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The mechanisms controlling seed dormancy in Arabidopsis (Arabidopsis thaliana) have been characterized by proteomics using
the dormant (D) accession Cvi originating from the Cape Verde Islands. Comparative studies carried out with freshly
harvested dormant and after-ripened non-dormant (ND) seeds revealed a specific differential accumulation of 32 proteins. The
data suggested that proteins associated with metabolic functions potentially involved in germination can accumulate during
after-ripening in the dry state leading to dormancy release. Exogenous application of abscisic acid (ABA) to ND seeds strongly
impeded their germination, which physiologically mimicked the behavior of D imbibed seeds. This application resulted in an
alteration of the accumulation pattern of 71 proteins. There was a strong down-accumulation of a major part (90%) of these
proteins, which were involved mainly in energetic and protein metabolisms. This feature suggested that exogenous ABA
triggers proteolytic mechanisms in imbibed seeds. An analysis of de novo protein synthesis by two-dimensional gel
electrophoresis in the presence of [?°S]-methionine disclosed that exogenous ABA does not impede protein biosynthesis during
imbibition. Furthermore, imbibed D seeds proved competent for de novo protein synthesis, demonstrating that impediment of
protein translation was not the cause of the observed block of seed germination. However, the two-dimensional protein profiles
were markedly different from those obtained with the ND seeds imbibed in ABA. Altogether, the data showed that the
mechanisms blocking germination of the ND seeds by ABA application are different from those preventing germination of the

D seeds imbibed in basal medium.

After reaching physiological maturity, seeds of
many plant species, including Arabidopsis (Arabidop-
sis thaliana), may enter in a state of deep dormancy
during which, upon sowing, the dormant (D) seeds
will not germinate or germinate only very slowly com-
pared to the corresponding non-dormant (ND) seeds.
Seed dormancy is considered as an adaptive trait that
enables seeds to remain quiescent until the conditions
for germination become favorable (Finch-Savage and
Leubner-Metzger, 2006). In mature seeds, the break of
dormancy may either occur gradually in the dry state
(after-ripening) or be initiated by imbibition under
defined conditions (e.g. cold stratification or chilling at
low temperature; Karssen, 1982; Baskin and Baskin,
1998; Koornneef et al.,, 2002; Donohue et al., 2005;
Gubler et al., 2005).

! This work was supported by the French Ministry of Agriculture.
The Ph.D. thesis of Kamel Chibani was supported by the Algerian
and French Ministries of Education.

* Corresponding author; e-mail grappin@versailles.inra.fr; fax
33-1-44-08-18-34.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org) is:
Philippe Grappin (grappin@versailles.inra.fr).

™I The online version of this article contains Web-only data.

www.plantphysiol.org/cgi/doi/10.1104/pp.106.087452

The phytohormone abscisic acid (ABA) has been
shown to influence to a large extent both the estab-
lishment and the maintenance of dormancy (Wareing
and Saunders, 1971; Koornneef et al., 2002). For ex-
ample, Arabidopsis mutants impaired in ABA biosyn-
thesis or in ABA response during seed development
produce seeds that lack dormancy compared to wild
type (Koornneef et al., 1982; Léon-Kloosterziel et al.,
1996). Also, Okamoto et al. (2006) showed that seeds of
the Arabidopsis cyp707al and cyp707a2 mutants of the
Columbia (Col) accession, which are altered in ABA
catabolism, accumulate the phytohormone at higher
levels and exhibit enhanced dormancy compared to
the wild type. ABA has also been shown to play an
essential role in the expression of dormancy in
imbibed seeds of several species, as Arabidopsis
(Garciarrubio et al., 1997; Jullien et al., 2000; Ali-
Rachedi et al., 2004), sunflower (Helianthus annuus;
Garello et al., 2000), sweet scented tobacco (Nicotiana
plumbaginifolia; Grappin et al., 2000), barley (Hordeum
vulgare; Wang et al., 1995; Jacobsen et al., 2002), and
lettuce (Lactuca sativa; Toyomasu et al., 1994; Yoshioka
et al., 1998). In agreement with this, the application of
physiological concentrations of exogenous ABA to ND
seeds is well known to inhibit their germination
(Milborrow, 1974; Garciarrubio et al., 1997; Gonai
et al., 2004), whereas germination of ABA-insensitive
Arabidopsis mutants (abil to abi5) remains unaffected
by such treatment (Koornneef et al., 1984; Finkelstein,
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1994). It appears that exogenous ABA can inhibit
various hydrolytic enzymes presumed to be involved
in weakening of the structures surrounding the em-
bryo, thus facilitating radicle protrusion (Leubner-
Metzger et al., 1996; Bewley, 1997). However, exogenous
ABA can also inhibit Arabidopsis seed germination by
restricting the availability of energy and metabolites,
thus limiting the growth potential of the embryo
(Garciarrubio et al., 1997). In this context, application
of exogenous ABA to turnip (Brassica rapa) seeds was
shown to result in reduced activity of isocitrate lyase, a
key enzyme of the glyoxylate cycle (Finkelstein and
Lynch, 2000). The importance of this cycle, and more
generally, of storage lipid mobilization for seedling
establishment in Arabidopsis has been well docu-
mented (Footitt et al., 2006; Penfield et al., 2006).

Global expression profiling approaches have re-
cently been used to investigate the mechanisms of
dormancy release and of germination inhibition in the
presence of exogenous ABA. Thus, a cDNA-amplified
fragment length polymorphism (AFLP) approach re-
vealed that at least 1,000 cDNA fragments are differ-
entially accumulated in D and ND tobacco seeds and,
in particular, that dormancy release entails an up-
regulation of numerous genes involved in protein
synthesis (Bove et al., 2005). Also, a recent microarray
study carried out with the Cape Verde Islands (Cvi)
accession of Arabidopsis showed that gene expression
associated with protein synthesis is greatly reduced in
D seeds (Cadman et al., 2006). For the Arabidopsis
Landsberg erecta (Ler) accession, microarray experi-
ments on 4-week-old seedlings disclosed that exoge-
nous ABA regulates the expression of 1,354 genes,
among which many encode signal transduction com-
ponents, ribosomal proteins, and proteins involved in
regulated proteolysis (Hoth et al., 2002).

The commonly used Arabidopsis accessions such as
Ler and Col only exhibit a very low level of dormancy.
However, the Cvi accession collected by Lobin (1983)
can display a much deeper dormancy (Alonso Blanco
et al., 2003; Ali-Rachedi et al., 2004). In agreement with
a role of endogenous ABA in control of dormancy, D
Cvi seeds have been shown to contain a higher amount
of ABA than corresponding after-ripened ND seeds.
Furthermore, during the first hours of imbibition, the
ABA content decreased at a much faster rate in ND
seeds than in D seeds (Ali-Rachedi et al., 2004).

All these results point to a role of ABA in maintenance
of seed dormancy, notably in imbibed seeds following
shedding. However, the molecular and biochemical
mechanisms involved remain poorly documented. We
decided to investigate this question by proteomics. This
type of approach brings robust information about the
biological functions affected in physiological changes
(Pandey and Mann, 2000). In this study, from a compar-
ison of D and ND seeds of the Cvi accession, either under
the dry mature state or during imbibition in the presence
or absence of ABA, we revealed several processes af-
fected by dormancy and/or ABA. We then determined
whether the mechanisms involved in germination inhi-
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bition of ND seeds in the presence of exogenous ABA
differed from those maintaining dormancy in imbibed D
seeds. It appears that inhibition of germination of ND
seeds in the presence of exogenous ABA is mediated by
regulated proteolysis rather than by inhibition of de
novo protein synthesis.

RESULTS

Comparison of Seed Protein Patterns in Cvi and Ler
Accessions of Arabidopsis

In this study, we used the Cvi accession of Arabi-
dopsis as a model since it exhibits a marked dormancy
phenotype (Koornneef et al., 1984; Ali-Rachedi et al,,
2004). However, to take advantage of previous proteo-
mic analyses carried out with seeds of the Ler acces-
sion (Gallardo et al., 2001, 2002; Job et al., 2005; Rajjou
et al., 2006a), we first compared two-dimensional (2D)
electrophoretic seed protein patterns from the two
accessions. By silver nitrate staining of 2D gels for total
soluble protein extracts from the dry mature seeds,
61% of the detected Ler protein spots (704 proteins)
exactly matched Cvi protein spots (Fig. 1; Table I).
Most importantly, this analysis disclosed a subset of 61
spots that have been independently identified by mass
spectrometry (MS) analyses both in Cvi and Ler (see
Supplemental Tables S3 and S5). Among them, 54
exhibited the same gene identity in the two accessions
(Table I, Supplemental Tables S3 and S5). Furthermore,
among the seven proteins assigned to different gene
identities in Ler and Cvi, three proteins corresponded
to similar functions (Table I; Supplemental Tables S3
and S5). Altogether, these data documented a good
conservation in protein sequence from the two genetic
backgrounds, a property that was used further in this
study to identify proteins in Cvi from those already
characterized in Ler (the Ler seed proteome contains
475 identified proteins; Rajjou et al., 2006a).

