds. These results
suggest that GAs are required to overcome the germination con-
straints imposed both by the seed coat and ABA-related embryo
dormancy.

The important role of the plant hormones gibberellins
(GAs) in promoting seed germination is indicated by sev-
eral observations. In plant species such as Arabidopsis and
tomato, the strong alleles of GA-deficient mutants are un-
able to germinate without exogenous GAs (Koornneef and
van der Veen, 1980; Groot and Karssen, 1987). A de novo
biosynthesis of GAs is required during imbibition, as con-
cluded from the observation that inhibitors of GA biosyn-
thesis such as paclobutrazol and tetcyclacis prevent germi-
nation (Karssen et al.,, 1989; Nambara et al.,, 1991). A
germination-promoting role for GAs has also been deduced
from their ability to overcome germination constraints that
exist in seeds requiring after-ripening (Metzger, 1983; Grap-
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pin et al., 2000), light (Hilhorst and Karssen, 1988; Derkx and
Karssen, 1993a; Yang et al., 1995; Toyomasu et al., 1998),
and cold. This led to the suggestion that such environmen-
tal factors may induce GA biosynthesis during the early
phases of germination. Indeed, this light effect has been
shown convincingly by Toyomasu et al. (1998) for lettuce
and by Yamaguchi et al. (1998) for Arabidopsis. In the latter
species, two 3-B-hydoxylases enzymes encoded by the GA4
and GA4H genes are induced by phytochrome. Cold treat-
ments do not stimulate GA biosynthesis in Arabidopsis
seeds but, rather, increase their sensitivity to GAs (Derkx
and Karssen, 1993a).

Two different mechanisms of action have been proposed
to explain the role of endogenous GAs in the control of
germination. The first one is the induction of the expression
of genes encoding enzymes hydrolyzing the endosperm.
This tissue confers part of the mechanical resistance to
radicle protrusion, as demonstrated in tomato (Groot and
Karssen, 1987, Groot et al.,, 1988), tobacco (Leubner-
Metzger et al., 1996), and barley (Schuurink et al., 1992).
The second mechanism consists of a direct stimulating
effect on the growth potential of the embryo, as suggested
for Arabidopsis (Karssen and Lacka, 1986). This growth
potential is assumed to be restricted by the plant hormone
abscisic acid (ABA), which is produced in the embryo
(Karssen et al., 1983). ABA has been suggested to induce a
dormant state during the later phases of seed maturation;
after this point its function is limited because the concen-
tration falls below an inhibiting level. GA is required to
overcome this ABA-induced dormant state. However, the
finding that ABA levels increase upon imbibition in dor-
mant seeds and not in non-dormant seeds (Le Page-
Degivry and Garello, 1992; Wang et al., 1995; Grappin et al.,
2000) may indicate that the actual level of ABA during
imbibition is important. Therefore, as in the induction of
genes involved in reserve mobilization in the cereal aleu-
rone system (Skadsen, 1998), GA and ABA can act antag-
onistically. These two different mechanisms, one targeted
to the envelopes and one to the embryo, do not have to be
mutually exclusive, because dormancy and germination
are probably the net result of a balance between many
promoting and inhibiting factors.

GAs may not be the only factor through which environ-
mental factors modify dormancy in seeds. Only after-
ripening, not GA application, was found to regulate seed
dormancy release in wild oat (Avena fatua L.; Fennimore
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and Foley, 1998). Similarly, in Sisymbrium officinale, Derkx
and Karssen (1993b) showed that seasonal dormancy pat-
terns were regulated by sensitivity to light and nitrate
rather than by GAs.

The aim of the present study was to investigate the role
of GAs in dormancy and germination of Arabidopsis seeds.
Special attention was paid to the seed envelopes, and par-
ticularly to the seed coat, as a factor interfering with ger-
mination and dormancy. For this purpose, we studied the
germination behavior of several testa mutants affected in
flavonoid pigmentation or in structural characteristics, in
combination with GA deficiency conferred by the gal mu-
tation. In addition, we compared the effect of various com-
pounds inhibiting GA and ABA biosynthesis with biosyn-
thesis mutants. The use of such inhibitors allows a more
specific analysis of the time when de novo synthesis is
playing a role, but the interpretation of the results can be
biased by differences in uptake of the compounds. Using
testa mutants that were shown to take up tetrazolium dyes
much more easily than the wild types (Debeaujon et al.,
2000), we show here the importance of these permeability
factors.

