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The Effect of a-Amanitin on the Arabidopsis
Seed Proteome Highlights the Distinct Roles
of Stored and Neosynthesized
mRNAs during Germination'

Loic Rajjou, Karine Gallardo?, Isabelle Debeaujon, Joél Vandekerckhove, Claudette Job,
and Dominique Job*

Laboratoire Mixte Centre National de la Recherche Scientifique-Bayer CropScience, Bayer CropScience,
F-69263 Lyon, France (L.R., K.G., C]J., D.J.); Laboratoire de Biologie des Semences, Institut National de la
Recherche Agronomique, F-78026 Versailles, France (I.D.); and Flanders Interuniversity Institute for
Biotechnology and Department of Biochemistry, Gent University, B-9000 Gent, Belgium (J.V.)

To investigate the role of stored and neosynthesized mRNAs in seed germination, we examined the effect of a-amanitin,
a transcriptional inhibitor targeting RNA polymerase II, on the germination of nondormant Arabidopsis seeds. We used
transparent testa mutants, of which seed coat is highly permeable, to better ascertain that the drug can reach the embryo during
seed imbibition. Even with the most permeable mutant (tt2-1), germination (radicle protrusion) occurred in the absence
of transcription, while subsequent seedling growth was blocked. In contrast, germination was abolished in the presence of
the translational inhibitor cycloheximide. Taken together, the results highlight the role of stored proteins and mRNAs for
germination in Arabidopsis and show that in this species the potential for germination is largely programmed during the seed
maturation process. The a-amanitin-resistant germination exhibited characteristic features. First, this germination was strongly
slowed down, indicating that de novo transcription normally allows the synthesis of factor(s) activating the germination rate.
Second, the sensitivity of germination to gibberellic acid was reduced 15-fold, confirming the role of this phytohormone in
germination. Third, de novo synthesis of enzymes involved in reserve mobilization and resumption of metabolic activity was
repressed, thus accounting for the failure in seedling establishment. Fourth, germinating seeds can recapitulate at least part of
the seed maturation program, being capable of using mRNAs stored during development. Thus, commitment to germination
and plant growth requires transcription of genes allowing the imbibed seed to discriminate between mRNAs to be utilized in

germination and those to be destroyed.

Seed germination is a complex, multistage process
that can be divided into three phases—imbibition,
increased metabolic activity, and initiation of
growth—which loosely parallel the triphasic water
uptake of dry mature seeds. Morphologically, initia-
tion of growth corresponds to radicle emergence;
subsequent growth is generally defined as seedling
growth. By definition, germination sensu stricto
incorporates those events that start with the uptake
of water by the nondormant quiescent dry seed and
terminate with the protrusion of the radicle and the
elongation of the embryonic axis (Bewley and Black,
1994; Bewley, 1997; Koornneef et al., 2002). Upon
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imbibition, the quiescent dry seed rapidly resumes
metabolic activity.

While the processes and genes regulating
embryogenesis and maturation are being identified
(Errampalli et al., 1991; Girke et al., 2000; Brocard-
Gifford et al., 2003; Gallardo et al., 2003; Tzafrir et al.,
2003), only very recent studies addressed the question
of the exact requirements for germination, particu-
larly in terms of de novo RNA and protein syntheses
(Bradford et al., 2000; Bove et al., 2001; Gallardo et al.,
2001, 2002a; Koornneef et al., 2002; Potokina et al.,
2002; van der Geest, 2002; Duque and Chua, 2003;
Jabrin et al., 2003; Ogawa et al., 2003). Although it is
widely documented that, in addition to the storage
proteins, mature dry seeds accumulate during matu-
ration a number of proteins that are involved in
various cellular processes such as DNA replication
and transcription, translation, metabolism, or defense
mechanisms (e.g. see Bewley and Black, 1994;
Gallardo et al., 2001, 2002a, 2002b), their role and
functionality has not yet been thoroughly docu-
mented. It is also known that mature dry seeds
contain mRNAs stored during maturation, also called
long-lived mRNAs to indicate that they can survive
desiccation and remain active in dry quiescent
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embryos. Early studies based on the use of metabolic
inhibitors (cycloheximide, actinomycin D) had sup-
ported the view that protein synthesis occurs on such
long-lived templates during the early stages of seed
germination and that de novo transcription is not
necessary (Dure and Waters, 1965; Waters and Dure,
1966; for review, see Raghavan, 2000). Different
results were obtained for wheat embryos for which
germination appeared to be strongly impeded in the
presence of the transcriptional inhibitor a-amanitin
(Jendrisak, 1980).

We wish to reinvestigate these questions by using
the model plant Arabidopsis. The widespread accep-
tance of Arabidopsis as a model plant is based on the
genetic and genomic methods and resources that are
available for it, which have facilitated the investiga-
tion of a range of biological problems (Arabidopsis
Genome Initiative, 2000; for review, see Somerville
and Koornneef, 2002). It is anticipated that a better
knowledge of the role played by the mRNAs stored in
mature seeds of this model species can help facilitate
the interpretation of microarray analyses of the seed
germination process. In the present work we ana-
lyzed the effect of a-amanitin on Arabidopsis seed
germination. This amatoxin, which is produced by
the toadstool Amanita phalloides, specifically inhibits
RNA synthesis catalyzed by DNA-dependent RNA
polymerase II both in vivo (Jendrisak, 1980) and in
vitro (Guilfoyle and Jendrisak, 1978; de Mercoyrol
et al., 1989; Bushnell et al., 2002). However a-amanitin
is a relatively large molecule (M, 919.0), and it might
therefore have restricted access to the embryos that
are covered by a seed coat composed of five cell
layers forming the outer and inner integuments
(Debeaujon et al., 2000). To circumvent this problem,
we used in the present work the transparent testa
(tt) mutants of Arabidopsis described by Debeaujon
et al. (2000) and Debeaujon and Koornneef (2000), of
which some (e.g. tt2-1) possess highly permeable seed
coats.

Our general finding is that Arabidopsis seed ger-
mination resists inhibition by a-amanitin, even in the
presence of an excess (500 uMm) of the fungal toxin.
The rate and uniformity of seed germination are,
however, considerably affected, indicating that new
transcripts must be synthesized during imbibition to
enhance seed vigor. In marked contrast, seed germi-
nation proved to be totally inhibited in the presence of
cycloheximide, indicating a requirement for protein
synthesis in germinating embryos. These combined
results strongly suggest that germination-specific
proteins are made from the long-lived stored mRNAs.
Furthermore, the proteome of seeds germinated on
a-amanitin, as characterized through the incorpora-
tion of [**S]Met into newly synthesized proteins, was
markedly different from that of seeds germinated on
water, being more reminiscent of a proteome charac-
teristic of the seed maturation phase than of germina-
tion. Thus, factors must be synthesized from new
transcripts to avoid the use of some of the long-lived
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stored mRNAs during normal germination, promot-
ing the shift from a developmental to a germination
program.

RESULTS AND DISCUSSION

Sensitivity of Wild-Type and ¢t-Mutant Arabidopsis
Seed Germination to a-Amanitin

In initial experiments, the effect of a-amanitin on
Arabidopsis seed germination was assessed by using
nondormant wild-type seeds from the Landsberg
erecta (Ler) ecotype. In all eukaryotes, this fungal toxin
specifically inhibits transcription by DNA-dependent
RNA polymerase II (K; = 10 nM) by impeding the
progression of the enzyme along the DNA template
during transcription elongation (de Mercoyrol et al.,
1989). On water and under optimal conditions (25°C),
radicle protrusion started at 1.5 d of imbibition and it
took almost 1.8 d (T5,) for 50% of the seeds to reach this
phase (Fig. 1A). Under the same conditions, but in the
presence of 500 uMm of a-amanitin, a retardation in
radicle emergence was constantly observed (Tj, ~
2.2 d; Fig. 1A). However, seeds were still able to
germinate, that is, all seeds germinated after 2.9 d (data
not shown). In contrast, plant growth was totally
repressed following radicle protrusion (data not
shown). This suggests that new mRNA synthesis is
not required for germination, although it is for plantlet
growth.

However, the question arises as to whether the
observed effects could be due to a lack of penetration
of a-amanitin through the seed coat. Germination
experiments were conducted to answer this question
by using seeds of ¢t mutants from Arabidopsis, which
are affected in flavonoid pigmentation (Shirley et al.,
1995). As a consequence of these mutations, the seed
coat of tt mutants is much more permeable than that of
the corresponding wild-type ecotype, as demonstrated
by uptake assays of tetrazolium salts by the embryo
(Debeaujon et al., 2000). Figure 1A summarizes the
germination data obtained with several of the tt
mutants incubated either in water or in the presence
of 500 uM a-amanitin. Upon incubation in water,
nondormant tt and wild-type seeds exhibited kinetics
of germination globally similar, with T+, values in the
range of 1.37 to 1.93 d. In these conditions, tt2-1 and
transparent testa glabra ttg1-1 mutant seeds germinated
at a slightly faster rate than the other seeds (T, in the
order of 1.4 d). In the presence of 500 uM a-amanitin,
impediment of germination brought about by the
fungal toxin was substantially more pronounced with
the ¢t mutant than with wild-type seeds, as indicated
by T, value determinations (Fig. 1A). However, for all
tt-mutants seed germination resisted a-amanitin in-
hibition. As for the wild-type seeds, further post-
germinative growth from all tf-mutant seeds was
totally repressed by a-amanitin (Fig. 1B).