Specific Accumulation of Proteins in D and ND
Dry Seeds

To test for changes in seed protein accumulation
levels during after-ripening, we characterized the
proteome of the D and ND dry Cvi seeds. This analysis
documented differences in the two protein patterns.
Thus, from the 978 spots detected in both D and ND
seed protein extracts, the accumulation level of 32
proteins (29 identified by MS analysis; see Supple-
mental Table S5) varied between the two physiological
states (Table II). Among them, 22 proteins were up-
accumulated in the ND seeds, while seven were down-
accumulated in the ND seeds (Table III).

For the ND dry seeds, up-accumulated proteins
corresponded to seed storage proteins, and to proteins
involved in energetic and protein metabolisms (Table
III). Seed storage proteins were represented by eight
cruciferins (six precursor forms of the CRA1 gene [nos.
130-135; Fig. 2] and one subunit form of the CRB gene
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Figure 1. Comparison of the seed proteome of the Cvi and Ler accessions. A, A silver nitrate-stained 2D gel of total soluble
proteins from dry ND Cvi seeds. The indicated portions of the gel (a, b, and ¢) are reproduced in B. B, Enlarged windows (a—c) of
2D gels as shown in A for dry Cvi seeds (left) and dry Ler seeds (right). The reference numbers assigned to protein spots for Cvi
patterns (left) are reference protein numbers used in this study, while the reference numbers assigned to protein spots for Ler
patterns (right) are reference protein numbers from Ler proteome database (Rajjou et al., 2006a; http://seed.proteome.free.fr). The
labeled proteins (see Supplemental Tables S3 and S5), numbers 49 (Cvi), 50 (Cvi), 160 (Len, and 206 (Ler) corresponded to Met
synthase; numbers 51 (Cvi) and 374 (Ler) to glycyl tRNA synthetase; numbers 52 and 53 (Cvi) to low temperature induced
protein; numbers 338 and 339 (Cvi) to nonidentified proteins; numbers 110 (Cvi), 111 (Cvi), 112 (Cvi), 113 (Cvi), 114 (Cvi), 115
(Cvi), 129 (Cvi), 39 (Len), 40 (Len), 368 (Ler), 369 (Ler), 36 (Len, and 37 (Ler) to cytosolic GAPDH; numbers 118 (Cvi) and 197
(Len to 1,6-Fru bisphosphate aldolase; number 119 (Cvi) to Asp aminotransferase; number 136 (Cvi) to hypothetical protein;
numbers 101 (Cvi) and 684 (Cvi) to nonidentified proteins; number 102 (Cvi) to malate dehydrogenase; numbers 174 (Ler) and
175 (Ler) to O-acetylserine(thiol) lyase; and number 165 (Ler) to enoyl-[ACP]-carrier protein reductase. The Ler proteins were
previously identified by MS (matrix-assisted laser-desorption ionization time of flight [MALDI-TOF] and liquid chromatography
coupled with tandem MS) and are listed in Rajjou et al. (2006a; Supplemental Table S3). The Cvi proteins were identified by
MALDI-TOF analysis during this study (Supplemental Table S5). The protein spots are labeled in white for matching proteins
identified in Lerand Cvi, in red for identified Cvi specific protein spots, in green for unidentified Cvi specific protein spots, in blue
for matching spots identified in Ler but not in Cvi, and in yellow for matching spots identified in Cvi and Ler with different genes

and functional identity.

[no. 178]) and one legumin (no. 69). Metabolism and
energy proteins corresponded to a B-glucosidase (no.
59; Fig. 2; Table III) and a thioglucosidase (no. 200; Fig.
4; Table IIT). The seven down-accumulated proteins in
the ND dry seeds corresponded to energetic metabo-
lism and protein metabolism functional classes (Table
III). For example, Figure 2 shows the differential ac-
cumulation of the translation elongation factor EF-2
(nos. 45 and 46) and Figure 4 depicts the higher accu-
mulation in D dry seeds of the glyoxylate enzyme iso-
citrate lyase (no. 76).

Proteomics of D and ND Seeds during Imbibition

ND seeds started to germinate after 2 d of imbibition
on basal medium and completed germination at day 4
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(Fig. 3). In agreement with previous data (Ali-Rachedi
et al., 2004), the D seeds did not germinate under these
experimental conditions (Fig. 3). To characterize pro-
teins possibly involved in the maintenance of dor-
mancy during imbibition of the D seeds in basal
medium, we compared the 2D protein profiles of the
D and ND seeds at 1 d of imbibition (Table IV; Sup-
plemental Tables S1 and S2), a time point that is prior to
radicle emergence of the ND seeds (see Fig. 3). There-
fore, variations in the proteome were strictly restricted
to the phase of germination sensu stricto and could not
simply result from different developmental stages
achieved by the two seed samples following imbibition.
Under these conditions, 2D gel analysis disclosed 25
proteins (23 proteins identified; Table II; see Supple-
mental Table S5) that exhibit differential accumulation
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Table I. Comparison between protein patterns of Cvi and
Ler accessions

Cvi  Ller Common to
Both Accessions
Number of detected protein spots 978 1,142 704

Number of identified proteins from 124% 475°
the detected protein spots

Number of identified proteins from 92% 373"
704 matching protein spots

54%b

“Proteins from Cvi seeds identified by MS analysis in this study (see
Supplemental Tables S3 and S5). PProteins from Ler seeds identi-
fied by MS analysis and listed in Rajjou et al. (2006a).

in the two physiological states (Tables I and IV; Fig. 4).
Among them, 15 proteins displayed higher accumula-
tionin the D imbibed seeds than in the ND seeds, which
corresponded to storage proteins, chaperones, and pro-
teins associated with amino acid metabolism and trans-
lation functional classes (Table IV; Fig. 4). The eight
identified proteins that displayed higher accumulation
in ND imbibed seeds were assigned to cruciferin pre-
cursors, HSP70 and isocitrate lyase (Table IV; Fig. 4). It is
noted that among the 23 proteins differentially accumu-
lated between D and ND imbibed seeds, three cruciferin
forms (nos. 66, 178, and 188), the isocitrate lyase enzyme
(no. 76), the HSP70 protein (no. 20), the chloroplastic
ATP synthase (no. 9), the 60S acidic ribosomal protein
PO-B (no. 86), the mitochondrial Asp aminotransferase
(no. 119), and the major latex protein (no. 176), were also
subject to significant differential accumulation in the
transition from dry to imbibed states (see Table IV;
Supplemental Tables S1 and S2).

Proteomic Analysis of the Effect of Exogenous ABA
Application during Imbibition of ND Cvi Seeds

As Figure 3 shows, ABA inhibited the germination
of ND seeds. For an ABA concentration of 30 um, the
germination behavior of these seeds was very similar
to that of the D seeds imbibed on basal medium alone.
From these data, the possibility that an exogenous

application of ABA to ND seeds can mimic mainte-
nance of dormancy in D seeds imbibed on basal
medium was assessed by proteomics.

The application of ABA to the ND seeds revealed 71
proteins (64 proteins identified; see Supplemental
Table S5) whose accumulation levels varied compared
to the ND seeds incubated under the same conditions
but in the absence of the phytohormone (Table II).
Among these 64 identified proteins, 57 proteins were
down-accumulated (e.g. isocitrate lyase no. 76 in Fig.
4) and seven proteins were up-accumulated (Table V).
Down-accumulated proteins corresponded to seed
storage protein precursors, 8-glucosidase, proteases,
enzymes involved in energetic and protein metabo-
lisms, and proteins involved in plant response to abi-
otic and biotic stress (Fig. 4; Table V). Up-accumulated
proteins corresponded to 7S legumins (nos. 68 and 69),
125-3 cruciferin precursor (no. 209), 1,6-Fru bisphos-
phate aldolase (no. 103), two isoforms of cytosolic
glyceraldehyde-3-P dehydrogenase (GAPDH; nos. 114
and 115), and chloroplastic 3-oxoacyl-[ACP] synthase I
(no. 123; Table V).

Since exogenous ABA entailed a decrease in the
accumulation level of several proteins involved in
protein biosynthesis (Table V), we assessed the possi-
bility that impediment of germination of the ND seeds
brought about by the phytohormone was due to an
inhibition of de novo protein synthesis. In parallel, we
investigated whether this hypothesis could also ac-
count for impediment of germination of the D seeds
incubated on basal medium. Proteins synthesized de
novo were labeled by adding [*°S]-Met in the incuba-
tion medium, and total incorporation of the labeled
precursor into proteins was quantitated after TCA
precipitation, as described in “Materials and Methods.”
The extent of [*°S]-Met incorporation into protein was
similar for the D and ND seed samples imbibed on
basal medium and was even substantially higher for
the ND seeds incubated in the presence of ABA (Fig.
5A). This finding was reinforced by qualitative analysis
of de novo protein synthesis using one-dimensional
(1D) and 2D gel electrophoresis (Figs. 5 and 6). As

Table 1l. Summary of protein variations in dry and imbibed seeds

Data are from 2D gels as shown in Figures 1A and 2A. Numbers of identified proteins are given

in parentheses.