MATERIALS AND METHODS
Genotypes

The origin and genetic background of the seed coat
mutant alleles tt2-1, tt4-1, tt7-1, ttg1-1, tt12-1, ats-1, gI2-1,
and ap2-1 of Arabidopsis used in this experiment are de-
scribed in Debeaujon et al. (2000). The tt mutants are char-
acterized by a yellow (tt2-1, tt4-1, and ttg1-1) or pale brown
(tt7-1 and tt12-1) seed color. The ttg1, gl2, and ap2 mutants
are characterized by an aberrant testa surface that excretes
very little mucilage (Koornneef, 1981) and the ats mutant
has a heart-like seed shape due to the absence of two
integument layers (Léon-Kloosterziel et al., 1994). The ap2
and ats mutants are assumed to have structural testa de-
fects that allow them to take up tetrazolium salts, as is the
case with tf mutants but not with the wild types or the g/2-1
mutant (Debeaujon et al., 2000).

The isolation of the non-germinating GA-deficient mu-
tants gal-1 (W58) and gal-3 (W113) in the Landsberg erecta
(Ler) background was described by Koornneef and van der
Veen (1980) and the molecular defects of these alleles by
Sun et al. (1992). The T-DNA-tagged gal-11 allele in the
Wassilevskija (Ws) background was isolated from the Ver-
sailles T-DNA transformant collection after a screen for
non-germinating mutants (Dubreucq et al., 1996).

The ABA-deficient allele abal-1 (A26) was obtained by
screening for germination after an ethyl methanesulfonate
mutagenesis of ga1-1 mutant seeds (Koornneef et al., 1982).
The abal-6 allele in the Ws background was recovered from
the Feldmann T-DNA transformant collection after screen-
ing for seeds germinating in presence of a 10 uM concen-
tration of the GA biosynthesis inhibitor tetcyclacis (BASF,
Ludwigshafen, Germany). A cross with abal-1 gave non-
dormant seeds and F, seedlings with the typical phenotype
of abal mutants, which indicated that this mutant was an
allele of abal. The resistance to tetcyclacis, which is a char-
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acteristic of all ABA-deficient mutants isolated thus far
(Léon-Kloosterziel et al., 1996), was confirmed in this mu-
tant (data not shown).

Growth Conditions

The seed lots were harvested on plants grown as previ-
ously described (Debeaujon et al., 2000). Seed lots to be
compared were grown in the same environmental condi-
tions, harvested the same day from mature siliques, and
stored at room temperature in cellophane bags. The gal
mutant seeds were sown on filter paper soaked with 10 um
GA, ,, (ICI) to enable germination. Once in the greenhouse,
the gal plants were sprayed once a week with 100 um
GA,,, to stimulate elongation growth, anther develop-
ment, and seed production.

Construction of Double Mutants

Double mutants of tt mutants and gal were obtained by
crossing gal-1 with #t4-1 and ttg1-1 and by crossing tt12-1
with gal-11. F, seeds originating from these crosses were
first germinated on water after 5 d of cold treatment to
break dormancy. Germinating seeds were discarded and
the remaining ones were put on 10 um GA,,, to induce
germination before planting in the greenhouse. Dwarf
plants were selected and sprayed with GA, , , for seed set.
The F, seeds with a ft phenotype harvested on GA-
deficient F, plants were retained as double mutants. The
double mutants with tt4 and ttg1 could be selected as F,
plants on the basis of a lack of anthocyanins in their leaves.

Double mutants between gal and abal were obtained by
crossing gal-3 with abal-1 and by crossing gal-11 with
abal-6. F, seeds germinating on 10 uM tetcyclacis were
grown in the greenhouse. Dwarf plants were selected and
sprayed with GA, , for double mutant seed set.