Among tt mutants, seed germination from the t£2-1
and #tg1-1 mutants proved to be the most affected by
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Figure 1. Influence of a-amanitin and cycloheximide on seed germination and seedling establishment of several Arabidopsis
ecotypes (Ler and Ws) and t mutants. A, Influence of a-amanitin on germination. Seeds were germinated as described in
“Materials and Methods,” in the absence (gray bars) or presence (black bars) of 500 um a-amanitin. Ty, (time to reach 50%
germination) values were calculated from experiments run in triplicate. B, Phenotypes observed with the tt2-7 mutant 8 d after
sowing the seeds on water (H,0), 500 um a-amanitin (Ama) or 100 um cycloheximide (Cyclo). Square, 3 X 3 mm.

a-amanitin (Fig. 1A). TT2 is specifically involved in
tannin biosynthesis being only expressed in the endothe-
lium, whereas TTG1 is also involved in the formation
of testa mucilage and trichomes and in root develop-
ment (Koornneef, 1990; Masucci and Schiefelbein,
1996; Debeaujon et al., 2000). Hence, the tt2-1 mutant
was used in the following experiments.

Germination of t2-1 seeds was scored at different
times in the absence or presence of various concen-
trations of a-amanitin (Fig. 2A). Confirming that seed

Figure 2. Analysis of the effect of a-amanitin and
cycloheximide on the time courses of seed
germination of the tt2-1 Arabidopsis mutant. A,
Influence of a-amanitin and cycloheximide on the
germination profiles. Seeds were germinated as
described in “Materials and Methods,” in the
absence (0) or presence of a-amanitin (A, 1 um; ¢,
25 um; #, 50 1am; A, 100 ui; @, 250 am) or 100 um
cycloheximide (#). The figure shows a rep-
resentative experiment carried out three times
intriplicate. B, Influence of a-amanitin concentra-
tion on the kinetic parameters of germination
curves for the tt2-1 mutant. T, (0), T, (@), and Ty,
(¢) values, corresponding to the times (d) required
for 10%, 50%, and 90% germination, respec-
tively, were calculated from germination curves as
shown in A. C, Influence of a-amanitin concen-
tration on germination frequency monitored 48 h
(©), 111 h (@), and 144 h (¢) after sowing. The 20 |-
figure shows a representative experiment carried
out three times in triplicate.
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germination can resist inhibition by this compound,
plots of T,, (time to reach 10% germination), Ts,,
and Ty, (time to reach 90% germination) versus
[a-amanitin] exhibited saturation behavior with an
IC;, (concentration of @-amanitin yielding 50% inhibi-
tory effect) in the order of 50 um (Fig. 2B). However,
the sensitivity of radicle protrusion to a-amanitin
inhibition depended on the time at which germina-
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the apparent sensitivity to a-amanitin. This occurs
because the germination curves (as expressed by
cumulative germination frequency versus time of
imbibition) intrinsically follow saturation kinetics.

The present data demonstrate that in Arabidopsis
a-amanitin does not prevent seed germination (radicle
protrusion), but instead considerably slows down the
process. Thus, proteins and mRNAs stored in the dry
mature seeds are sufficient for germination sensu
stricto as well as starting of root growth. At first sight
our results seem at variance with those reported for
the germination of wheat embryos that appeared to be
strongly inhibited by low concentrations of a-amanitin
(Jendrisak, 1980). However, two points warrant com-
ment. (1) These previous experiments measured em-
bryonic axis elongation as determined by fresh weight
analysis from isolated wheat embryos (Jendrisak,
1980) and therefore cannot address important features
of normal seed germination such as the piercing of the
radicle through the seed coat. (2) The sensitivity of
isolated wheat embryos to a-amanitin was evaluated
at a single time point, that is at 36 h after imbibition
(Jendrisak, 1980), and there were no data reported on
the effect of the fungal toxin for longer times of
germination. When considering only the early stages
of seed germination (e.g. 48 h imbibition in Fig. 2C)
our data agree well with those of Jendrisak (1980),
since the germination of both intact tt2-1 Arabidopsis
seeds (this study) and isolated wheat embryos
(Jendrisak, 1980) appears to respond to low concen-
trations of a-amanitin, in the uM range.

That germination was not blocked by a-amanitin
indicates that in Arabidopsis the potential for seed
germination is largely programmed during the seed
maturation phase. In other words, this potential relies
only on the stored mRNAs and/or stored proteins.
However, the fact that the rate of germination was
substantially slowed down by the fungal toxin dis-
closed an important role for de novo RNA synthesis in
the control of the rate and uniformity of seed germi-
nation. Thus, quantitative factors governing seed vigor
(that is, the potential to establish seedling growth)
must be synthesized de novo soon after imbibition
takes place.

a-Amanitin Prevents UMP Incorporation into
TCA-Precipitable RNAs

To address more directly the question of whether the
fungal toxin can penetrate through the seed coat, we
assessed the effect of a-amanitin on in vivo RNA
synthesis during germination. Labeled RNA was
synthesized in vivo bgf tt2-1 seeds imbibed on water
in the presence of [a- SPJUTP and in the presence or
absence of 500 uM of a-amanitin. At time intervals, the
extent of radioactivity incorporated into TCA pre-
cipitable material was quantitated as described in
“Materials and Methods.” For the seeds incubated in
water only, Figure 3 shows that transcriptional activity
was rather low during the first 16 h of seed imbibition
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and then considerably increased at 24 h postimbibition
corresponding to the completion of germination sensu
stricto, just before radicle protrusion through the seed
coat (all seeds germinated after 48-h imbibition; Fig. 2).
Figure 3 also shows a considerable impediment of
such an incorporation from seeds incubated in the
presence of a-amanitin compared to that from seeds
incubated in its absence. Thus, the drug can readily
enter the embryo tissues and exert a strong inhibitory
effect on transcriptional activity mediated by DNA-
dependent RNA polymerase II.

Cycloheximide Inhibits Arabidopsis Seed Germination

To directly test if protein synthesis is required for
seed germination, seeds were germinated in the
presence of the translational inhibitor cycloheximide.
This compound was found to totally inhibit seed
germination from both wild-type (data not shown)
and tt2-1 seeds (Fig. 2A). The results are similar to
those obtained for isolated wheat embryos (Jendrisak,
1980).

A comparison of the effects on tt2-1 seed germina-
tion brought about by a-amanitin and cycloheximide
indicates that although de novo mRNA synthesis is
not required for radicle protrusion in germinating
Arabidopsis embryos, de novo protein synthesis must
occur. Likewise these comparative data suggest that
protein synthesis required for germination proceeds
from translation of the stored mRNA pool. The present
data highlight the importance and significance of
stored mRNAs in the dry seed and its role in
germination.

It is worth noting that, contrary to translational
inhibitors, transcriptional inhibitors do not inhibit the
germination of spores of Aspergillus nidulans (Osherov
and May, 2000), nor do they inhibit pollen grain
germination in conifers (Pinus monticola, P. aristata,
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Figure 3. Influence of a-amanitin on the time courses of UMP
incorporation into RNA with the tt2-1 Arabidopsis mutant. Seeds were
germinated as described in “Materials and Methods,” in the presence of
[a->*P]UTP and in the absence (O) or presence of 500 um a-amanitin
(@). Following incubation, RNA synthesis was scored at time intervals
as indicated in “Materials and Methods.”
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P. contorta, P. griffithii, P. lambertiana, Cedrus deodara,
Picea orientalis, Abies amabilis, Picea stichensis) (Fernando
et al., 2001). All these studies are consistent with the
view that some form of translational control involving
stored mRNAs operates during the transition from
a quiescent to a metabolically active state in different
systems.

Influence of GAs

The central role of GAs in promoting seed germi-
nation is well established (Chrispeels and Varner, 1966;
Davies, 1995; Olszewski et al., 2002) and confirmed by
the identification of GA-deficient mutants of Arabi-
dopsis and tomato (Lycopersicon esculentum Mill.), seeds
of which will not germinate unless exogenously sup-
plied with GAs (Koornneef and van der Veen, 1980;
Groot and Karssen, 1987). Furthermore, the fact that
inhibitors of GA biosynthesis such as paclobutrazol
(PAC), uniconazol, and tetcyclacis prevent germina-
tion (Karssen et al., 1989; Nambara et al.,, 1991;
Jacobsen and Olszewski, 1993) indicated the require-
ment for de novo synthesis of GAs in germination.