Table No. Comparisons Up-Accumulated Down-Accumulated
1 In dry seeds 8 24
Number of protein changes between 2D protein (7) (22)
patterns of D and ND dry seeds (D dry/ND dry)
v In 1-d imbibed seeds 15 10
Number of protein changes between 2D protein (15) (8)
patterns of D and ND seeds imbibed for 1 d in
basal medium (D 1 d/ND 1 d)
\ Number of protein changes between 2D protein 10 61
patterns of ND seeds imbibed for 1 d in
minimal medium and in the presence of 30 um
ABA (ND 1 d ABA/ND 1 d)
(7) (57)
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Table 11l. Arabidopsis proteins whose abundance varied significantly between D and ND dry seeds (D dry/ND dry)

AGI, Accession gene identification; Cov., coverage; Exp., Experimental; MM, molecular mass in kD; Theo., theoretical.

Arabidopsis Protein Name

Relative Abundance®

No. Exp. MM Exp. pl and Family Cov. % Theo. MM  Theo. pl AGI No. D Dry/ND Dry
Storage protein

130° 52.28  7.47 12S-1 cruciferin precursor 36 50.28 7.47  At5g44120 =0.01

131 52.93 731 12S-1 cruciferin precursor 51 52.60 7.68  At5g44120 =0.01

132 5299  7.93 12S-1 cruciferin precursor 48 52.60 7.68  At5g44120 =0.01

133 52.07 8.4  12S-1 cruciferin precursor 48 52.60 7.68  At5g44120 =0.01

134 53.16  8.57 12S-1 cruciferin precursor 51 52.60 7.68  At5g44120 =0.01

135¢  52.35 9.13  12S-1 cruciferin precursor 42 52.60 7.68  At5g44120 =0.01

178" 17.29  5.64 B-Chain of 125-2 cruciferin 12 20.72 6.36  At1g03880 =0.01

69° 61.86 6.62  Similarity to 7S legumin 24 55.06 6.64  At3g22640 0.52 £ 0.07
Protease peptidase and hydrolase

59P 65.65 5.91 B-Glucosidase 26 60.02 6.2 At3g21370 0.38 £ 0.07

504" 4549  5.38 Mut/nudix family protein (C-terminal portion) 13 45.68 5.26  At1g79690 0.50 * 0.15
Photosynthesis

65°¢ 57.52  5.94 Hypothetical NADP-dependant GAPDH 11 53.06 6.23  At2g24270 1.59 = 0.08

99¢ 4552  5.76 Chloroplastic GAPDH B-subunit 20 42.80 5.6 At3g55440 1.79 = 0.74
Metabolism and energy

854"  49.11  6.02 3-Oxoacyl-[acyl-carrier-protein] synthase I, 19 50.41 8.16  At5g46290 =0.01

chloroplast
114> 43.87 6.1 Cytosolic GAPDH 28 36.91 6.62  At3g04120 0.52 £ 0.09

115 43.77  6.15 Cytosolic GAPDH
118> 4592 7.1

76  64.44  6.69 Isocitrate lyase
Translation protein
116°  42.09  6.46 Initiation factor 3 delta-subunit
45 80.76  5.89 Elongation factor EF-2
46"  81.11 5.89 Elongation factor EF-2
417*  30.09 4.48 Elongation factor 1B alpha-subunit 2
(eF1Balpha2)
Cellular division
4b 58.28 5.2 Tubulin alpha-6 chain
Chaperone and protein of stress
20°¢ 71.11 5.3  Putative HSP 70
41°¢ 67.90 5.7  Probable seed maturation protein
Mechanism of defense
200° 62.70  6.33 Thioglucosidase
Amino acid metabolism
524* 52.03  6.03 Indole-3-glycerol phosphate synthase
Unclassified proteins
60° 65.32  5.86 2-Hydroxyphytanol-CoA lyase-like
176 17.65  5.43  Probable major latex protein

Probable 1,6-Fru bisphosphate aldolase
123 50.37  6.26 Mature 3-oxoacyl-[ACP] synthase I, chloroplastic 21 45.08 6.22

27 36.91 6.62
46 38.39 7.01

At3g04120 0.56 £ 0.18
At2g36460 0.61 £ 0.29
At5g46290 0.43 £ 0.36
19 64.24 6.72  At3g21720 5.56 £ 0.46
26 36.39 6.5

11 93.89 5.89
23 93.38 5.89
31 24.20 4.17

At2g46280 0.59 £ 0.14
At1g56070 1.45 =
At1g56070 2.08 £ 3.34
At5g19510 1.48 =

21 49.54 4.93  At4g14960 1.91 = 1.36
24 70.91 5.3 At1g16030 =0.01
13 67.20 5.78  At2g42650 =0.01
33 60.22 6.45  At3g09620 =0.01
33 44.58 6.98  At2g04400 =0.01
17 61.47 5.74  At5g17380 0.45 £ 0.10
27 17.62 591  At4g23670 =0.01

“Listed proteins correspond to proteins previously identified in Ler and listed in Rajjou et al. (2006a).
presently identified in Cvi and previously identified in Ler (Rajjou et al., 2006a).
9Normalized spot volumes in the D dry mature seeds divided by the normalized

proteins identified in Cvi are available in Supplemental Table S5.

PListed proteins correspond to proteins
“Proteins specifically found in Cvi. The peptide sequences of

spotvolume in the ND dry mature seeds = sp: (D dry/ND dry); =100 means that the accumulation level of the corresponding protein in the ND dry seeds
was close to background; =0.01 means thatthe accumulation level of the corresponding protein in the dry D seeds was close to background. Normalized
spot volumes from three different gels and independent extractions. Relative abundance observed was statistically significant.

Figure 6C shows, some proteins were specifically
synthesized de novo in the D imbibed seeds, as was,
for example, the case for a 26S protease regulatory
subunit 6A (no. 659), a hydrolase a/B-family protein
(no. 692), and a vacuolar ATP synthase a-chain (no. 6;
Supplemental Table S4). On the other hand, the de
novo protein patterns of the ND seeds imbibed on
basal medium or in the presence of 30 um ABA were
very similar (Fig. 6, B and D; Supplemental Table S4),
as inferred from the accumulation of proteins involved

Plant Physiol. Vol. 142, 2006

in defense mechanism (jasmonate-inducible protein
[no. 625]), energetic metabolism (cytosolic GAPDH
[nos. 110, 111, and 112] and 1,6-Fru bisphosphate al-
dolase [no. 118]), cellular division (tubulin a-chains
[nos. 3 and 662]), seed storage proteins (B8-chain of
12S-2 cruciferin [nos. 145, 178, 179, 213, and 901] and
cruciferin precursor [no. 834]), photosynthesis (chlo-
roplastic GAPDH gB-subunit [no. 117]), and several
proteins associated with stress response (HSP no. 313
and dehydrins nos. 476 and 480; spots labeled in pink
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Figure 2. Arabidopsis proteins whose abundance varied significantly between D and ND dry seeds. A, 2D gel of total soluble
proteins from D dry mature seeds. The indicated portions of the gels (a, b, and ¢) are reproduced in B. B, Enlarged windows (a—c)
of 2D gels as shown in A for the ND dry seeds (right) and the D dry seeds (left). The labeled protein numbers 45 and 46
correspond to elongation factor EF-2, number 59 to B-glucosidase, and numbers 130 to 135 to cruciferin precursors. These

proteins were identified by MALDI-TOF analysis (Table III).

color in Fig. 6D). Finally, three identified proteins were
found to be synthesized de novo both in D and ND
seeds imbibed on basal medium and in ND seeds
incubated in the presence of ABA (spots labeled in
blue color in Fig. 6B). These proteins corresponded to
enolase (no. 30), Xyl isomerase (no. 31), and a MUT/
nudix family protein (no. 272; Fig. 6B).

DISCUSSION

Comparison of 2D Protein Patterns from Ler and Cvi
Mature Seeds

A comparison of 2D gels obtained from protein
extracts of dry seeds of Ler (Rajjou et al., 2006a, 2006b)
and Cvi (this study) accessions revealed high similar-
ities between the two protein patterns (Table I, Sup-
plemental Table S3). Out of the 704 common spots that
were evidenced in the two genetic backgrounds, 92
were presently identified in Cvi (Supplemental Table
S4) and 373 were previously identified in Ler (Rajjou
et al., 2006a). For 61 of these matching spots indepen-
dently identified by MS analysis in the two accessions,
most of them identified the same gene (Supplemental
Table S3). This enlightened both the reliability of the
proteomic approach and a strong conservation of the
seed proteome in the two accessions, a property that
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was used in this work to help characterize the pro-
teome of Cvi seeds. Chevalier et al. (2004) investigated
the root proteome of eight Arabidopsis accessions and
demonstrated that for 250 protein spots detected for
each accession, one-quarter was found in all the ac-
cessions, and one-half of proteins identified in Col-0
were shared by at least five other accessions. When the

100

80 ]
60

401

Germination (%)

20

0 2 4 6 8 1012 14 16 18 20 22 24
Days after sowing

Figure 3. Germination kinetics of D Cvi seeds imbibed on basal
medium (pink squares), and ND Cvi seeds imbibed on basal medium
(blue diamonds) or on ABA at a concentration of 1 um (violet triangles),
3 uM (gray squares), 10 um (green triangles), 30 um (red circles), and
100 um (black diamonds).
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Table IV. Arabidopsis proteins whose abundance varied significantly between D and ND seeds imbibed for 1 d in basal medium (D 1 d/ND 1 d)
AGI, Accession gene identification; Cov., coverage; Exp., experimental; MM, molecular mass in kD; Theo., theoretical.