Germination Assays

All germination experiments were performed in 6-cm
Petri dishes on filter paper (no. 595, Schleicher & Schuell,
Dassel, Germany). Each genotype was sown in triplicate
(80-100 seeds from one individual plant per Petri dish).
The average germination percentage was determined after
7 d of incubation in a climate room (25°C, 16 h light/d;
TL57 bulbs, Philips, Eindhoven, The Netherlands). Aver-
age germination percentages were calculated with sEs of
the triplicates. For dark germination experiments, Petri
dishes were wrapped in two layers of aluminum foil and
stored in a closed box. In some experiments, the seeds
sown on water-soaked filter paper were submitted to 5 d of
cold treatment at 6°C (chilling) to break dormancy.

Filter papers were soaked either with water or with
solutions of the growth regulators GA,,, and ABA (mixed
isomers, Sigma-Aldrich, St. Louis), of the GA biosynthesis
inhibitors tetcyclacis and paclobutrazol (ICI) or of the ABA
biosynthesis inhibitor norflurazon. The pH of the aqueous
solutions of GA,,, and ABA was adjusted to 7.0 with
KOH. Norflurazon was dissolved in pure dimethyl sulfox-
ide (DMSO). A preliminary experiment showed that the
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maximum DMSO dose used in our experiment (400X di-
lution of the 99% [w/v] solution) did not have any effect on
seed germination (data not shown).

Microscopy

The cellular aspect of the aleurone layer was observed in
mature seeds before and after germination. Whole seeds
and remaining seed coats were dissected under a stereomi-
croscope (Zeiss, Jena, Germany). Pieces of aleurone layer
were mounted in an aqueous solution of 0.03% (w/v)
ruthenium red and observed under a light microscope
(Optiphot, Nikon, Tokyo).

RESULTS
Germination Behavior of ga7 Single and Double Mutants

In our previous report (Debeaujon et al.,, 2000), we
showed that most testa mutants exhibited reduced seed
dormancy. To investigate to what extent the GA require-
ment for germination may be imposed by the testa, the
embryos of the GA-deficient mutants gal-1, gal-3, and
gal-11 were excised from the envelopes. The germination

behavior of these embryos without the surrounding testa
and aleurone layer was found to be 100% for all gal alleles.
In contrast, none of the intact seeds germinated, demon-
strating the restrictive effect of the envelopes on germina-
tion. Results of this experiment did not reveal which com-
ponent(s) of the envelopes, i.e. the testa versus the aleurone
layer or both tissues, restrict(s) germination of the gal
mutants. Therefore, we examined the effect of mutations
altering testa pigmentation (tt4, ttg1, and tt12) on the ger-
mination of gn1 GA biosynthetic mutants in the absence of
exogenous GA.

The germination response of the various single and dou-
ble mutants to light and chilling was investigated. The
ga1-3 abal-1 double mutant was included in this analysis
because it had previously been shown (Koornneef et al.,
1982) that ABA deficiency alleviates the GA requirement
for germination conferred by the gal-1 and gal-2 alleles.
The data presented in Figure 1 show that freshly harvested
seeds of the wild types Ws and Ler require light for ger-
mination but are still partially dormant in light. The cold
treatment results in 100% germination in light and abol-
ishes the light requirement in Ler but not fully in Ws. The
tt and aba mutants all show a higher germination percent-
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Figure 1. Effect of light and chilling on dormancy breaking and germination of wild types, single mutants, and double
mutants. Black bars represent germination of genotypes in Ler background in darkness; the dotted bars (in A and B) represent
germination of genotypes in Ws background in darkness. The gray bars (in C and D) represent germination of Ler genotypes
in light, and the striped bars (in C and D) represent germination of Ws genotypes in light. Seeds were sown on water 11 d

after harvest.
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age compared with their wild types, as shown previously
(Debeaujon et al., 2000; Koornneef et al., 1982). None of the
four environmental conditions induced germination of the
three gal alleles.