On this basis, it might be hypothesized that
a-amanitin inhibited Arabidopsis seed germination
because, under these assay conditions, the capacity
of the seeds to produce GAs was lowered. To inves-
tigate this possibility, germination experiments were
performed in the absence or presence of a-amanitin,
PAC and/or GA. In the absence of a-amanitin, and
as found previously (Debeaujon and Koornneef, 2000),
PAC blocked tt2-1 seed germination, while addition
of GA,,, to the PAC-containing germination medium
strongly promoted germination, up to the frequency
observed in the absence of PAC (Fig. 4A). This re-
peatedly shows that the dry mature seeds of the
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tt2-1 mutant do not contain sufficient amounts of
GAs for germination and exhibit an absolute re-
quirement of GAs for germination. In the presence of
a-amanitin, t#2-1 seeds retained a strict requirement of
GAs for germination, as shown by a complete blocking
of residual seed germination in the presence of PAC
(Fig. 4A). Yet, as judged by the different inhibitory
behaviors observed with PAC (complete block of
germination; Fig. 4A) and a-amanitin (germination
was only delayed and slowed down; Fig. 2), it appears
that the GA-biosynthetic pathway can function during
germination even in the presence of an excess of the
transcriptional inhibitor. This finding suggests strongly
that some of the basic enzymes in this pathway are
already present in the dry mature seeds while others
are being synthesized from the stored mRNAs.
Adding GA,,, to the a-amanitin-containing me-
dium reversed substantially the inhibitory effect of
a-amanitin on seed germination (Fig. 4A). Thus, the
GA-biosynthetic pathway was not functioning at full
rate in the presence of the transcriptional inhibitor,
suggesting that, in addition to the stored proteins and
the pool of stored mRNAs, de novo transcription also
contributes to the GA-biosynthetic pathway. Consis-
tent with this hypothesis, microarray analyses in-
dicated that several GA biosynthesis genes [e.g. genes
encoding an ent-kaurene oxidase (AtKO1), a GA 20-
oxidase (AtGA200x3), and a GA 3-oxidase (AtGA30x1)]
are up-regulated during Arabidopsis seed germina-
tion (Ogawa et al., 2003). Other genes controlling the
levels of GAs in plants have been described. For
example, RSG (for repression of shoot growth) is
a transcriptional activator involved in the control of
endogenous GA levels that binds and activates the
promoter of the gene GA3, which encodes ent-kaurene
oxidase in the GA biosynthetic pathway (Fukazawa
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Figure 4. Influence of GAs on seed germination of the t2-1 Arabidopsis mutant in the presence or absence of a-amanitin. A,
Germination curves. Seeds were incubated on water (0), water plus 100 um GA, ., (4), water plus 100 um PAC (¢), water plus
100 um PAC and 100 um GA, ., (1), 500 um a-amanitin (@), 500 um a-amanitin plus 100 um GA, ., (M), and 500 um a-amanitin
plus 100 um PAC (#), and germination was scored by the frequency of radicle protrusion through the seed coat. The figure shows
a typical experiment repeated three times in triplicate; errors bars are of the size of the symbols. B, Influence of a-amanitin on the
sensitivity to GAs of tt2-1 seed germination. Seeds of the tt2-1 mutant were incubated in the presence of 100 um PAC, various
concentrations of GA, , as indicated on the plot, and in the presence (®) or absence (0J) of 500 um a-amanitin. Germination was
scored 43 and 127 h after sowing for the seeds incubated in the absence or presence of a-amanitin, respectively. The figure shows

a typical experiment carried out two times in triplicate.
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et al., 2000). Transgenic tobacco plants expressing
a dominant-negative form of RSG exhibit reduced
germination frequency (Fukazawa et al., 2000), show-
ing that RSG does play a role in seed germination.
Recent work also documented the role played by
thioredoxins, which are small M, proteins containing
a redox-active disulfide group (Yano et al., 2002), in
seed germination. This study showed that overexpres-
sion of wheat thioredoxin / in barley was associated
with enhanced germination and increased GA levels
in the transgenic germinating seeds (Wong et al., 2002),
suggesting that thioredoxins can somehow regulate
some of the enzymes in the GA biosynthetic pathway
and/or factors modulating the rate and extent of GA
biosynthesis.

It must be stressed, however, that, contrary to what
is observed with PAC, exogenous GA,,, only partly
reversed the impediment in seed germination brought
about by a-amanitin (Fig. 4A). Furthermore, we
observed that exogenous GAs (100 uMm) did not
alleviate the complete blocking of seed germination
imposed by cycloheximide (100 um), at least up to
8-d imbibition (data not shown). These findings raise
the question of whether a-amanitin can alter the sensi-
tivity of germination to GAs. A series of germination
experiments was conducted to answer this question, in
which different concentrations of GAs were supplied to
the seeds in the presence of an inhibitory amount of
PAC (100 uM), in the presence or absence of the
transcriptional inhibitor. Figure 4B demonstrates that
the sensitivity of the tf2-1 seeds to exogenous GAs dif-
fered markedly in the presence of a-amanitin com-
pared to that in its absence. To reach 50% germination,
a concentration of GAs in the order of 0.5 um was
needed in the presence of a-amanitin, which is about
15-fold higher than the concentration needed for the
seeds incubated in the absence of the fungal toxin (Fig.
4B). There are some leads in the literature to the
molecular mechanisms governing the sensitivity of
seed germination to GAs. For example, an Arabidopsis
mutant line with a T-DNA insertion in gene DAG2
encoding a Dof zinc finger protein involved in the
control of seed germination showed a 10-fold reduction
in sensitivity to external GAs compared to wild type
(Gualberti et al., 2002). Also, Arabidopsis seeds that
carry a protein null mutation in the gene encoding the G
protein a-subunit GPA1 are 100-fold less responsive to
GAs, whereas seeds ectopically expressing GPA1 are
at least a millionfold more responsive to GA, yet still
requiring this phytohormone for germination (Ullah
et al, 2002). Further, DELLA proteins, which are
transcription factors inhibiting GA response, have been
described, and models of GA regulation response
through the degradation of these negative regulators
have been proposed (Silverstone et al., 1997, 1998; Dill
et al., 2001; Wen and Chang, 2002). For example, in
Arabidopsis, RGL2 (a DELLA protein) behaves as an
imbibition-induced negative regulator that is switched
off by GAs to allow germination completion (Lee et al.,
2002; Peng and Harberd, 2002). We note that the GA-
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deficient gal-3 rgl2 double mutant of Arabidopsis is
capable of germination (Lee et al., 2002), indicating that
in the absence of RGL2 germination occurs in the
absence of GAs. Because germination in the presence of
a-amanitin still retained PAC sensitivity (Fig. 4A),
albeit with reduced response to exogenous GAs (Fig.
4B), our results suggest that the RGL2 protein is already
present in the mature seeds and/or can be translated
from the stored mRNA pool. It is believed that active
GA signaling inhibits the repressor action of the
DELLA proteins by destabilizing them (Dill et al,,
2001). However, the molecular mechanisms by which
GAs affect the stability of the DELLA proteins have not
yet been characterized (Itoh et al., 2003).

In summary, our present data showing that the
requirement of GAs for seeds to germinate is strongly
dependent on de novo transcription during imbibition
suggest the hypothesis that if the genes encoding some
of the modulators of GA level, sensitivity and/or
action described above were to be controlled at the
transcriptional level during germination, it would
provide an explanation for the presently observed
effect of a-amanitin. The possibility that additional
factors controlling the rate of seed germination are
synthesized through de novo transcription and act
independently of GAs cannot be excluded. However,
in view of the total block of seed germination imposed
by PAC (Fig. 4), in such a case, the action of such factors
could only occur after the germination program had
been triggered by the GA-dependent mechanisms.

Proteomic Analyses

We have initiated a global study of Arabidopsis seed
germination by proteomics (Gallardo et al., 2001,
2002a, 2002b; http://seed.proteome.free.fr). In the
present work, we wished to characterize those
proteins for which accumulation level can be affected
by a-amanitin during germination, thereby allowing
the identification of genes that are under transcrip-
tional control during this process. Toward this goal,
total soluble proteins were extracted from tf2-1 seeds
(dry mature seeds, seeds imbibed for 1 d on water or in
the presence of 500 uM of a-amanitin). This stage
corresponded to germination sensu stricto for the ¢#2-1
seeds incubated on water since none of the seeds
showed radicle protrusion during this period (Fig. 2).
The protein extracts were then separated by two-
dimensional (2D) gel electrophoresis, and, following
silver nitrate coloration, protein patterns were ana-
lyzed by image analysis (see “Materials and Meth-
ods”). Typical gels are presented in Figure 5.