Relative Abundance®

No. Exp. MM Exp. pl Arabidopsis Protein Name and Family Cov. %  Theo. MM Theo. pl AGI No. D1dND1d
Storage protein

68" 61.86 6.62  Similarity to 7S legumin 24 55.06 6.64  At3g22640 =100

69" 60.20 6.6 Similarity to 7S legumin 30 55.06 6.64  At3g22640 =100

66° 57.58 6.12  12S-3 cruciferin precursor 47 58.24 6.53  At4g28520 4.46 + 0.22

131" 52.93 7.31 12S-1 cruciferin precursor 51 52.60 7.68  At5g44120 =0.01

132 52.99 7.93  12S-1 cruciferin precursor 48 52.60 7.68  At5g44120 =0.01

133¢ 52.07 8.4 12S-1 cruciferin precursor 48 52.60 7.68  At5g44120 =0.01

134 53.16 8.57  12S-1 cruciferin precursor 51 52.60 7.68  At5g44120 =0.01

135¢  52.35 9.13  12S-1 cruciferin precursor 42 52.60 7.68  At5g44120 =0.01

188" 24.94 8.23  a-Chain of 12S-2 cruciferin 29 27.24 6.34  At1g03880 =100

178° 17.29 5.64  B-Chain of 12S-2 cruciferin 12 20.24 6.36  At1g03880 0.42 £ 0.1
Metabolism and energy

76° 64.44 6.69 Isocitrate lyase 19 64.24 6.72  At3g21720 0.4 = 0.1
Chaperone and protein of stress

20° 71.11 5.3 Putative HSP 70 24 70.91 5.3 At1g16030 =0.01

27°¢ 64.21 5.67  Chaperonin 8 precursor 29 64.19 6.21  At1g55490 2.30 £ 1.40

562° 17.94 550 HSP17.7 42 17.83 5.22 At5g12030 1.93 =03

906" 17 7.78  Peptidyl-prolyl cis-trans isomerase 41 18.60 7.83  At4g38740 =100

476° 17.66 5.25  Dehydrin 18.44 7.95  At5g66400 211 £ 0.14

480° 17.42 5.39  Dehydrin 6 18.44 7.95  At5g66400 2.74 £ 0.25
Photosynthesis

9¢ 60.07 5.29  Chloroplastic ATP synthase alpha chain 22 55.33 519  AtCg00120 3.4+ 0.6
Amino acid metabolism

119 44.83 7.37  Mitochondrial aspartate aminotransferase 30 47.76 836  At2g30970 2.71 £ 0.45
Translation protein

86" 35.48 5.29  60S acidic ribosomal protein PO-B 33 34.14 499  At3g09200 3.94 = 2.02
Unclassified protein

929° 29.91 5.68  Dormancy related protein 22 59.8 12.5 At1g54870 =100

176 17.65 5.43  Probable major latex protein 27 17.62 591  At4g23670 =100

928" 13.95 6.33  Major latex protein 25 17.86 7.18  At1g14940 =100

“Listed proteins correspond to proteins previously identified in Ler and listed in Rajjou et al. (2006a).
presently identified in Cvi and previously identified in Ler (Rajjou et al., 2006a).

proteins identified in Cvi are available in Supplemental Table S5.

PListed proteins correspond to proteins
“Proteins specifically found in Cvi. The peptide sequences of

9Normalized spot volumes in the D imbibed seeds divided by the normalized

spot volume in the ND imbibed seeds * sp: (D 1 d/ND 1 d); =100 means that the accumulation level of the corresponding protein in the ND
imbibed seeds was close to background; =0.01 means that the accumulation level of the corresponding protein in the D imbibed seeds was close to
background. Normalized spot volumes from three different gels and independent extractions. Relative abundance observed was statistically

significant.

comparison was restricted to two or three accessions,
the number of common spots increased. This result is
therefore in accordance with our finding on the conser-
vation of the seed proteome in Arabidopsis accessions.
Altogether, these data pointed out the usefulness of
proteomics for comparative genomic approaches using
core collections of Arabidopsis accessions (Koornneef
et al., 2004; McKhann et al., 2004; Mitchell-Olds and
Schmitt, 2006).

Accumulation of Storage Proteins in ND Dry Seeds

The 2D gels from the ND dry seeds specifically
displayed a predominant train of six proteins (protein
nos. 130-135) at 52 kD (Fig. 2). The proteins in this train
were identified as the precursor form of the CRA1 gene
(Table III; Supplemental Table S5). Since this specific
train of proteins was absent in the protein profile of the
D dry seeds (Fig. 2), one possibility could be that it

Plant Physiol. Vol. 142, 2006

accumulated by de novo synthesis during after-ripening.
Storage proteins are accumulated in seeds during the
late stages of seed development (Bewley and Black,
1994; Harada, 1997) and are used by the germinating
seedlings as a source of amino acids and nitrogen
(Spencer, 1984; Lambert and Yarwood, 1992). Crucifer-
ins, which are the major seed storage proteins in
Arabidopsis (Gruis et al., 2003), are classified as glob-
ulins according to their solubility in saline solutions
(Osborne, 1924; Shewry et al., 1995). Cruciferins are
synthesized in developing embryos in a precursor
form consisting of a protein chain of about 60 kD. This
precursor form is then cleaved during seed maturation
so that the mature form of cruciferins consists of six
subunit pairs interacting noncovalently, each of these
pairs being constituted of an acidic a-subunit of M,
equals approximately 40,000 and a basic 8-subunit of
M, equals approximately 20,000 that are linked via
disulfide bridges (Gruis et al., 2003). In agreement with
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Figure 4. Comparison of 2D protein patterns in D and ND dry seeds (D dry and ND dry), D and ND seeds imbibed for 1 d in
basal medium (D 1 d and ND 1 d), and ND seeds imbibed in 30 um ABA for 1 d (ND 1 d ABA). The labeled proteins in selected
gel windows correspond to thioglucosidase (no. 200), isocitrate lyase (no. 76), cruciferin precursors (nos. 130-135), 60S acidic
ribosomal protein POB (nos. 85 and 86), LEA protein (no. 90), and dehydrins (nos. 476 and 480). These proteins are listed in

Tables 1, IV, V, and Supplemental Tables ST and S2.

our data, the presence of cruciferin precursors was
also detected in the dry mature seeds of the ND Ler
accession (Gallardo et al., 2001). Therefore, our present
results revealed that the accumulation of cruciferin
precursors can still proceed in dry mature seeds dur-
ing after-ripening leading to dormancy breakage. This
implies, quite remarkably, that the maturation pro-
gram can continue after seed dispersal. In this context,
it is noted that Leubner-Metzger (2005) and Bove et al.
(2005) identified mRNA accumulation during after-
ripening of tobacco seeds, although seeds kept a
constant moisture content (8%-13%) during the after-
ripening process. These observations raise the question
of the mechanisms responsible for gene expression
under the very low hydration conditions prevailing in
orthodox seeds after desiccation on the mother plant.
Recent "H-magnetic nuclear resonance microimaging
studies identified regions of local higher water content
in after-ripened seeds that could explain occurrence
of such a metabolic activity in dry seeds (Leubner-
Metzger, 2005).

The train of cruciferin precursor spots accumulated
in the ND dry seeds decreased sharply upon imbibi-
tion (Fig. 4; Supplemental Table S1). This result was in
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accordance with previous data obtained with Ler seeds
(Gallardo et al., 2001; Rajjou et al., 2004).

An Accumulation of Energetic Metabolism and
Hydrolytic Enzymes Is Triggered in ND Dry and
Germinating Seeds and Repressed by ABA

Compared to the D dry seeds, the ND dry seeds up-
accumulated proteins involved in energetic metabo-
lism (Table III), as was the case for the neoglucogenesis
enzymes 1,6-Fru bisphosphate aldolase (no. 118) and
cytosolic isoforms of GAPDH (nos. 114 and 115). Thus,
the ND dry seeds seemed well equipped to express
neoglucogenesis activity during early germination,
possibly to provide energy from stored lipids required
for seedling establishment (Penfield et al., 2005, 2006;
Cernac et al., 2006; Footitt et al., 2006). In addition, the
level of isocitrate lyase (no. 76), an enzyme from the
glyoxylate cycle that is involved in storage lipid mo-
bilization in germinating seeds, sharply increased
upon imbibition of ND seeds (Table IV; Fig. 4). In
marked contrast, this level remained constant (and
lower than that seen for the ND imbibed seeds) during
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Table V. Arabidopsis proteins whose abundance significantly varied in ND seeds imbibed for 1 d in 30 um ABA (ND 1 d ABA) or in
basal medium (ND 1 d)

AGl, Accession gene identification; Cov., coverage; Exp., experimental; MM, molecular mass in kD; Theo., theoretical.