The gal-1 mutant germinated at 100% only in a t#4-1 and
ttg-1 background when submitted to a cold treatment fol-
lowed by germination in the light. In ga1-3 background, the
abal-1 mutation abolished the GA requirement under these
germination conditions. Chilling alone led to 17% germi-
nation in the gal-1 tt4-1 double mutant and to 12% in the
ga1-3 abal-1 double mutant, but did not induce germina-
tion in any other gal genotype. Light without a cold treat-
ment induced some germination in the double mutants of
gal-1 with tt4 (2%) and with ttgl (11%) and even 60%
germination in gal-3 abal-1. The gal-11 abal-6 double mu-
tant in the Ws background (and therefore using other
alleles) germinated only 15% when both light and chilling
were applied. The gal-11 tt12 double mutant did not ger-
minate at all without exogenous GAs. However, the 12
mutation strongly increased the GA responsiveness of the
gal-11 mutant, as shown in Figure 2. Germination is in-
duced at a 100-fold lower GA,, , concentration compared
with the monogenic gal-11 mutant in Ws background (Fig.
2B). The overall sensitivity of the gal-11 allele to GAs was
reduced compared with the Ler gal-1 and gal-3 alleles,
which only slightly differed from each other (Fig. 2A).

100 | &0 g g o o 1

80 7

60 :

40

20F

100

80

Germination (%)

60

40

20

| —
ST X 1T I AT T AT 11T S W
0 0.01 0.1 1 10 100

[GA4q] (BM)

Figure 2. Sensitivity to GA,,, of wild types, single, and double
mutants between ttand ga7 mutants. A cold treatment was applied to
seeds before germination. A, O, Ler; A, tt4; W, ttgl; @, gal-1; ¢,
gal-3; A, gal-1 tt4; [, gal-1ttg1. B, O, Ws; A, tt12;, @, gall-11; A,
gal-11 tt12. Dashed lines represent wild types (Ws and Ler).
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Sensitivity to GA Biosynthesis Inhibitors

From the experiments described above it appears that a
pigment defect in the testa reduces the GA requirement for
germination. While in the testa mutants germination does
not require GAs, it can be expected that this will lead to
insensitivity or an increased resistance to GA biosynthesis
inhibitors, as shown before for ABA-deficient mutants
(Léon-Kloosterziel et al., 1996). To test this hypothesis, a
larger number of ¢t mutants and other mutants with struc-
tural testa defects, e.g. ats, ap2, and gI2 (Debeaujon et al.,
2000), were investigated for their resistance to tetcyclacis
(Fig. 3, A—C) and paclobutrazol (Fig. 3, D-F). Surprisingly,
the testa mutants, with the exception of ¢t7 and the struc-
tural mutants ats, ap2, and g/2, which are more sensitive,
are only slightly more resistant to tetcyclacis. However, all
are even more sensitive to paclobutrazol than the corre-
sponding wild types. It appears also that Ws is far more
sensitive to tetcyclacis than Ler, but that both wild types
are equally sensitive to paclobutrazol (Fig. 3, A and C).

Apparently, the tetcyclacis sensitivity of the genotypes in
the Ler background depends on the time of dry storage
(after-ripening). Indeed, resistance is higher when the same
seed lots were tested 3 months later (Fig. 4), with the testa
mutants having a higher germination percentage than wild
type on 100 puM inhibitor (except for gI2, which behaves
similarly to the wild type).

When endogenous GA biosynthesis is inhibited, the
application of GAs should reflect exclusively the respon-
siveness to GAs. Genotype differences, then, might be
interpreted as differences in the GA requirement for germi-
nation. The data presented in Figure 4 show that all testa
mutants require less GA than the wild type to germinate at
100% after a combined application of 100 uM tetcyclacis or
paclobutrazol together with GA. Only the gI2 mutant was
not that different from the wild type. The dependency of
germination on GA was stronger when paclobutrazol in-
stead of tetcyclacis was applied. Only Ws needed more
GAs on tetcyclacis than on paclobutrazol. Moreover, the
difference between this wild type and the {12 mutant was
larger on tetcyclacis than on paclobutrazol.

The large difference between Ws and {12 in GA sensi-
tivity was found to be maternally inherited, as indicated by
the difference between the reciprocal crosses (Fig. 5). This
indicates that the primary defect of the 12 mutant, which
is an altered testa pigmentation, is the cause of the appar-
ent increased sensitivity to exogenous GAs.