Because our previous protein maps were obtained
from seeds of the wild-type Ler ecotype (Gallardo et al.,
2001, 2002a), we first investigated the effect of the ¢t2-1
mutation on the mature dry seed proteome. Only
a few protein spots showed reproducible variations
in their accumulation level when comparing the tt2-1
seed proteome presently analyzed with that of the
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Figure 5. Influence of a-amanitin on the proteome of t2-1 Arabidopsis mutant seeds 24 h after sowing. An equal amount
(200 pg) of total protein extracts was loaded in each gel. A, Silver-stained 2D gel of total proteins from tt2-1 seeds incubated for
24 h in water. The indicated portions of the gel, a, b, ¢, and d, are reproduced in B. B, enlarged windows (a—d) of 2D gels as
shown in A for tt2-1 dry mature seeds (left), tt2-1 dry mature seeds incubated in water for 24 h (middle) and tt2-7 dry mature seeds
incubated in 500 um a-amanitin for 24 h (right). The nine labeled protein spots (protein nos. 13, 161, 10, 194, 69, 86, 89, 12, and
32) were identified by comparison with Arabidopsis seed protein reference maps (Gallardo et al., 2001, 2002a, http://seed.
proteome.free.fr; see Table Il). Protein spot quantitation was carried out as described in “Materials and Methods,” from at least

three gels for each seed sample.

corresponding wild-type Ler seed proteome previ-
ously described. They are listed in Table 1.

The effect of a-amanitin on the seed proteome was
then assessed during germination sensu stricto of the
tt2-1 seeds. Globally, the protein profiles obtained
from tt2-1 seeds germinated on water for 24 h in the
presence or absence of a-amanitin looked highly
similar. However, out of 1,193 protein spots detected
on reproducible gels, 8 showed reproducible varia-
tions in their accumulation level upon incubation in
the presence of a-amanitin (Fig. 5; Table II). For four of
these proteins (spot nos. 12, 13, 32, and 89) the fungal
toxin caused an inhibition in their accumulation (Fig.

5, Table II). For three other proteins (spot nos. 10, 69,
and 161) the reverse was observed; that is, the drug
prevented their disappearance during germination.
Finally, one protein spot (no. 194) showed accelerated
disappearance in the presence of a-amanitin (Fig. 5,
Table II). Out of these eight spots, four (protein nos. 12,
32, 69, and 89) corresponded to 12S cruciferin
(globulins), which are the major seed protein reserves
in Arabidopsis seeds. As found previously for the
wild-type Ler seeds (Gallardo et al., 2001, 2002a), in
the case of the #t2-1 mutant protein no. 69, which is
a precursor form of the 12S cruciferin, readily dis-
appeared during germination, while spot nos. 12, 13,

Table 1. Arabidopsis proteins whose abundance was significantly different in dry mature Ler seeds than in dry mature seeds from the

tt2-1 mutant
No.? Exp. MM Exp. PI Arabidopsis Protein Name” Cov. Theo. MM Theo. PI AGI No. Relative Abundance®
kD % kD
17 72.98 6.57 Phosphoenolpyruvate 17 73.40 6.61 At4g37870 1.6 = 0.06
carboxykinase
25 23.32 6.89 B-Cruciferin 12S seed 21.20 6.19 At4g28520 3.8 = 0.05
storage protein
69 43.67 6.29 12S Cruciferin precursor 18 50.56 6.53 At1g03880 2.0 £0.08
160 82.27 5.94 Met synthase 84.36 6.09 At5g17920 3.0 = 0.06

Cov., coverage; Exp., experimental; Theo., theoretical.
protein reference maps (http:/seed.proteome.free.fr).
2002a).

*Protein numbering following Gallardo et al. (2001, 2002a) and Arabidopsis seed
PListed proteins correspond to previously identified proteins (Gallardo et al., 2001,
“Data obtained from densitometric analysis of individual spots from 2D gels colored with silver nitrate (see Fig. 5 for an example of

2D gel): normalized spot volume in the mature dry tt2-1 mutant seeds divided by the normalized spot volume in the wild-type Ler dry mature

seeds *sp, from three different gels and independent extractions.
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Table Il. Arabidopsis proteins whose abundance was altered by a-amanitin during 1-d imbibition

No®.  Exp. MM Exp. PI Arabidopsis Protein Name”

Cov.

Relative Abundance®

Theo. MM Theo. PI ACGI No.

H,O/DS Ama/DS
kD % kD
10 57.36 5.77  Ribulose bisphosphate carboxylase 28 53.47 6.25 AtCg00490 0.25 = 0.08 0.86 * 0.06
large chain (precursor)
161 52.11 5.71  Dihydrolipoamide S-acetyltransferase 10 45.07 5.93 At3g25860 0.05 = 0.05 0.54 * 0.05
(mitochondrial)
194 45.50 6.15  3-Oxoacyl[Acyl-carrier-protein] 19 50.41 8.29 At5g46290 0.46 = 0.07 0.17 = 0.09
synthase |
13 73.27 6.32 MLO-like-protein 15 67.23 9.55 Atlgb1560 1.67 = 0.09 1.17 = 0.08
32 15.16 5.75  B-Subunit of 12S-2 seed storage 18 20.80 7.03 At1g03880 4.31 = 0.12 0.30 = 0.08
protein (fragment)
12 16.14 5.71  B-Subunit of 12S-2 seed storage 30 20.80 7.03 At1g03880 3.60 = 0.14 0.24 = 0.03
protein (fragment)
89 16.14 5.71  B-Subunit of 12S-2 seed storage 36 20.80 7.03 At1g03880 2.1 £0.15 0.35 = 0.05
protein (fragment)
69 43.67 6.29  12S seed storage protein precursor 18 50.56 6.53 At1g03880 0.16 = 0.04 0.4 £ 0.07

DS, tt2-1 dry mature seeds; H,O, tt2-1 seeds incubated for 1 d in water; Ama, a-amanitin, and tt2-1 seeds incubated for 1 d in 500 um e-amanitin

as described in “Materials and Methods”; Cov., coverage; Exp., experimental; Theo., theoretical.
(2001, 2002a) and Arabidopsis seed protein reference maps (http://seed.proteome.free.fr).
“Data obtained from densitometric analysis of individual spots from 2D gels colored with silver nitrate

proteins (Gallardo et al., 2001, 2002a).

“Protein numbering following Gallardo et al.
PListed proteins correspond to previously identified

(see Fig. 5 for an example of 2D gel): normalized spot volume in the tt2-7 mutant seeds incubated for 1 d in water divided by the normalized spot
volume in the tt2-1 dry mature seeds (H,0/DS), and in the tt2-1 seeds incubated for 1 d in 500 um a-amanitin divided by the normalized spot volume
in the tt2-1 dry mature seeds (Ama/DS) =*sp, from three different gels and independent extractions.

and 89, which correspond to proteolytic fragments of
12S cruciferins, transiently accumulated during ger-
mination (Fig. 5, Table II). The observed effect of
a-amanitin on the accumulation level of these spots
indicates that the expression of some genes involved in
the initial mobilization of 12S globulins during early
germination is under transcriptional control. These
data further support the finding that the drug can
readily enter the embryonic tissues during early steps
of germination.

De Novo Protein Patterns

To get direct insight on protein synthesis during
germination sensu stricto, labeled proteins were
synthesized in vivo by tt2-1 seeds imbibed on water
for 1 d in the presence of [**S]Met and in the presence
or absence of a-amanitin. Then protein extracts were
prepared and submitted to 2D-PAGE. Figure 6 shows
the results obtained following revelation of the ra-
dioactively labeled proteins as described in “Materials
and Methods.”