Relative Abundance®

No. Exp. MM Exp. pl Arabidopsis Protein Name and Family Cov. % Theo. MM Theo. pl AGI No. ND 1 d ABA/ND 1 d
Storage protein
68" 61.86  6.62 Similarity to 7S legumin 24 55.06 6.64  At3g22640 =100
69" 6020 6.6  Similarity to 7S legumin 30 55.06  6.64 At3g22640 =100
131° 52,93 731 12S-1 Cruciferin precursor 51 52.60 7.68  At5g44120 0.26 = 0.01
132 5299  7.93 12S-1 Cruciferin precursor 48 52.60 7.68  At5g44120 0.29 = 0.02
133 52.07 8.4 12S-1 Cruciferin precursor 48 52.60 7.68  At5g44120 0.50 £ 0.02
134 53.16  8.57 12S-1 Cruciferin precursor 51 52.60 7.68  At5g44120 0.39 = 0.04
135° 5235  9.13  12S-1 Cruciferin precursor 42 52.60 7.68  At5g44120 0.39 = 0.10
163 21.05 7.07  B-Chain of 12S-3 cruciferin 16 21.20 6.19  At4g28520 0.39 £ 0.25
209° 5854  6.53 12S-3 Cruciferin precursor 30 31.18 6.35  At4g28520 2.00 = 0.08
107 4822  5.87 12S-2 Cruciferin precursor 29 50.56 6.53  At1g03880 0.43 + 0.15
160° 25.47  6.94 «-Chain of 12S-2 cruciferin 21 27.24 6.34  At1g03880 0.27 £ 0.05
178" 17.29  5.64 B-Chain of 125-2 cruciferin 12 20.24 6.36  At1g03880 0.29 = 0.01
Protease, peptidase, and hydrolase
32° 5628 5.57 Cytosolic leucyl aminopeptidase 24 54.41 5.66  At2g24200 0.42 * 0.03
57 65.39  6.02 B-Glucosidase 32 60.02 6.2 At3g21370 0.68 £ 0.09
58P 64.06  6.02 B-Glucosidase 31 60.02 6.2 At3g21370 0.30 £ 0.01
59° 65.65 5.91 B-Glucosidase 26 60.02 6.2 At3g21370 0.40 £ 0.19
61° 62.95 5.97 B-Galactosidase 13 94.78 6.81  At4g36360 0.28 £ 0.08
74° 73.69  6.38 Subtilisin-like proteinase, nodule specific 15 78.21 5.81  At5g67360 0.55 = 0.12
Photosynthesis
37> 57.08 5.74 Ribulose bisphosphate carboxylase large chain 18 47.62 6.13  AtCg00490 0.23 £ 0.17
72b 66.90 6.35 Malic enzyme 21 64.28 6.32  At2g19900 0.27 £ 0.01
117¢ 43.54 6.7  Chloroplastic GAPDH A-subunit 30 36.28  6.67  At3g26650 0.43 = 0.23
Metabolism and energy
11 66.25 529 Vacuolar ATP synthase subunit a 12 68.81 511  At1g78900 0.16 £ 0.10
25°¢ 79.28  5.37  Pyruvate orthophosphate dikinase 10 104.79  5.85  At4g15530 0.30 * 0.02
26° 81.87  5.37 Aconitase 13 98.77 5.98  At4g35830 0.04 £ 0.14
44°¢ 81.11 5.86 Aconitase 15 98.15 5.98  At4g35830 0.21 = 0.09
31°¢ 54.23 5.54 Xyl isomerase 22 53.15 5.74  At5g57655 0.47 £ 0.15
62°  60.66 5.88 Mitochondrial ATP synthase a-chain 32 55.05 6.23  At2g07698 0.27 £ 0.07
63*  61.46 6.03 Cytosolic Glu-6 phosphate isomerase 18 61.72 6.19  At5g42750 0.54 * 0.00
75¢ 70.70  6.73  Phosphoenolpyruvate carboxykinase 15 73.41 6.61  At4g37870 0.34 * 0.04
76° 64.44  6.69 Isocitrate lyase 19 64.24 6.72  At3g21720 0.17 = 0.10
100°  45.08 5.8 Alcohol dehydrogenase 35 41.21 5.83  Atlg77120 0.56 £ 0.21
102 38.38 5.77 Malate dehydrogenase 47 34.01 5.68  At3g47520 0.36 = 0.05
103°  40.21  5.46 Putative 1,6-Fru bisphosphate aldolase 20 42.94 6.79  At4g38970 58 £2.7
108° 49.88  5.87 Similarity to isocitrate dehydrogenase 22 45.47  6.13  At1g65930 0.42 £ 0.08
111> 42.88  6.22 Cytosolic GAPDH 46 36.91 6.62  At3g04120 0.52 £ 0.10
112> 4411 6.29 Cytosolic GAPDH 34 36.91 6.62  At3g04120 0.13 £ 0.03
113> 4416  6.34 Cytosolic GAPDH 45 36.91 6.62  At3g04120 0.32 £ 0.01
114 43.87 6.1 Cytosolic GAPDH 28 36.91 6.62  At3g04120 3.38 = 0.01
115¢ 43.77  6.15 Cytosolic GAPDH 27 36.91 6.62  At3g04120 2.67 = 0.05
129¢ 4334  6.09 Cytosolic GAPDH 19 36.91 6.62  At3g04120 0.48 = 0.23
118> 4592  7.21 Probable Fru bisphosphate aldolase 46 38.39 7.01  At2g36460 0.33 = 0.03
123 50.37  6.26 Mature 3-oxoacyl-[ACP] synthase |, chloroplastic 21 45.08  6.22  At5g46290 5.78 * 0.05
144° 2594 543 Cytosolic triose phosphate isomerase 34 2717 539  At3g55440 0.27 £ 0.02
Amino acid metabolism
49® 7541  5.94 Methionine synthase 15 8436  6.09  At5g17920 0.44 = 0.44
50° 75.24  6.03 Methionine synthase 26 84.36 6.09  At5g17920 0.20 = 0.05
122" 4812 6.62 Cytoplasmic aspartate aminotransferase 48 44.27 6.8 At5g19550 0.41 = 0.03
Translation protein
45P 80.76  5.89 Elongation factor EF-2 11 93.89 5.89  Atl1g56070 0.25 £ 0.09
85°  35.76  5.21 Putative 60S acidic ribosomal protein PO-B 26 34.13 4.99  At3g09200 0.38 £ 0.03
95° 49.77  5.42 Initiation factor EIF-4AT 36 41.85 7.63  At3g13920 0.31 = 0.10
97" 51.87  5.45 DEAD box RNA helicase RH 15 25 48.38 5.49  At5g11200 0.30 £ 0.24
(Table continues on following page.)
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Table V. (Continued from previous page.)

Relative Abundance

No. Exp. MM Exp. pl Arabidopsis Protein Name and Family Cov. % Theo. MM Theo. pl AGI No. ND 1 d ABA/ND 1 d
Cellular division

79¢ 46.62 531 Actin8 36 41.89 5.37  At1g49240 0.27 * 0.11
Chaperone and protein of stress

5627 17.94 5.50 HSP17.7 42 17.83 5.22  At5g12030 =0.01

8 60.15  5.20 Late embryogenesis abundant protein 39 52.05 5.29  At3g53040 0.30 = 0.15

20° 71.11 5.3 Putative HSP 70 24 70.91 5.3 At1g16030 0.24 £ 0.17

27°¢ 64.21 5.67 Chaperonin B precursor

64°  59.42 595 Chloroplastic gluthatione disulfide reductase

137 29.33  5.25 Putative lactoylglutathione lyase
480" 17.42 539 Dehydrin
476" 17.66 525 Dehydrin

Mechanism of defense
33 5435 5.59 Probable myrosinase binding protein
70°¢ 58.34 6.96 Catalase

124 39.56  5.86 Probable NADPH 2 quinone reductase P

Unclassified protein
39°  60.47 5.8  Dehydrogenase
183> 14.06  6.15 Major latex protein 1

29 64.19 6.21
25 52.70 5.89

At1g55490 0.21 £ 0.14
At3g54660 0.38 = 0.04

33 31.96 511  Atlg11840 0.50 = 0.11

6 18.45 7.95  At5g66400 =0.01

6 18.45 7.95  At5g66400 0.52 £ 0.16
38 51.21 5.5 At2g33070 0.47 £ 0.44
28 56.93 6.63  At1g20630 0.17 £ 0.04
23 38.13 5.81  At5g16970 0.48 = 0.01
14 61.67 6.26  At5g62530 0.42 = 0.09
52 17.89 6.37  At1g14950 0.22 £ 0.07

“Listed proteins correspond to proteins previously identified in Ler and listed in Rajjou et al. (2006a).
presently identified in Cvi and previously identified in Ler (Rajjou et al., 2006a).
9Normalized spot volumes in the ND seeds imbibed for 1 d in the presence of

proteins identified in Cvi are available in Supplemental Table S5.