Sensitivity of Dormant Seed Lots to the ABA Biosynthesis
Inhibitor Norflurazon

To determine whether de novo biosynthesis of ABA
taking place during seed imbibition may impose dormancy
and therefore a higher GA requirement for germination,
dormant seed lots of wild types, tts, gals, and double
mutants between tts and gals were germinated on increas-
ing concentrations of the bleaching herbicide norflurazon
(Fig. 6). This product is an inhibitor of carotenoid biosyn-
thesis, and therefore of ABA biosynthesis (Chamovitz et al.,
1991). Norflurazon had a significant stimulating effect on
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Figure 3. Sensitivity of wild-type and seed coat mutant seeds to the GA-biosynthesis inhibitors tetcyclacis and paclobutra-
zol. A cold treatment was applied to seeds before germination. Sowing was done 3 months after seed harvest. A and D, O,
Ler, @, tt2; A, tt4; B, tt7; &, ttgl. Band E, O, Ler; @, ats; A, ap2; B, gl2. C and F, O, Ws; @, tt12. Dashed lines represent

the wild types Ler and Ws.

germination of all the genotypes that were still dormant
after 10 d of after-ripening. Germination was increased
from 38% to 85% for the ft12 mutant and from 0% up to
42% for Ws. However, even in the tt12 mutant, 100% ger-
mination could not be obtained. The norflurazon treatment
could not restore the germination capacity of the gal single
mutants. Only when the mutation was in a tt4 or ttgl
background did the germination percentage increase to
nearly 50%. In contrast, the gal-11 tt12 double mutant did
not respond to this treatment.

Morphological Changes in the Aleurone
Layer due to Germination

To determine whether GAs may influence the metabo-
lism in the outer layer of the peripheral endosperm (aleu-
rone layer) in Arabidopsis mature seeds, we analyzed mi-
croscopically aleurone cells before (30-min imbibition) and
after (seedlings protruding from the testa) germination in
the genotypes Ler, gal-1, tt4 and gal-1 tt4. The aleurone
cells of the wild type Ler before germination (Fig. 7a)
appeared to be loaded with refringent inclusions, which

are essentially storage reserves (Mansfield and Briarty,
1994). After germination (Fig. 7b), these structures com-
pletely disappeared and the cells became distended. The
same was observed for the two other germinating geno-
types tt4 and tt4 gal, but not for the non-germinating gal
mutant, which indicated that this morphological change at
the level of the aleurone layer occurred independently
from GA but depended on germination. Slightly damaging
the testa of the gal-1 mutants resulted in germination and
in the disappearance of the inclusions in the remaining
endosperm as well. On the other hand, when the embryo
was removed completely from the envelopes, no modifica-
tion of the aleurone cells could be detected.

DISCUSSION

The GA1 gene encodes the enzyme copalyl diphosphate
synthase, which catalyzes the conversion of geranylgeranyl
pyrophosphate into copalyl pyrophosphate (Sun and Ka-
miya, 1994). Therefore, the gal mutants are affected in GA
biosynthesis and, as a consequence, depend on exogenous
GAs for germination (Koornneef and van der Veen, 1980).
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Figure 4. Sensitivity of wild-type and seed coat mutant seeds to GA,, ; in presence of either 100 uM tetcyclacis (A-C) or 100
um paclobutrazol (D-F). A cold treatment was applied to seeds before germination. Sowing was done 6 months after seed
harvest. Aand D, O, Ler; @, tt2; A, tt4; I, tt7; &, ttg]. Band E, O, Ler; @, ats; A, ap2; B, gl2. Cand F, O, Ws; @, tt12. The

dashed lines represent the wild types Ler and Ws.

As observed for gal-3 (Telfer et al., 1997) and confirmed for
the two additional alleles gal-1 and gal-11, mechanical
removal of the seed envelopes can substitute for the GA
requirement for germination. The low percentage of ger-
mination observed in the gal-3 mutant by Silverstone et al.
(1997) was postulated to be due to a testa damage and/or
a carryover of exogenous GA; used to stimulate growth of
the GA-deficient mother plants.

In the present paper we show that the double mutants
of some tt and gal mutants are able to fully germinate in
the absence of exogenous GAs when imbibed in optimal
germination conditions with respect to light and tempera-
ture regime. These data imply that GAs are necessary
during Arabidopsis seed germination to overcome the
germination-restricting properties of the testa itself. In
other words, the specific weakening of the testa is sufficient
to enable germination in absence of GAs. In this, the effect
of the testa mutations resembles the effect that aba muta-
tions have on the GA requirement for germination (Koorn-
neef et al.,, 1982). However, for ABA the effect is under
embryonic genetic control (Karssen et al., 1983).