The two radioactive protein patterns differed re-
markably. Upon incubation for 24 h on water, seeds
synthesized a number of proteins of molecular mass
larger than 30 kD and of pl < 7.3. Under the same
conditions but in the presence of 500 uM a-amanitin
a large number of these protein spots were no more
detectable or were only present at a much lower level
than in the water control. The radiolabeled proteome
in Figure 6A was compared with the total proteome
obtained after silver staining of the same gels (see Fig.
7) and also with the reference maps established for
the Arabidopsis seed proteome (Gallardo et al., 2001,
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2002a, 2002b). These comparisons can provide a means
to tentatively assign some of the [*S]Met-labeled
protein spots to proteins previously characterized by
matrix-assisted laser-desorption ionization time of
flight (MALDI-TOF) analysis, although we cannot
rule out the possibility that at least some of the
[*S]Met-labeled spots corresponded to very low
abundant proteins that co-migrated with more abun-
dant proteins. However, as shown in Figure 7B, in
many cases there was quite a good match between
protein patterns revealed by coloration with silver
nitrate and those revealed through labeling with the
[*S]Met precursor. Under these assumptions, the
proteins for which de novo synthesis was repressed
by a—amanitin are listed in Table III. Several of them
are involved in the mobilization of seed reserves and
reactivation of metabolic activity during germination.
Thus, seven enzymes that are involved in the path-
ways of triacylglycerol metabolism and hexose assim-
ilation (spot nos. 17, 39, 40, 59, 103, 114, 121, and 168)
exhibit decreased de novo synthesis in the presence of
a-amanitin, indicating that the accumulation level of
theses enzymes is regulated at the transcription level
during germination. In this context, it is worth
mentioning recent data demonstrating that ic/ mu-
tants, which are deficient in the glyoxysomal enzyme
isocitrate lyase, show a significant decrease in the
frequency of seedling establishment upon germination
in the dark (Eastmond et al., 2000; Eastmond and
Graham, 2001). Further, analysis of the ped] mutant,
which is deficient in the B-oxidation enzyme 3-keto-
acyl-CoA thiolase, also demonstrated that fatty acid
breakdown is essential for seedling establishment,
because pedl seedling growth arrests shortly after
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Figure 6. Influence of a-amanitin on de novo protein synthesis during 24-h germination of the tt2-7 Arabidopsis mutant. Seeds
were incubated for 24 h in the presence of [*>SIMet, in the absence (A) or presence (B) of 500 um a-amanitin. Proteins were
extracted, submitted to 2D gel electrophoresis, and the radiolabeled proteins revealed as described in “Materials and Methods.”
The labeled protein spots (gray circles, proteins that showed reduced accumulation levels in the a-amanitin-incubated seeds;
white circles, proteins that showed increased accumulation levels in the a-amanitin-incubated seeds) were identified either by
MALDI-TOF analysis, by Edman protein sequencing, or by comparison with Arabidopsis seed protein reference maps (Gallardo
etal., 2001, 2002a, http://seed.proteome.free.fr; see Tables Il and IV). A number of labeled spots exhibiting contrasting specific
expression are not annotated because they had no match with identified proteins from the reference maps; that is, these spots
correspond most presumably to low abundance unidentified proteins. Protein spot quantitation was carried out as described in
“Materials and Materials” and, from at least three gels for each seed sample.

germination (Hayashi et al, 1998). From image
analysis of silver nitrate-colored 2D gels (Gallardo
et al., 2001, 2002a), out of the seven protein spots
discussed above, four (protein nos. 17, 39, 40, and 168,
which correspond to phosphoenolpyruvate carboxyki-
nase, two forms of cytosolic glyceraldehyde-3-phos-
phate dehydrogenase, and glyoxysomal malate
synthase, respectively) have previously been shown
to accumulate during 1-d imbibition of Arabidopsis
seeds. The fact that these three protein spots can be
labeled by incorporation of [°S]Met (Fig. 6A; Table III)
is therefore in agreement with this finding. In contrast,
the other three spots (spotnos. 103, 114, and 121, which
correspond to enolase, malate dehydrogenase, and
phosphoglycerate kinase, respectively) were detected
by image analysis of silver nitrate-colored 2D gels in
the dry mature seeds and shown to retain constant
accumulation levels up to radicle protrusion (Gallardo
et al., 2001, 2002a). Here, the fact that these protein
spots could be labeled by [*°S]Met (Fig. 6A; Table TII)
indicates the occurrence of protein turnover during
germination sensu stricto. This finding therefore re-
veals the existence of regulatory mechanisms to main-
tain constant the accumulation levels of such enzymes
during the germination process, necessary for proper
functioning of metabolic pathways. More generally,
these data illustrate the power of combining classical
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proteomics with de novo protein biosynthesis in the
interpretation of protein accumulation patterns.

Another metabolic enzyme whose de novo synthe-
sis was repressed is the cobalamin-independent Met
synthase (Table III, spot no. 160), which corresponds to
the last enzyme in the Met biosynthetic pathway
(Ravanel et al., 1998). This metabolic pathway is of
paramount importance for Arabidopsis seed germi-
nation and seedling growth since seed germination
was shown to be strongly delayed in the presence
of DL-propargylglycine, a specific inhibitor of Met
synthesis, while this compound totally inhibited
seedling growth (Gallardo et al., 2002b).

Besides these metabolic enzymes, five other protein
spots (nos. 105, 127, 128, 129, and 156) for which de
novo synthesis was strongly depressed by a-amanitin
during germination (Fig. 6, Table III) corresponded to
translation elongation and initiation factors. In agree-
ment with the cycloheximide data in Figure 2, this
finding points out the importance of the transla-
tional process for germination and seedling establish-
ment in Arabidopsis. Such translational control of seed
germination has also been exemplified in maize
(Sanchez de Jiménez and Aguilar, 1984; Dinkova and
Sanchez de Jiménez, 1999).

Finally, it is worth noting the inhibitory effect of
a-amanitin on de novo accumulation of enzymes that

Plant Physiol. Vol. 134, 2004



Arabidopsis Seed Germination

A p B
3.0 50 55 59 6.6 8.7
MM [ I I |

(kDa)
94.3 =

2D gel  %S-labeling

c-amanitin 03
@ [0 | [3

56.9 =

window I

£l oo

42.8 =

27.2 -

16.6 =

12.0 =

Figure 7. Comparison of de novo protein synthesis patterns during 24-h germination of the tt2-1 Arabidopsis mutant in the
presence or absence of a-amanitin. The data are from Figure 6. Seeds were incubated for 24 h in the presence of [*°S]Met, in the
absence or presence of 500 um a-amanitin. Proteins were extracted, submitted to 2D gel electrophoresis, and the radiolabeled
proteins revealed as described in “Materials and Methods.” A, Superimposition of the two labeled protein patterns shown in
Figure 6A and B. The data are represented in false colors: Red, incubation in water (Fig. 6A); Green, incubation in a-amanitin
(Fig. 6B). The indicated portions of the gel, a, b, ¢, and d, are reproduced in B. B (right; **S-labeling), Enlarged windows a, b, c,
and d of 2D gels as shown in A for tt2-1 dry mature seeds incubated in water for 24 h (red spots) or in the presence of 500 um
a-amanitin (green spots). B (left; 2D gel), Same enlarged windows (a—d) of a 2D gel of proteins extracted from tt2-1 dry mature
seeds incubated in water for 24 h and revealed by silver nitrate coloration. The labeled protein spots were identified by
comparison with Arabidopsis seed protein reference maps (Gallardo et al., 2001, 2002a, http://seed.proteome.free.fr). They are
listed in Tables Il and IV. The following spots are shown in the four selected windows (protein no., protein name). Window (a):
103, enolase; 38, Leu aminopeptidase; 92, myrosinase-binding protein; 105, elongation factor1-y2; 191, mitochondrial
processing protease. Window (b): 127, elongation factor EF-2; 160, Met synthase; 13, MLO-like protein. Window (c): 116, P1
clone:MRAT19, strong similarity to unknown protein T05029; 76 and 77, a-cruciferin 125 seed storage protein (fragments).
Window (d): 82, 83, 84, 85 and 245, a-cruciferin 12S seed storage protein (fragments); 246, globulin seed storage protein

precursor (fragment); 247, hydrolase.

play important roles in mitochondrial bioenergetics.
The one is the mitochondrial processing peptidase
(Table III, spot no. 191). This processing peptidase is
a fascinating enzyme that catalyzes the specific
cleavage of the diverse presequence peptides from
hundreds of the nuclear-encoded mitochondrial pre-
cursor proteins that are synthesized in the cytosol and
imported into the mitochondrion. Contrary to other
sources, the plant enzyme is integrated into the
mitochondrial cytochrome bcl complex (also called
complex III) of the respiratory chain, which renders
the bcl complex in plants bifunctional, being involved
both in electron transport and in protein processing
(Glaser and Dessi, 1999). Knowing the central role
of mitochondria in seed germination and seedling
establishment (Bewley and Black, 1994; Bewley et al.,
2000), the possibility of controlling this important

Plant Physiol. Vol. 134, 2004

enzyme during germination would provide a simple
and very efficient means to functionally control these
essential organelles. Consistent with this hypothesis,
developmental regulation of protein import in plant
mitochondria has been documented (Murcha et al.,
1999). Another control of the efficiency of mito-
chondria could occur at the level of succinate de-
hydrogenase (Table III, spot no. 59) owing to the role
of this enzyme in mitochondrial bioenergetics.
Succinate is a major substrate of seed mitochondria
in a number of species (Bewley and Black, 1994),
and a tuning of succinate dehydrogenase might
exert a dramatic control upon energy and carbon
metabolism, especially in lipid-storing seeds such as
Arabidopsis.