PListed proteins correspond to proteins
“Proteins specifically found in Cvi. The peptide sequences of

30 um ABA divided by the normalized spot volume in the ND seeds imbibed for 1 d in basal medium = sp: (ND 1 d ABA/ND 1 d); =100 means that
the accumulation level of the corresponding protein in the ND seeds imbibed for 1 d in basal medium was close to background; =0.01 means that
the accumulation level of the corresponding protein in the ND seeds imbibed for 1 d in the presence of 30 um ABA was close to background.
Normalized spot volumes from three different gels and independent extractions. Relative abundance observed was statistically significant.

imbibition of D seeds (Fig. 4; Supplemental Table S2).
Isocitrate lyase catalyzes the reversible cleavage of
isocitrate to glyoxylate and succinate and plays a
major role in enabling gluconeogenesis to occur from
stored lipids in germinating seeds (Eastmond et al.,
2000). Therefore, these data point out two important
mechanisms to allow resumption of metabolism from
quiescent D seeds. The one leads to an accumulation of
a subset of important (controlling) metabolic enzymes
during after-ripening. The other allows an accumula-
tion of another, complementary, subset of such con-
trolling enzymes during imbibition, but only in the
ND seeds. Gallardo et al. (2002) described an accumu-
lation of isocitrate lyase in germinating Arabidopsis
seeds of the Ler accession, occurring at the moment of
radicle protrusion. Since no such accumulation was
detected during imbibition of seeds of the Ler gal
GA-deficient mutant, these authors concluded that the
accumulation of isocitrate lyase during seed germina-
tion was dependent on GA action, in agreement with
the data of Marriott and Northcote (1975) showing that
exogenous GAs can stimulate the induction of iso-
citrate lyase activity during germination of castor bean
seeds. It is noted that application of exogenous ABA
to ND seeds strongly repressed the accumulation of
isocitrate lyase (Table V; Fig. 4). Altogether, these
observations suggest the occurrence of antagonistic
interaction of ABA and GA in the control of the seed
germination process. Strikingly, several enzymes in-
volved in energetic metabolism were repressed by ABA
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in ND imbibed seeds (Table V). It is thus likely that
mounting metabolic pathways in imbibed seeds is in-
dispensable for germination and seedling establishment.

The hydrolytic enzyme, B-glucosidase (no. 59), was
found to be most abundant in ND dry seeds (Table III;
Fig. 2). In germinating barley seeds, this enzyme was
shown to be implied in sugar liberation from 8-glucans
derived from cell wall polysaccharides, thus providing
carbohydrates to the plantlet (Leah et al., 1995). The
complete hydrolysis of B-glucans is facilitated by
several enzymes, including endo-(1-3)-8-glucanase
(Leah et al., 1995). Recent studies in tobacco seeds re-
vealed that an up-accumulation of 8-1,3 glucanase
correlated with the release of seed-coat imposed dor-
mancy during after-ripening (Leubner-Metzger, 2002,
2005). Here, Leubner-Metzger et al. (2005) proposed
that hydrolysis of B-glucans contributes to release the
seed-coat barrier to facilitate radicle protrusion. Break
of birch (Betula pubescens) bud dormancy by §-1,3
glucanase has also been described (Rinne et al., 2001).
In agreement with these findings, we observed that
application of ABA to ND seeds reduced the level of
this B-glucosidase (spot no. 59 in Table V).

For the ND imbibed Cvi seeds, exogenous ABA led
to a decrease in the accumulation levels of several
peptidases, proteases, and hydrolases (nos. 32, 57, 58,
59, and 74; Table V). The accumulation level of another
hydrolase, B-galactosidase (no. 61), also decreased
under these conditions (Table V). This enzyme has
been implicated in a number of biological processes

Plant Physiol. Vol. 142, 2006
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Figure 5. Incorporation of [**S]-Met into proteins synthesized de novo from D and ND seeds imbibed on basal medium or ABA.
A, Quantification of [**S]-Met incorporation into proteins synthesized de novo from D seeds imbibed on basal medium for 8 and
24 h, and from ND seeds imbibed on basal medium or on 30 um ABA for 8 and 24 h, following TCA precipitation as described in
“Materials and Methods.” B, Coomassie blue staining of 1D gel of total soluble proteins from the seed samples shown in A. C,
Autoradiogram of the corresponding 1D gel shown in B. M stands for size markers.

including plant growth and fruit ripening. 8-Galacto-
sidase has been identified in mung bean (Vigna radiata)
seedlings and its activity was shown to increase to a
high level between days 4 and 6 of germination (Li
et al., 2001). It has been suggested that this enzyme is
synthesized or activated to mobilize or modify cell
wall components during seed germination (Edwards
et al., 1985; Konno and Tsumuki, 1993; Li et al., 2001).

Genes Responsive to Biotic and Abiotic Stresses Are
Induced by Dormancy Release

ND dry seeds specifically accumulated a thiogluco-
sidase (myrosinase; no. 200; Table III; Fig. 4) that is
known to catalyze the hydrolysis of glucosinolates
during germination (Chew, 1988; McGregor, 1988).
Although intact glucosinolates are relatively nontoxic,
their breakdown products have important biological
effects, as for the goitrogenic species that perturb
thyroid function or the very reactive isothiocyanates
that present antibacterial and antifungal properties
(Rask et al., 2000). Our results indicate, therefore, that
dormancy release is associated with the mounting of

Plant Physiol. Vol. 142, 2006

specific defense mechanisms to protect germinating
seeds against insects and/or pathogenic microorgan-
isms.

Proteins involved in the protection against cellular
damage induced by abiotic stress also appeared to be
regulated in germinating Cvi seeds. Dehydrins (nos.
476 and 480; Table 1IV) encoded by the RAB18 gene
were more abundant in D imbibed seeds than in ND
seeds imbibed either in basal medium or ABA (Fig. 4;
Tables IV and V). RAB18 belongs to the group 2 LEA
gene family and encodes an ABA-inducible protein
that is expressed in Arabidopsis developing seeds
(Lang et al., 1994) and believed to be important for
desiccation tolerance or in response to hyperosmotic
stress (Allagulova et al., 2003). In Arabidopsis, dehy-
drins can also accumulate in early stages of seed
germination, during a time window in which the
germinating seed can recapitulate late phases of the
seed maturation program, most presumably to mount
adaptive reactions in response to fluctuating water
levels in the soil (Lopez-Molina et al., 2002). Our
present data showing an active de novo synthesis of
dehydrins in ND germinating Cvi seeds (Fig. 6, B and
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Figure 6. 2D patterns of de novo protein synthesis in D and ND seeds imbibed for 1 d on basal medium and in ND seeds imbibed
for 1 d in the presence of 30 um ABA. Radiolabeling of proteins was effected by adding [**S]-Met in the germination assays. Total
soluble proteins were extracted from seed samples shown in Figure 5A, submitted to 2D gel electrophoresis and the radiolabeled
proteins revealed by Phosphorimager analysis as described under “Materials and Methods.” A, Silver-stained 2D gel of total
soluble proteins from the ND seeds imbibed for 1 d in basal medium. B, Autoradiogram of the 2 D gel for proteins extracted from
the ND seeds imbibed in basal medium for 1 d. C, Autoradiogram of the 2 D gel for proteins extracted from the D seeds imbibed
in basal medium for 1 d. D, Autoradiogram of the 2 D gel for proteins extracted from the ND seeds imbibed for 1 d in the
presence of 30 um ABA. The labeled protein spots were identified either by MS or by comparison with Arabidopsis seed protein
reference maps from Ler (Rajjou et al., 2006a; http://seed.proteome.free.fr; see Supplemental Tables S3 and S5). They are listed in
Supplemental Table S4. The proteins labeled in blue color correspond to proteins synthesized de novo in the D and ND seeds
imbibed in basal medium for 1 d and in the ND seeds imbibed for 1 d in the presence of 30 um ABA (no. 30, enolase; no. 31, Xyl
isomerase; no. 272, MUT/nudix family protein). The proteins labeled in red color correspond to proteins synthesized de novo in
the D seeds imbibed for 1 d in basal medium (no. 6, vacuolar ATP synthase a-chain; no. 692, hydrolase alpha B-chain; no. 659,
26S protease regulatory family). The proteins labeled in pink color correspond to proteins synthesized de novo in the ND seeds
imbibed for 1 d in basal medium or in the presence of 30 um ABA.

D; Supplemental Table S4) are thus in good agreement
with data obtained with Ler seeds (Rajjou et al., 2004,
2006a). This de novo protein synthesis was a specific
feature of the ND seeds since it was not observed with
the D imbibed seeds (Fig. 6). Even if the level of
dehydrins is lower in 1-d imbibed ND seeds than in D
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seeds, this biosynthesis activity in the ND seeds
should confer competence response immediately to
water stress. Interestingly, the accumulation level of a
dehydrin has been shown to decrease during cold or
warm stratification of seeds of Taiwan flowering
cherry (Prunus campanulata) but, on the contrary, to

Plant Physiol. Vol. 142, 2006



increase upon a sequential application of both treat-
ments (Lee et al., 2006). Given that dormancy breaking
in this woody species requires a warm plus a cold
stratification, these data are consistent with our results
in Arabidopsis and suggest that a specific mechanism
of de novo dehydrin synthesis in the ND germinating
seeds could be generalized for a wide range of species.
We also conclude that the time window during which
germinating seeds can recapitulate the late maturation
program (Lopez-Molina et al., 2002) can only occur
after the break of dormancy, implying, therefore, that
this developmental time window is an integral part of
the germination process. In the context of the Cvi
seeds, it is also noted that the ABA treatment did not
affect de novo dehydrin synthesis in the ND seeds
(Fig. 6; Supplemental Table S4). Since the D seeds have
been shown to accumulate higher ABA amounts dur-
ing imbibition than the ND seeds (Ali-Rachedi et al.,
2004), it appears that endogenous ABA is not able to
elicit de novo synthesis of dehydrins in the D imbibed
seeds. Our data therefore suggest an ABA-independent
regulation of dehydrin biosynthesis in imbibed seeds,
in contrast to the situation that holds during the seed
maturation phase (Han et al., 1997).