The abolishment of the GA requirement for germination
by aba or tt mutations is not seen for the ga1-11 allele. This

difference might be due to the gal allele that was used; for
the testa mutant, the difference in locus may be relevant.
However, we favor the hypothesis that the capacity to
alleviate the GA requirement depends on the genetic back-
ground. The ga1-3 mutation, which is a 5-kb deletion from
1 kb upstream ATG to exon 11, is assumed to be the null
allele in Ler, in contrast to gal-1, which results from a single
base pair substitution at the level of a splice junction (Sun
and Kamiya, 1994). Despite this, both alleles are non-
germinating under all conditions tested and both have the
same GA sensitivity (Fig. 2A). The gal-11 allele, which
most likely is also a null mutation (Dubreucq et al., 1996),
is much less responsive to exogenous GA (Fig. 2B). Al-
though this may be due to differences in GA uptake, it
seems likely that in the more dormant Ws ecotype, GA
sensitivity is strongly reduced. In what way this reflects
differences in GA metabolism is not known.

It cannot be excluded that in Arabidopsis, testa weaken-
ing is the consequence of GA action. This action may not be
required anymore when the testa is genetically weakened.
Therefore, the low water potential of the wild type and
GA-deficient embryos (for tomato, see Liu et al., 1996) may
result in a passive water uptake not prevented anymore by



Gibberellins and Arabidopsis Seed Germination 421

LI H T T 11 T T T T T TTT T TTTTm

1001

Germination (%)
-
< ER=R=

T T T

[\
<o o
T T

1 1 i L1 FE MW AR

0.1 1 10 100
[GA,.;] (M)

Figure 5. Genetic determinism of the increased sensitivity to GA, , ,
exhibited by the tt72 mutant in the presence of 100 um tetcyclacis.
The parent mentioned first was used as the female parent and the
second as the pollen parent. A cold treatment was applied to seeds
before germination. O, Ws; @, tt12; A, Ws X tt12; A, tt12 X Ws.

the restraint of the envelope structures and may subse-
quently lead to radicle protrusion. The further growth of
the embryo might not require GA as such, although cell
elongation is affected. The fact that germination and not
GA induces metabolic changes is also indicated by the
disappearance of the storage reserves in the aleurone layer
during the process of germination (Fig. 7). This metabolic
activity was independent from the presence of GAs, as it
also took place in gal-1 tt4 double mutants but not in
non-germinating gal-1 mutants, and therefore correlated
with the germination event itself.

The role of ABA as an antagonist of GA in germination of
Arabidopsis (Karssen et al., 1983; Steber et al., 1998; this
report) might be through its inhibiting effect on the growth
potential of the embryo, which is required to overcome the
restraint imposed by the envelope structures. This agrees
with the observation that ABA effects are controlled by the
genotype of the embryo (Karssen et al., 1983), in contrast to
the testa, which is of maternal origin.

It has been suggested that environmental factors such as
light and cold treatment can promote germination by in-
ducing GA biosynthesis (Yamaguchi et al.,, 1998) or by
increasing GA sensitivity (Karssen and Lacka, 1986). With
both hypotheses it is expected that when GA biosynthesis
is not possible, as should be the case in GA-deficient mu-
tants, these treatments should have no germination-
promoting effect. However, this is not what was found for
the gal double mutants, for which the GA requirement for
germination was abolished under certain conditions. An
explanation for this observation might be that light and
cold can have a stimulating effect on dormancy breaking
and/or seed germination-promoting factors other than
GAs, such as the increase of ABA degradation, as postu-
lated by Kraepiel et al. (1994).

Karssen et al. (1989) observed that ethylene could induce
full germination of gal seeds in the absence of GAs but in
the presence of light, suggesting that ethylene may act in
parallel to GAs. However, it may not be excluded that
other factors, apart from plant hormones, might be affected

by light and chilling. This interpretation is valid if the gal
mutants are completely deprived of GAs or if GAs are not
present in a concentration sufficient to trigger a germina-
tion response, when the sensitivity of the system is maxi-
mal due to, for example, a cold treatment (Karssen and
Lacka, 1986). However, Zeevaart and Talon (1992) could
detect the presence of a very low amount of GA in the gal-3
mutant, despite the fact that this allele is a null one (Sun et
al., 1992). Silverstone et al. (1997) proposed that the remain-
ing GA may have been due to a carryover of the GAs
sprayed on the mother plant to sustain a normal growth
and fruit set.