Very surprisingly, Figure 6 also shows that in the pre-
sence of a-amanitin the seeds massively synthesized
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Table 1ll. Arabidopsis proteins whose de novo synthesis was inhibited by a-amanitin (data from Figs. 6 and 7)

No. Exp. MM Exp. PI Arabidopsis Protein Name Cov.  Theo. MM Theo. PI AGI No. Relative Abundance®
kD % kD Ama/H,O
114° 39.56 5.87  Cytosolic malate dehydrogenase 21 35.57 6.11 At1g04410 0.20 = 0.01
17° 72.98 6.57  Phosphoenolpyruvate carboxykinase 17 73.40 6.61 At4g37870 0.16 = 0.01
168° 62.91 7.08 Malate synthase 10 63.89 8.02 At5g03860 0.13 = 0.00
40° 38.55 6.30 Cytosolic GAPDH 26 36.91 6.62 At3g04120 0.03 = 0.00
39° 38.52 6.27 Cytosolic GAPDH 34 36.91 6.62 At3g04120 0.02 = 0.00
59° 67.31 5.61 Succinate dehydrogenase 16 69.66 5.86 At2g18450 or =0.01
At5866760
103? 57.95 5.59 Enolase 13 47.72 5.54 At2g36530 =0.01
121° 40.92 5.45  Cytosolic phosphoglycerate kinase 16 42.13 5.49 At1g79550 =0.01
130° 47.75 5.84  lIsocitrate dehydrogenase 16 45.75 6.13 At1g65930 =0.01
160° 82.27 5.94 Met synthase 12 84.36 6.09 At5g17920 =0.01
191° 61.11 5.81 Mitochondrial processing peptidase 17 59.16 6.30 At3g02090 =0.01
192 60.17 5.88 ATP synthase a-chain (mitochondrial) 14 55.04 6.23 AtMg01190 or =0.01
or expressed protein At2g07698
2017 70.29 5.11 Vacuolar ATP synthase catalytic 28 68.81 5.11 At1g78900 =0.01
subunit A

296" 94.30 5.32 Pyruvate, orthophosphate dikinase 5 98.24 5.55 At4g15530 =0.01
38P 57.92 5.62 Leucine aminopeptidase 27 54.51 5.66 At2g24200 =0.01
128° 47.45 5.45 Elongation factor 1B-y 13 46.66 5.36 At1g09640 0.18 = 0.02
1272 93.92 5.89 Elongation factor EF-2 31 94.25 5.89 At1g56070 0.07 = 0.00
105° 48.63 5.61 Elongation factor 1-y 2 38 46.40 5.55 At1g57720 =0.01
156° 36.04 3.99  Elongation factor 1B a-subunit 15 24.20 4.42 At5g19510 =0.01
129° 47.20 5.5 Eukaryotic initiation factor 4A-1 28 46.70 5.47 At3g13920 =0.01
93? 42.55 5.27 Actin 7 20 41.73 5.31 At5g09810 0.30 = 0.02
92° 53.10 5.59 Myrosinase-binding protein 30 51.21 5.50 At2g33070 0.26 = 0.02
149° 64.96 5.18 HSP60 15 61.28 5.66 At3g23990 0.19 = 0.02
91° 61.88 5.06 LEA protein-like 13 52.08 5.29 At3g53040 0.02 = 0.00
13? 73.27 6.32 MLO-like protein 15 67.23 9.55 At1g61560 =0.01

H,O, tt2-1 seeds incubated for 1 d in water and [>*SIMet; Ama, a-amanitin, and tt2-1 seeds incubated for 1 d in 500 um a-amanitin and [*°S]Met
as described in “Materials and Methods”; Cov., coverage; Exp., experimental; Theo., theoretical. “Listed proteins correspond to previously
identified proteins (Gallardo et al., 2001, 2002a). PListed proteins correspond to proteins identified during this work. “Data obtained from
densitometric analysis of individual spots from 2D gels revealed by Phosphorlmager analysis (see Fig. 6 for examples of in vivo protein synthesis of
seeds labeled with [*>S]Met): normalized spot volume in the tt2-7 mutant seeds incubated for 1 d in 500 um a-amanitin divided by the normalized
spot volume in the tt2-1 mutant seeds incubated for 1 d in water =sb, from three different gels and independent extractions; =0.01 means that the

accumulation level of the corresponding protein in seeds incubated for 1 d in the presence of 500 um a-amanitin was close to background.

proteins of molecular mass smaller than 40 kD, which
were barely detected from the radiolabeled proteome
obtained in the absence of the fungal toxin (Figs. 6 and
7). However, it is worth noting that some of them
could also be labeled, albeit to a lower extent, in the
absence of a-amanitin (see, for example, spot nos. 76,
77,83, 84, and 247 in Fig. 7B), thus reinforcing the good
matching between the protein patterns revealed by
coloration with silver nitrate (total proteome) and
through the incorporation of radiolabeled Met into
newly synthesized proteins (de novo proteome).
Several of the protein spots whose de novo synthesis
increased in the presence of a-amanitin could be
assigned to known proteins from reference maps of
Arabidopsis seed proteins (Gallardo et al., 2001, 2002a,
2002b). They are listed in Table IV. The majority of
these proteins corresponded to proteins normally
synthesized during seed development, such as 125
globulin subunits and members of the dehydrin family
(group 2 late embryogenesis abundant [LEA] proteins;
Finkelstein, 1993; Bewley and Black, 1994; Cuming,
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1999). In other words, it seemed that transcriptional
inhibition by a-amanitin somehow allowed the ger-
minating seeds to recapitulate part of the maturation
program, by favoring the use of stored mRNAs
encoding maturation proteins. This finding is not
without precedent. Thus, Lopez-Molina et al. (2002)
showed that Arabidopsis seed germination comprises
a short window of time after the start of imbibition
during which the seed can still recruit late maturation
programs (e.g. the expression of genes encoding matu-
ration proteins such as the LEA proteins can be re-
induced) in order to remain osmo-tolerant. This
abscisic acid (ABA)-mediated developmental check
point, which requires the bZIP transcription factor
ABI5, has physiological significance since control of
this developmental transition to auxotrophic growth
may enable seeds to monitor environmental water
status and to mount appropriate adaptive responses
(Lopez-Molina et al., 2002). This behavior is consistent
with the demonstration that lez gene expression can be
reinduced by ABA, albeit at low level, in 8-d-old
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Table IV. Arabidopsis proteins whose de novo synthesis was induced by a-amanitin (data from Figs. 6 and 7)

No. Exp. MM Exp. PI Arabidopsis Protein Name Cov.  Theo. MM Theo. PI AGI No. Relative Abundance?
kD % kD Ama/H,0O
69° 43.67 6.29 12S seed storage protein precursor 18 50.56 6.53 At1g03880 =100
87¢ 18.43 6.36  B-Cruciferin 12S seed storage protein 33 20.72 6.36 At1g03880 34.5 £ 0.22
1412 29.35 7.42 a-Cruciferin 125 seed storage protein 21 29.23 6.49 At5g44120 31.4 £ 0.58
214° 27.14 6.10  a-Cruciferin 12S seed storage protein 23 29.86 6.60 At1g03880 18.6 = 0.28
82° 33.89 6.24  a-Cruciferin 125 seed storage protein 42 34.68 6.42 At4g28520 18.2 = 0.62
(fragment)
246" 32.75 6.54  Globulin seed storage protein precursor 14 55.06 6.64 At3g22640 10.7 = 0.51
(fragment)
857 27.20 6.50  a-Cruciferin 125 seed storage protein 32 29.86 6.60 At1g03880 8.7 = 0.31
245° 29.95 6.53 a-Cruciferin 125 seed storage protein 16 29.86 6.60 At1g03880 4.1 £0.49
76° 23.94 5.58  a-Cruciferin 12S seed storage protein 27 34.68 6.42 At4g28520 2.7 £ 0.51
(fragment)
84° 30.46 6.61 a-Cruciferin 125 seed storage protein 42 29.23 6.49 At5g44120 2.7 £0.02
257 23.32 6.89  B-Cruciferin 12S seed storage protein 43 21.20 6.19 At4g28520 2.6 + 0.21
(fragment)
77° 25.42 5.78  a-Cruciferin 12S seed storage protein 30 34.68 6.42 At4g28520 2.4 £0.33
(fragment)
80° 32.64 5.85  a-Cruciferin 12S seed storage protein 33 34.68 6.42 At4g28520 2.0 = 0.49
(fragment)
83? 34.35 6.42  a-Cruciferin 125 seed storage protein 33 34.68 6.42 At4g28520 2.0 = 0.15
88? 22.82 8.68  a-Cruciferin 12S seed storage protein 44 34.68 6.42 At4g28520 2.0 £0.13
(fragment)
255° 21.65 5.18  Dehydrin RAB18-related protein Seq* 18.46 7.10 At5g66400 2.4 +0.19
2540 22.10 4.96  Dehydrin RAB18-related protein Seq* 18.46 7.10 At5g66400 2.0 = 0.06
190  101.60 5.82 HSP101 13 101.29 5.81 At1g74310 =100
1372 76.06 5.07  HSP70 8 71.10 5.14 At3g12580 2.0 £ 0.11
34P 13.32 6.02 Major latex protein 37 18.06 6.88 At1g14950 =100
99° 13.32 6.28 Major latex protein 59 18.06 6.88 At1g14950 21.0 = 047
37° 40.29 6.49 Cytosolic GAPDH 26 36.91 6.62 At3g04120 =100
79° 27.24 520  F411.20 protein 26 23.67 4.86 At2g44390 =100
96° 64.62 6.08  B-Glucosidase 15 60.01 6.20 At3g21370 =100
116° 30.24 5.77  P1 clone:MRA19, Strong similarity to 33 28.78 5.92 At5g45690 74.1 = 0.28
unknown protein T05029
1442 15.87 6.82 Peptidyl-prolyl cis-trans isomerase 48 18.37 7.68 At4g38740 6.8 * 0.48
174> 38.70 5.73  Cys synthase or O-acetylserine-thiol-lyase 9 33.80 5.90 At4g14880 6.1 = 0.30
175% 37.85 5.71 Cys synthase or O-acetylserine-thiol-lyase 30 33.80 5.90 At4g14880 =100
247° 34.90 6.56  Hydrolase 19 37.64 8.90 At4g39955 2.8 +0.26
264" 18.70 6.05  B-Cruciferin 125 seed storage protein 29 20.72 6.36 At1g03880 11.6 £ 0.44