An HSP70 (no. 20) was present at high level in ND
dry seeds (Table III). HSPs are synthesized in all cells
in response to elevated temperature (Spremulli, 2000)
but are also induced by other environmental stresses
(Noven et al., 1992). They participate in diverse cellu-
lar processes by acting as molecular chaperones (Hong
and Vierling, 2001). They are also described as being
developmentally regulated, being abundant in dry
mature seeds, and disappearing during germination
(Wehmeyer et al., 1996). It is noted that a proteomic
study showed an accumulation of a 17.6-kD HSP after
3 weeks of cold stratification of seeds of the weed
species waterthemp (Amaranthus rudis; Leon et al.,
2006). Altogether, these data suggest that HSPs are
required during dormancy release to maintain the
proper folding of other proteins.

Protein Synthesis and Stability Are Key Components
Controlling Seed Germination

Transcriptome analyses provided evidence for an
accumulation of several mRNAs encoding translation
initiation factors in after-ripened Arabidopsis seeds of
the Cvi accession (Cadman et al., 2006), suggesting
that protein synthesis is repressed in D imbibed seeds.
Also, the germination of Arabidopsis seeds has been
shown to be completely halted by cycloheximide, an
inhibitor of cytosolic translation (Osherov and May,
2000), indicating the importance of de novo protein
synthesis in the control of seed germination (Rajjou
et al., 2004). This finding has been recently confirmed
by transcriptome analysis of the Col-0 accession of
Arabidopsis during germination (Nakabayashi et al.,
2005). Our data obtained from quantification of [*°S]-
Met incorporation in D and ND imbibed seeds (Fig.
5A) clearly indicated that the failure of the D imbibed
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seeds to germinate was not due to an incapability of
these seeds to support de novo protein synthesis. On
the contrary, we found that de novo protein synthesis
reached rather similar levels for both the D and ND
imbibed seeds (Fig. 5A). Consistent with this, the
proteomic data obtained by silver staining of 2D gels
showed that three EF-2 elongation factors (nos. 45, 46,
and 417; Fig. 2; Table III) are up accumulated in the D
dry seeds. Moreover, protein synthesis activity even
substantially increased for the ND seeds incubated in
ABA (Fig. 5A). Higgins et al. (1982) have reported that
ABA controls protein synthesis both negatively and
positively in barley aleurone cells by regulating the
level of mRNA and possibly also by changing the
efficiency of translation. However, the obtained 2D
profiles for de novo synthesized proteins differed
markedly for the ND and D imbibed seeds (Fig. 6, B
and C; Supplemental Table S4). Thus, it appears that
only the seeds that successfully break dormancy can
acquire the capacity to reprogram the pattern of pro-
tein biosynthesis during imbibition, allowing the com-
pletion of germination. This suggests that during
imbibition, ND seeds are committed to translate a
specific set of genes, from mRNA pools stored during
maturation and/or synthesized de novo, both of them
being required for germination and seedling establish-
ment (Rajjou et al., 2004; Nakabayashi et al., 2005).
Among the proteins identified on the autoradiograms
of Figure 6 (as listed in Supplemental Table S4), it is
noted a specific labeling of tubulin a-chains (nos. 3 and
662) in the ND imbibed seeds. Interestingly, a GA
treatment induced both seed germination of the Ler
gal GA-deficient mutant and a concomitant accumu-
lation of tubulin proteins (Gallardo et al., 2002). Fur-
thermore, accumulation of B-tubulin in tomato
(Lycopersicon esculentum) seed germination and prim-
ing has been well documented (Groot et al., 1988; de
Castro et al., 2000). Altogether, these data point out
that de novo synthesis and accumulation of tubulin
proteins in ND germinating seeds is an important
determinant of completion of germination and growth
initiation.

The 2D patterns for protein accumulation (Fig. 4;
Tables IV and V) and de novo protein synthesis (Fig. 6;
Supplemental Table S4) were very different in D seeds
imbibed in basal medium and in ND seeds imbibed in
ABA. Thus, out of the 64 identified proteins whose
accumulation levels were regulated by exogenous
ABA in ND imbibed seeds (Table V), only 10 proteins
appeared to be subject to a similar differential accu-
mulation when comparing the D and ND imbibed seeds
(Table IV). It is striking that the application of ABA to
the ND seeds induced a down-accumulation of a large
part (90%) of the 64 differentially accumulated pro-
teins (Table V). There are at least two possibilities to ac-
count for this feature. In the first, down-accumulation
of seed proteins would result from inhibition of their
de novo synthesis. However, the observed patterns
of de novo protein synthesis with the ND seeds im-
bibed in ABA or in basal medium are not in favor of
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this hypothesis (Fig. 6, D and B). An alternative pos-
sibility would be that the observed prominent down-
accumulation of proteins originates from proteolytic
mechanisms induced by ABA in the ND imbibed seeds,
notably observing that some of the down-accumulated
proteins (Table V) are actively synthesized de novo
(e.g. spot nos. 111 and 112; Fig. 6; Supplemental Table
S4). In support of this hypothesis, Hoth et al. (2002)
reported that genes encoding proteins involved in
regulated proteolysis are up-regulated at the RNA
level in Arabidopsis seedlings subjected to an ABA
treatment. Also, genetic studies in Arabidopsis have
provided evidence for a role of the ubiquitin/26S
proteasome pathway in ABA responses, notably dur-
ing germination (Smalle et al., 2003).

Differential Protein Accumulation and de Novo Protein
Synthesis Do Not Result from a Control of Gene
Expression at the RNA Level in D and ND

Imbibed Seeds

Cadman et al. (2006) recently analyzed the tran-
scriptome of 1-d imbibed D and ND (after-ripened)
Arabidopsis Cvi seeds using Affymetrix technology. It
was therefore of interest to compare their data with
our present proteomic results, which might help deci-
pher at which level (mRNA and/or protein) gene
expression is regulated during germination and dor-
mancy release. Table IV lists 23 proteins, correspond-
ing to 16 different genes, whose accumulation levels
differed in D and ND 1-d imbibed seeds, as revealed
by silver staining of 2D gels. Out of them, only the two
genes At5g12030 (protein no. 562) and At2g30970
(protein no. 119), encoding the HSP17.7 and the mito-
chondrial Asp aminotransferase, respectively, were
identified as being differentially accumulated at the
RNA level between D and ND states (supplemental
table S1 in Cadman et al., 2006). Moreover, the accu-
mulation of the mitochondrial Asp aminotransferase
(At2g30970) was higher in D than in ND imbibed
seeds at the protein level (Table IV), while the converse
was observed at the RNA level (supplemental table S1
in Cadman et al., 2006). Also, none of the 15 genes
encoding the 21 identified proteins that are specifically
synthesized de novo in ND and in D imbibed seeds
(Fig. 6, B-D; Supplemental Table S4) are characterized
as being differentially expressed by the transcriptome
analysis (supplemental tables in Cadman et al., 2006).
From these observations, it appears that there exists
only very limited correlation between the proteomic
(this study) and transcriptomic (Cadman et al., 2006)
data. This feature could originate from slight differ-
ences in the experimental procedure used to conduct
seed imbibition. Thus, Cadman et al. (2006) have
compared D seeds imbibed for 24 h in the dark with
ND seeds that have been imbibed for 24 h either in the
dark or for 20 h in the dark and then for 4 h in red light
conditions. In our study, the proteome analysis has
been conducted with D and ND seeds that had been
imbibed under a 16-h photoperiod (see “Materials and

1506

Methods”). An alternative possibility to account for
this apparent lack of correlation between the tran-
scriptome and proteome data could result from the
occurrence of translational and/or posttranslational
mechanisms that are well known to occur during early
stages of seed germination. Thus, as mentioned above,
the importance of protein synthesis for seed germina-
tion has been stressed by Nakabayashi et al. (2005)
from transcriptomic analysis of Arabidopsis Col-0
seed germinating. Moreover, a higher transcript accu-
mulation of genes involved in protein synthesis ma-
chinery has been shown to be associated to dormancy
release in sweet scented tobacco (Bove et al., 2005) and
in the Cvi accession of Arabidopsis (Cadman et al,,
2006). Cadman et al. (2006) raised the hypothesis that
translation runs at a lower rate in imbibed D Arabi-
dopsis seeds than in corresponding ND seeds. Our
data on de novo protein synthesis (Figs. 5 and 6) are
not in agreement with such a hypothesis. We show
here that imbibed D seeds are competent for protein
synthesis but that their pattern of de novo protein
synthesis is different from that seen with the ND seeds
incubated in minimal medium or in ABA (Fig. 6).
Perhaps, this may arise from differential regulation of
translation activity from either the stored or the neo-
synthesized mRNAs in D and ND imbibed seeds. Both
classes of mRNAs have been shown to be required for
seed germination (Bewley, 1997; Rajjou et al., 2004). It
is also noted that 14 of the 23 proteins differentially
accumulated between D and ND imbibed seeds were
already accumulated in the dry seeds (Table IV; Sup-
plemental Tables S1 and S2). Therefore, it is possible
that their differential accumulation was due to post-
translational modifications rather than from transcrip-
tional control. Consistent with this hypothesis, protein
phosphorylation is considered as a major mechanism
controlling seed germination. Thus, Gallie et al. (1997)
and Le et al. (1998) have shown that the phosphory-
lation state of several translation initiation factors
(eIF4A, elF4B, and elF2) varies during wheat (Triticum
aestivum) seed germination and, most importantly, that
this posttranslational modification correlates with re-
sumption of protein synthesis in germinating seeds.
Altogether, these findings support the proposal that
the D and ND imbibed seeds can display comparable
protein synthesis activity but that they are subjected to
differential control of protein synthesis from different
pools of mRNA and of posttranslational protein modifi-
cations from stored and/or de novo synthesized pro-
teins. In addition to transcription regulation (Cadman
et al., 2006), this may provide fine tuning of seed ger-
mination under the best environmental conditions
ensuring successful establishment of vigorous seed-
lings.