The gal-3 abal-1 double mutant responded much less to
cold treatment than the gal-1 tt double mutants, which
might suggest that a chilling treatment is only effective
when ABA is present in mature seeds or was present
during seed development. Effects of a cold treatment on
the aba mutants, which are known to be somewhat leaky
(Rock and Zeevaart, 1991), have been reported for dark
germination (Koornneef et al.,, 1982), but are minimally
detected because of the high germination percentage with-
out the promotive factors light and cold. It cannot be
excluded that cold treatment may act both through GA and
ABA, which would explain why only a double mutant
would not be responsive.

The data obtained with the gal tt double mutants seem to
be in conflict with the increased sensitivity to inhibitors of
GA biosynthesis in the monogenic ¢t mutants. This is in
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Figure 7. Aleurone layer of the wild-type Ler
before (a) and after (b) seed germination. The
aleurone layer (arrowheads) is still associated
with pieces of the seed coat. Cell walls are
stained with ruthenium red. Bar = 20 pum.

contrast to aba mutants, which show a clear resistance to
these inhibitors (Léon-Kloosterziel et al., 1996) in agree-
ment with the abolishment of the GA requirement ob-
served in the gal abal double mutants. One difference
between GA deficiency in the mutants and the application
of inhibitors upon imbibition is that in the mutants, GA
deficiency was experienced not only during imbibition but
also during seed development, and that this affected the
properties of the testa.

Another effect that might be important is the increased
uptake of inhibitors by testa mutants. In another study
(Debeaujon et al., 2000), we found that tetrazolium salts are
taken up easily by the seeds of mutants, whereas these
compounds could not be taken up by wild-type seeds.
Differences in uptake may also explain the different effect
of tetcyclacis and paclobutrazol on seed germination. Both
tetcyclacis and paclobutrazol belong to the group of nor-
bornanodiazetins and act as inhibitors of the oxidative
steps from ent-kaurene to ent-kaurenoic acid, their target
enzymes being cytochrome P450 monooxygenases
(Rademacher, 1991). However, they differ considerably in
their chemical formulas, and therefore may have a differ-
ential inhibitory action on the P450 monooxygenase in-
volved in the oxidative catabolism of ABA into phaseic
acid (Zeevaart and Creelman, 1988).

Differences in uptake of compounds by testa mutants
might also explain or partially explain the increased sensi-
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tivity to GAs applied together with the inhibitor. It is also
possible that the tannins present in the testa may act as
specific antagonists of GAs, as was suggested previously
(Corcoran et al., 1972; Green and Corcoran, 1975), which
may explain the particularly dramatic effect of the testa
mutation on GA uptake compared with inhibitor uptake.
It was reported for sunflower (Le Page-Degivry and
Garello, 1992), barley (Wang et al., 1995), and Nicotiana
plumbaginifolia (Grappin et al., 2000) that de novo ABA
biosynthesis during imbibition took place in dormant seeds
and was absent in non-dormant seeds, thus pointing to a
role of ABA in dormancy imposition. The inhibiting effect
of the ABA biosynthesis inhibitor norflurazon also indi-
cates that in Arabidopsis there is a de novo ABA biosyn-
thesis during imbibition and that its suppression by the
inhibitor restores germination in dormant seeds. However,
this restoration is only partial. In particular, it is unsuccess-
ful in restoring the germination capacity of the gal mu-
tants. These results agree with the observation that gal abal
double mutants do not reach 100% germination when
placed in limiting environmental conditions compared
with the wild types. This might be an indication that not
only does the ABA produced upon imbibition have to be
overcome by GAs, but also that ABA produced in the
developing seeds and/or the state of dormancy set by ABA
during development plays a role (Karssen et al., 1983;
Karssen and Lagka, 1986). To distinguish between the var-
ious temporal hormonal effects, the seed-specific immuno-
modulation of ABA activity postulated by Phillips et al.
(1997) looks very promising in this respect. The various
aspects discussed above are summarized in Figure 8.
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