H,O, tt2-1 seeds incubated for 1 d in water; Ama, a-amanitin, and tt2-1 seeds incubated for 1 d in 500 um e-amanitin as described in “Materials
and Methods”; Cov., coverage; Exp., experimental; Seq, protein identified by Edman sequencing; Theo., theoretical. ~ “Listed proteins correspond
to previously identified proteins (Gallardo et al., 2001, 2002a). PListed proteins correspond to proteins identified during this work. “From
Edman sequencing, the sequence QNRPGGQATE was found for both protein nos. 254 and 255; BLAST analysis showed that this sequence is present
in the Arabidopsis dehydrin related RAB18 protein At5g66400. Note that although these two proteins correspond to abundant proteins in 2D gels
colored with the GelCode blue stain reagent (see “Materials and Methods”), they are poorly stained by silver nitrate. dData obtained from
densitometric analysis of individual spots from 2D gels revealed by Phosphorlmager analysis (see Fig. 6 for examples of in vivo protein synthesis of
seeds labeled with [**S]Met): normalized spot volume in the tt2-7 mutant seeds incubated for 1 d in 500 um a-amanitin divided by the normalized
spot volume in the tt2-1 mutant seeds incubated for 1 d in water *sp, from three different gels and independent extractions; =100 means that the
accumulation level of the corresponding protein in seeds incubated 1 d on water was close to background.

Arabidopsis seedlings (Finkelstein, 1993). Also, pkl
mutants of Arabidopsis, which carry mutations in the
PICKLE (PKL) gene encoding an essential chromatin
remodeling protein, retain during germination and

however, that our data showing an apparent reinduc-
tion of the embryonic maturation program dur-
ing germination were obtained in the presence of
a-amanitin. This situation therefore does not favor

seedling growth characteristics of embryonic tissue
(Ogas et al., 1997; Dean Rider et al., 2003). Thus, PKL is
a component of a developmental switch that functions
during germination to prevent reexpression of the
embryonic developmental stage. It must be stressed,
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mechanisms in which seed maturation proteins
accumulated through reexpression of their genes.
Rather our data indicate that the fungal toxin re-
pressed the synthesis of factor(s) preventing the use
of some of the stored mRNAs during germination. In
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maize axes, different types of translation initiation
factors differentially accumulate during germination
(Dinkova and Sanchez de Jiménez, 1999; Dinkova et al.,
2000, 2003), accounting at least in part for the obser-
vation that stored mRNAs are selectively translated
during germination (Sdnchez de Jiménez and Aguilar,
1984).

CONCLUSIONS

In summary, the use of a-amanitin has allowed
a better characterization of the distinct roles played
by the stored and neosynthesized mRNA pools in
Arabidopsis seed germination and plantlet growth.
We show that in this species seed germination, as
monitored by radicle protrusion through the seed coat,
can occur even in the presence of an excess of the
transcriptional inhibitor. Under the same experimental
conditions seedling establishment was totally blocked,
showing that beyond radicle protrusion, further de-
velopment requires the participation of de novo
transcription. In contrast, seed germination was totally
blocked by the translational inhibitor cycloheximide.
Taken together, these results enlighten the importance
of protein synthesis from the pool of stored mRNAs
for radicle protrusion. The present data would suggest
that commitment to seedling growth occurs after
radicle protrusion. However, this issue might be
complicated by the fact that under the nonphysiolog-
ical conditions presently used (germination in the
presence of a-amanitin) the usual sequence of events
(exit from phase 2 of germination, loss of desiccation
tolerance, and commitment to seedling growth) is
distorted. Further experiments are required to charac-
terize better the different developmental phases in
germination.

The present data document that proteins and
mRNAs stored in the dry mature seeds are sufficient
for germination sensu stricto as well as starting of root
growth, thus showing that the potential for seed
germination is largely programmed during the seed
maturation phase. In agreement with this proposal,
transcriptional activity appeared to be very weak
during the first 16 h of germination (Fig. 3).

Compared to normal germination, germination in
the presence of a-amanitin exhibited four specific
features. First, the germination process was strongly
delayed and slowed down, pointing out the impor-
tance of regulators of the rate of seed germination that
are under transcriptional control, none of which have
been characterized at present. Second, the sensitivity
of seed germination to GAs was reduced 15-fold, con-
firming the role of this phytohormone in seed ger-
mination. Third, de novo synthesis of several enzymes
involved in reserve mobilization and resumption of
metabolic activity was strongly repressed, which can
be related to the germination and seedling establish-
ment defects described for Arabidopsis mutants
altered in storage lipids mobilization (Hayashi et al.,
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1998; Eastmond et al., 2000; Eastmond and Graham,
2001). Also in agreement with the importance of
metabolic control of seed germination and seedling
growth is the fact that a-amanitin prevented de novo
accumulation of housekeeping enzymes, such as
Met synthase and essential mitochondrial enzymes.
Fourth, germinating seeds seemed to recapitulate at
least part of the maturation program of seed de-
velopment. This peculiar feature has recently been
shown to naturally occur in Arabidopsis, with the
demonstration that lea gene expression can be re-
induced during early stages of seed germination
(Lopez-Molina et al., 2002). Our results reveal a differ-
ent mechanism, involving the use of mRNAs stored
during maturation. If such a use of stored mRNAs
encoding maturation proteins also occurred during
normal germination, particularly under unfavorable
germination conditions, it might have physiological
implication, because, as stressed by Lopez-Molina
et al. (2002), it would allow germinating seeds to
mount adaptive responses to environmental water
stress. That stored mRNAs encoding maturation
proteins (e.g. cruciferin subunits) can be translated
during normal germination is indicated by the data in
Figure 7B showing that common protein spots are
detected in the novo protein patterns obtained in the
absence or presence of a-amanitin. This last finding
also raises an old, yet hitherto unanswered, question
(Bewley and Black, 1994) that commitment to ger-
mination and plant growth requires transcription of
genes allowing the imbibed seed to discriminate
between mRNAs to be utilized in germination and
those to be destroyed. Microarray analyses of seed
germination in the absence or presence of a-amanitin
will allow better characterization of the fate of these
mRNA pools during germination.

MATERIALS AND METHODS
Plant Material and Germination Experiments

Nondormant seeds of Arabidopsis, ecotype Landsberg erecta (Ler), are
referred to as wild-type seeds in this work. The isolation of the transparent
testa (tt) mutants in the Ler and Wassilewskija (Ws) backgrounds was
described by Koornneef and van der Veen (1980), Koornneef (1990), and
Debeaujon et al. (2001), and their physiological properties were analyzed by
Debeaujon et al. (2000) and Debeaujon and Koornneef (2000). Seeds of mutants
tt2-1, tt5-1, ttg1-1 (Ler background), and tt12-1 (Ws background) have been
used here.

Germination assays were carried out on three replicates of 75 seeds and
independent experiments. Seeds were incubated at 25°C, with 8 h light daily,
on three sheets of absorbent paper (Roundfilter paper circles, @ 45 mm,
Schleicher & Schuell, Dassel, Germany) and a black membrane filter with
a white grid (ME 25/31, @ 45 mm, Schleicher & Schuell) wetted with 1.3 mL of
distilled water, in covered plastic boxes (& 50 mm). Assays were carried out in
the presence or absence of various concentrations of a-amanitin (Sigma,
St Quentin Fallavier, France), and/or 100 um cycloheximide (Sigma), and/or
100 um PAC (Greyhound Chromatography and Allied Chemicals, Birkenhead,
Merseyside, UK), and/or 100 um GA, , (Plant Protection, Fernhurst, UK). A
seed was regarded as germinated when the radicle protruded through the
seed coat. The Seed Calculator software (Plant Research International B.V.,
Wageningen, The Netherlands) was used in curve-fitting analyses to estimate
the germination parameters from the germination curves. The following
values were calculated: T,, Ty, Ts,, and Ty, corresponding to the time to reach
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1%, 10%, 50%, or 90% germination, respectively, and G, ,, corresponding to
the maximal germination frequency, along with their sp values.