CONCLUSION

This data documented that reference protein maps
established for the seeds of a given Arabidopsis
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accession (e.g. Ler) can be used to identify proteins in
other accessions as exemplified here for Cvi. They also
illustrated the robustness of the proteomic approach
based on the use of 2D gels, as a number of matching
spots from Ler and Cvi seed protein extracts showed
the same gene identity following independent protein
identification by MS analyses.

A specific feature of seed dormancy release during
after-ripening concerned the accumulation of several
protein spots in ND seeds that were assigned to
cruciferin precursors. This raises the question of the
mechanisms responsible for such an accumulation
despite the very low hydration level of dry mature
embryos during after-ripening. Further work is in
progress to address this question.

An analysis of de novo synthesis protein patterns
demonstrated that (1) the nature of proteins synthe-
sized de novo, but not the global level of protein
synthesis activity, is determinant for germination, and
(2) exogenous ABA application to ND seeds does not
mimic the behavior of D seeds imbibed in basal
medium. Since imbibed D seeds accumulate ABA to
higher levels than imbibed ND seeds (Ali-Rachedi
et al., 2004), these results suggest that ABA targets
different genes during imbibition of D and ND seeds.
Moreover, this work suggests that germination inhibi-
tion by exogenous ABA of ND seeds may be mediated
by regulated proteolysis, a level of posttranslational
control that has not been identified in imbibed D
seeds.

MATERIALS AND METHODS
Plant Material

D and ND seeds of Arabidopsis (Arabidopsis thaliana) L. Heynh, ecotype
Cvi, were used for all experiments. Seeds were supplied by Dr. Maarten
Koornneef (Wageningen, The Netherlands). Plants were grown in a growth
chamber at 19°C/20°C under a 16-h photoperiod of artificial light (Orsam
L58/31830 luminux plus Wanton Wan White tubes, 45 um m~2s7) and 70% of
relative humidity (RH). After full maturation of the seeds, plants were no
more watered, kept dry during 3 weeks, and seeds harvested. The collected D
seeds were stored at 7°C, 40% RH in darkness to maintain the D state. To
obtain the release of dormancy, D seeds were maintained at room temperature
(21°C-24°C) in dry conditions (35%—40% RH), which was fully achieved after
6 to 12 months of such a dry storage.

Germination Assays

Seed samples were subjected to germination assays. For each test, 100
seeds were aseptically sown on a basal medium composed of distilled water
buffered with MES (3 mm, pH 5.7) and gelified with agar (7 g/L Noble agar,
Difco). Germination assays were conducted in controlled culture room under
16-h photoperiod (Philips TRM HOW /33 RS tubes, 170 um m ™2 s7"), at 25°C
(light period)/20°C (dark period) and a constant 70% RH.

Preparation of Total Soluble Protein Extracts

Total soluble protein extracts were prepared from mature dry and imbibed
seeds at different times of imbibition. Seeds (200 mg) were homogenized in
liquid nitrogen and reduced to powder using mortar and pestle. The powder
was suspended in 1.2 mL of a thiourea/urea lysis buffer (Harder et al., 1999)
containing 7 M urea (Amersham Pharmacia Biotech), 2 M thiourea (Merck), 4%
(w/v) CHAPS (Amersham Pharmacia Biotech), and 1% (v/v) Pharmalyte, pH
3 to 10, carrier ampholytes (Amersham Pharmacia Biotech). This extraction
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buffer also contained 18 mm Tris-HCl (Trizma HCI; Sigma), 14 mm Trizma Base
(Sigma), 215 uL of protease inhibitor cocktail complete Mini (Roche Diagnos-
tics) from one tablet dissolved in 1.5 mL of sterilized water, 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, protein extracts were centrifuged
(35,000¢ for 10 min) at 4°C. The supernatants, containing the total soluble
protein extracts, were submitted to a second clarifying centrifugation as above
and stored at —20°C. Protein contents in the extracts were measured according
to Bradford (1976), using bovine serum albumin as a standard.

2D Gel Electrophoresis

Isoelectric focusing (IEF) of 200 ug protein in reswelling buffer (8 M urea,
2% [w/v] CHAPS, 0.5% [v/v] immobilized pH gradient buffer 4-7, 20 mm
dithiothreitol [DTT], and 0.01% [w/v] bromphenol blue) was run using 18-cm
immobilized pH gradient (3-10 nonlinear) immobilized pH gradient strips on
a Multiphor II system (Amersham-Pharmacia Biotech). Strips were rehydra-
ted 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. IEF was performed at 22°C
for 1 h at 300 V and for 7 h at 3,500 V. After IEF, proteins were separated
according to size. IEF strips were equilibrated for2 X 20minin2 X 100 mL of
equilibration solution containing 6 M urea, 30% (v/v) glycerol, 2.5% (w/v)
SDS, 0.15 M bis-Tris, and 0.1 m HC1 (Gorg et al., 1987; Harder et al., 1999). DTT
(50 mm) was added to the first equilibration solution and iodoacetamide (4%
[w/v]) was added 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, and 0.035% [v/v] TEMED). A denaturing solu-
tion (1% [w/v] low-melting agarose, 0.4% [w/v] SDS, 0.15 M bis-Tris, 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 1 h at 35 Vand 110 V overnight. Ten gels were
run in parallel (Isodalt system from Amersham Pharmacia Biotech). For each
condition analyzed 2D gels were made in triplicate.

Protein Staining and Gel Analyses

2D gels were stained with silver nitrate as described (Blum et al., 1987)
using the Hoefer Automated Gel stainer apparatus from Amersham Pharma-
cia biotech. Silver-stained gels were scanned with the Sharp JX-330 scanner
equipped with the Labscan version 3.00 from Amersham Pharmacia Biotech.
After spot detection and background subtraction (mode: average on bound-
ary), 2D gels were compared, 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. Data were subjected
to statistical analysis by one-way analysis of variance. Where F values in-
dicated significance (P < 0.05), individual means were compared using
Student’s t test (@« = 0.05). Proteins listed in Tables reporting the various
comparisons investigated were found to be significantly different.

Protein Identification by Matrix-Assisted
Laser-Desorption Ionization Time of Flight MS

Spots of interest were excised from GelCode-stained 2D gels with a sterile
syringe and placed in Eppendorf tubes. Pieces of gel were then washed using
a Multiprobe II robot (Perkin Elmer) in several steps with water, 25 mm
ammonium carbonate, and acetonitrile. Protein identification was done by the
laboratory of Dr. Michel Rossignol (Institut National de la Recherche Agron-
omique, Montpellier). Proteins were digested with trypsin (12.5 ug/mL in
25 mm ammonium carbonate). Supernatants were mixed with equal volumes
of matrix solution (a-cyano-4-hydroxycinnamic acid) and spotted onto tar-
gets. Peptide mass fingerprints were acquired using a Biflex III mass spec-
trometer (Bruker Daltonics). Spectra were calibrated internally and annotated
automatically. The MASCOT (http://www.matrixscience.com) search engine
software (Matrix Science) was used to search NCBInr database. The following
parameters were used for database search: mass tolerance of 100 ppm, a
minimum of four matched peptides and one miscleavage allowed.

De Novo Protein Synthesis

Labeled proteins were synthesized in vivo by Cvi seeds imbibed on basal
medium and 30 uM ABA for 8 and 24 h in the presence of [°S]-Met (1.85 MBq;
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ICN Biomedicals SARL). Following incubation, protein extracts were pre-
pared and protein 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). Protein extracts were also
submitted to 2D gel electrophoresis as described above. Proteins on the 2D
gels were stained by silver nitrate. Then, stained 2D gels were dried for 2 d at
room temperature in a sandwich composed of, from bottom to top: one sheet
of cellophane model Gel Dryer (Bio-Rad), 2D gel, one sheet of Saran wrap
(VWR international SAS), and one sheet of cellophane model Gel Dryer. After
drying, the upper sheet of cellophane and the Saran sheep were peeled and
gels were submitted to Phosphorimager analysis (Molecular Dynamics Storm
840 phosphorimager, Amersham Biosciences). Labeled 2D protein patterns
were scanned as described above for the silver nitrate-stained gels. Relative
protein neosynthesis levels were quantitated by densitometric analyses of the
spots on the autoradiograms as described above.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Proteins differentially accumulated in dry and
1-d imbibed ND seeds.

Supplemental Table S2. Proteins differentially accumulated in dry and
1-d imbibed D seeds.

Supplemental Table S3. Protein identification of corresponding matching
spots in Ler and Cvi accessions.

Supplemental Table S4. Identity of neosynthesized proteins in D, ND 1-d
imbibed seeds, and in ND treated with ABA.

Supplemental Table S5. Peptide sequences identified by MALDI-TOF-MS
in Cvi.
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