Synthesis of Radiolabeled RNA

Labeled RNA was synthesized in vivo by tf2-1 seeds imbibed on water as
above in the presence of [«-®P]-UTP (1.48 MBgq; ICN Biomedicals, S. AR.L.,
Orsay, France) and in the presence or absence of 500 um of a-amanitin.
Following incubation for various times, total RNA was extracted according
to the protocol of Vicient and Delseny (1999). Then, RNA synthesis was
measured by TCA precipitation of aliquots of reaction mixtures spotted on
Whatmann GF/C filters; after eight washing steps in cold 5% TCA and 0.04 m
sodium pyrophosphate and two washing steps in absolute methanol, filters
were dried and counted for radioactivity in a liquid scintillation counter
(Dietrich et al., 1985).

Preparation of Total Protein Extracts

Total protein extracts were prepared from dry mature seeds, and from
seeds at different stages of germination. Following grinding of seeds using
mortar and pestle (150 mg representing approximately 6,500 ¢t2-1 seeds) in
liquid nitrogen, total proteins were extracted at 2°C in 1.2 mL of thiourea/urea
lysis buffer (Harder et al., 1999) containing 7 m urea (Amersham Biosciences,
Orsay, France), 2 M thiourea (Merck, Lyon, France), 4% (w/v) CHAPS
(Amersham Biosciences), and 1% (v/v) Pharmalyte pH 3 to 10 carrier ampho-
lytes (Amersham Biosciences). This extraction buffer also contained 18 mm
Tris-HCl (Trizma HCI; Sigma); 14 mm Trizma base (Sigma); the protease
inhibitor cocktail, complete Mini from Roche Diagnostics (Mannheim,
Germany); 53 units/mL DNAse I (Roche Diagnostics); 4.9 Kunitz units/mL
RNAse A (Sigma); and 0.2% (v/v) Triton X-100. After 10 min at 4°C, 14 mm
dithiothreitol (DTT; Amersham Biosciences) was added and the protein
extracts were stirred for 20 min at 4°C, then centrifuged (35,000g, 10 min) at
4°C. The supernatant was submitted to a second clarifying centrifugation as
above. The final supernatant corresponded to the total protein extract. Protein
concentrations in the various extracts were measured according to Bradford
(1976). Bovine serum albumin was used as a standard.

Two-Dimensional Electrophoresis

Proteins were first separated by electrophoresis according to charge.
Isoelectric focusing was carried out with protein samples with an equivalent
to an extract of 110 seeds, corresponding to about 200 ug protein for all
samples. Proteins from the various extracts were separated using gel strips
forming an immobilized nonlinear pH gradient from 3 to 10 (Immobiline
DryStrip pH 3-10 NL, 18 cm; Amersham Biosciences). Strips were rehydrated
for 14 h at 22°C with the thiourea/urea lysis buffer containing 2% (v/v) Triton
X-100, 20 mm DTT, and the protein extracts. Isoelectric focusing was
performed at 22°C in the Multiphor II system (Amersham Biosciences) for
1hat300 Vand 7 h at 3,500 V. Proteins were then separated according to size.
Prior to the second dimension, the gel strips were equilibrated for 2 X 20 min
in 2 X 100 mL equilibration solution containing 6 M urea, 30% (v/v) glycerol,
2.5% (w/v) SDS, 0.15 m BisTris, and 0.1 M HCI (Gorg et al., 1987; Harder et al.,
1999). DTT (50 mm) was added to the first equilibration solution, and
iodoacetamide [4% (w/V)] to the second (Harder et al., 1999). Equilibrated gel
strips were placed on top of vertical polyacrylamide gels [10% (v/v)
acrylamide, 0.33% (w/v) piperazine diacrylamide, 0.18 M Trizma base,
0.166 M HCI, 0.07% (w/v) ammonium persulfate, 0.035% (v/v) Temed]. A
denaturing solution [1% (w/v) low-melting agarose (Gibco BRL), 0.4%
(w/v) SDS, 0.15 m BisTris, and 0.1 m HCI] was loaded on gel strips. After
agarose solidification, electrophoresis was performed at 10°C in a buffer (pH
8.3) containing 25 mm Trizma base, 200 mm taurine, and 0.1% (w/v) SDS, for
1hat35Vand 14 hat 110 V. Ten gels (200 X 250 X 1.0 mm) were run in parallel
(Isodalt system from Amersham Biosciences). For each condition analyzed, 2D
gels were made in triplicate and from two independent protein extractions.

Protein Staining and Analysis of 2D Gels

Gels were stained with either silver nitrate according to a modified
procedure of Blum et al. (1987) or the GelCode blue stain reagent from Pierce
(Rockford, IL), using the Hoefer Automated Gel Stainer apparatus from

Plant Physiol. Vol. 134, 2004

Arabidopsis Seed Germination

Amersham Biosciences. Silver-stained gels were scanned with the Sharp
JX-330 scanner equipped with the Labscan version 3.00 from Amersham
Biosciences. Image analysis was carried out with the ImageMaster 2-D Elite
version 3.01 software (Amersham Biosciences), according to the instruction
booklet ImageMaster 2D Elite from Amersham Biosciences. After spot
detection and background substraction (mode: average on boundary), 2D
gels were aligned, matched, and the quantitative determination of the spot
volumes was performed (mode: total spot volume normalization). For each
analysis, statistical data showed a high level of reproducibility between
normalized spot volumes of gels produced in triplicate from the two
independent protein extractions.

Protein Identification by Mass Spectrometry
and Edman Sequencing

Some of the new proteins characterized in this work were identified by
MALDI-TOF analysis. Spots of interest were excised from GelCode-stained
2D gels and digested by sequence grade trypsin (Promega Biotec, Madison,
WI). After digestion, the supernatant containing peptides was concentrated
by batch adsorption on POROS 50 R2 beads (Roche Molecular Biochemicals,
Basel), and used for MALDI-mass spectrometry analysis on a Bruker Reflex II
MALDI-TOF spectrometer after on-target desorption with matrix solution
(Gevaert et al., 1998). Before each analysis, the instrument was externally
calibrated using two synthetic peptides spotted as near as possible to the
biological sample. Proteins were identified by peptide mass fingerprinting.
As far as possible, individual peptide ions were selected and subjected to
postsource decay analysis, using the reflectron made of the instrument. This
fragmentation information yielded further confirmation to the protein’s
identity. Searches were carried out with the SwissProt and NRDB sequence
databases using MASCOT (http://www.matrixscience.com). Theoretical
masses and pls of identified proteins were predicted by entering the sequence
at http://www.expasy.org/tools/peptide-mass.html. To denote a protein as
unambiguously identified, the following criteria were used: coverage of the
protein by the matching peptides must reach a minimum of 10%, and at least
four independent peptides should match within a stringent 10-ppm
maximum deviation of mass accuracy.

The search for sequence homology was carried out at http://www.
arabidopsis.org/Blast.

De Novo Protein Synthesis

Labeled proteins were synthesized in vivo by #2-1 seeds imbibed on water
for 24 h as above in the presence of [**S]Met (1.85 MBg; ICN Biomedicals,
S.ARL. and in the presence or absence of 500 um of a-amanitin. Follow-
ing incubation, protein extracts were prepared and submitted to 2D gel
electrophoresis as described above. Proteins on the 2D gels were colored by
silver nitrate (see above). Then, colored 2D gels were dried for 1 week at room
temperature in a sandwich composed of, from bottom to top, one sheet of
cellophane model Gel Dryer (Bio-Rad, Marnes la Coquette, France), 2D gel,
one sheet of Saran wrap (VWR international SAS, Strasbourg, France), and one
sheet of cellophane model Gel Dryer (Bio-Rad). After drying, the upper sheet
of cellophane and the Saran sheet were peeled and gels were submitted to
PhosphorImager analysis (Molecular Dynamics Storm 840 phosphorimager,
Amersham Biosciences). Labeled 2D protein patterns were scanned as de-
scribed above for the silver-nitrate colored gels. Proteins of interest were iden-
tified by MALDI-TOF analysis or by comparison with the reference protein
maps for Arabidopsis seed proteome available at http://seed.proteome.
free.fr. MALDI-TOF analysis failed to identify spot nos. 254 and 255 (Table IV).
Here, further identification was carried out by amino acid sequencing
performed by Dr. Jacques d’Alayer (Institut Pasteur, Paris) by automated
Edman degradation of the peptides with a PE Applied Biosystem sequencer.
By this technique, the two spots were found to correspond to dehydrin RAB18
(see Table IV).
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