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Dormancy prevents seeds from germinating under favorable
conditions until they have experienced dormancy-breaking
conditions, such as after-ripening through a period of dry
storage or cold imbibition. Abscisic acid (ABA) hormone
signaling establishes and maintains seed dormancy, whereas
gibberellin (GA) signaling stimulates germination. ABA
levels decrease and GA levels increase with after-ripening
and cold stratification. However, increasing GA sensitivity
may also be critical to dormancy loss since increasing seed
GA levels are detectable only with long periods of after-
ripening and imbibition. After-ripening and cold stratifica-
tion act additively to enhance GA hormone sensitivity in
ga1-3 seeds that cannot synthesize GA. Since the overexpres-
sion of the GA receptor GID1 (GIBBERELLIN-INSENSITIVE
DWARFT1) enhanced this dormancy loss, and because gid1a
gid1b gid1ic triple mutants show decreased germination, the
effects of dormancy-breaking treatments on GID7 mRNA
and protein accumulation were examined. Partial after-
ripening resulted in increased GID1b, but not GID1a or
GID1c mRNA levels. Cold imbibition stimulated the accu-
mulation of all three GID1 transcripts, but resulted in no
increase in GA sensitivity during ga1-3 seed germination
unless seeds were also partially after-ripened. This is prob-
ably because after-ripening was needed to enhance GID1
protein accumulation, independently of transcript abun-
dance. The rise in GID1b transcript with after-ripening was
not associated with decreased ABA levels, suggesting there is
ABA-independent GID1b regulation by after-ripening and
the 26S proteasome. GA and the DELLA RGL2 repressor of
GA responses differentially regulated the three GID1 tran-
scripts. Moreover, DELLA RGL2 appeared to switch between
positive and negative regulation of GID1 expression in re-
sponse to dormancy-breaking treatments.

Keywords: After-ripening e DELLA e Dormancy e Gibberellin
e GID1 o Seed.

Abbreviations: ANOVA, analysis of variance; ABA, abscisic
acid; CUL1, CULLIN1; DELLA, Asp-Glu-Leu-Leu-Ala; ESI-LC-
MS/MS,  electrospray ionization liquid chromatography
tandem mass spectrometry; GID1, GIBBERELLIN INSENSITIVE

DWARFT; gibberellin A4 (GA*); HA:GID1-OFE, overexpression
of HA-tagged GID1 using the constitutive 35S promoter; JA,
jasmonic acid; JA-lle, jasmonic acid isoleucine; MS, Murashige
and Skoog; PIF, PHYTOCHROME INTERACTING FACTOR;
RT-gPCR, reverse transcription—quantitative PCR; RGA,
REPRESSOR OF GA1-3; RGL2, RGA-LIKE2; SLY1, SLEEPYT;
WRI1, WRINKLED1; WT, wild type.

Introduction .

The evolution of seeds and seed dormancy were critical to
the success of land plants by providing a mechanism to
ensure species dispersal and survival in changing environ-
ments. Dormant seeds cannot germinate under favorable en-
vironmental conditions, thus allowing time for dispersal,
preventing germination out of season and ensuring survival
of natural catastrophes as seeds in the soil (reviewed in
Bewley and Black 2013). Seed germination begins with
water uptake during imbibition and ends with radical emer-
gence. Seeds acquire the ability to germinate through dor-
mancy-breaking processes including after-ripening (a period
of dry storage) and cold stratification (moist chilling or cold
imbibition). Dormancy loss is associated with decreasing
levels of the seed dormancy hormone ABA, and increasing
levels of the germination-promoting hormone gibberellin
(GA) (Ali-Rachedi et al. 2004, Yamauchi et al. 2004, Ariizumi
et al. 2013). Because dormancy loss is also associated with
increasing GA hormone sensitivity, this study explored the
effects of dormancy-breaking treatments on the regulation of
the Arabidopisis GA receptors GIBBERELLIN INSENSITIVE
DWARF1 (GID1a, GID1b and GID1c) during seed imbibition.
Classic studies postulated that seed dormancy and germin-
ation are controlled by the balance between the opposing ef-
fects of ABA and GA, based on data showing that the ratio of
the ABA to GA signal correlates with the degree of seed dor-
mancy (Koornneef et al. 1980, Koornneef et al. 1982, Karssen
and Lacka 1986, Karssen et al. 1989). Environmental stimuli,
such as changes in light and temperature, appear to alter
germination potential through changes in ABA and GA
levels or sensitivity (Derkx et al. 1994, Yamauchi et al. 2004,
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Oh et al. 2007, Seo et al. 2009). GA biosynthetic mutants of
Arabidopsis and tomato, ga1-1 and gib-1, germinate only when
GA hormone is applied. The GA-rescued phenotypes of these
mutants, including failure to germinate, dwarfism and infertil-
ity, indicated that GA is required for seed germination, stem
elongation and fertility. The ABA biosynthetic mutant aba1-1
rescued the germination of gal-1, an allele of the GA biosynth-
esis enzyme ent-copalyl synthase (CPS; Sun and Kamiya, 1994),
leading to the conclusions that ABA is required to induce seed
dormancy, and that GA is not required for germination if seeds
do not become dormant in the first place. Further character-
ization suggested that ABA and GA may have opposing effects
on seed germination in different tissues and at different times
during development. ABA induces seed dormancy during
embryo maturation, and maintains dormancy in mature
seeds (Karssen et al. 1983, Karssen and Lacka 1986, Karssen
et al. 1989, Kushiro et al. 2004, Okamoto et al. 2006). GA stimu-
lates nutrient reserve mobilization, loosening of barrier tissues
in the seed coat, and embryo expansion at the time of germin-
ation (Groot and Karssen 1987, Steber et al. 1998, Piskurewicz
et al. 2008, Lee et al. 2010). However, the role of GA in seed
dormancy-breaking treatments such as after-ripening and cold
stratification is less clear.

The relative roles of ABA and GA in controlling dormancy
loss have been somewhat controversial. Dormancy loss by dry
after-ripening and cold stratification were correlated with
increased ABA turnover due to increased ABA 8'-hydroxylase
expression (Ali-Rachedi et al. 2004, Kushiro et al. 2004, Millar
et al. 2006, Okamoto et al. 2006, Barrero et al. 2009). However,
reduced ABA signaling is not the sole determinant of dormancy
release since transcriptome analysis showed that not all
changes in gene expression with after-ripening were ABA de-
pendent in Arabidopsis (Carrera et al. 2008). If GA acts during
dormancy loss, then we would expect to see a rise in GA hor-
mone levels. A rise in bioactive GA levels was detected during
Arabidopsis cold stratification, but no increase was observed
with after-ripening until seeds were imbibed for at least 12 h
(Ogawa et al. 2003, Yamauchi et al. 2004, Ariizumi et al. 2013). A
significant increase in GA precursors was detected with barley
after-ripening, suggesting that there is increased potential to
synthesize GA (Jacobsen et al. 2002). While it is difficult to
detect increased GA levels with after-ripening, it is clear that
GA is required for dormancy loss since after-ripening and cold
imbibition do not rescue gal-1 germination, and since com-
plete rescue of the gal-1 germination by abal-1 required some
after-ripening (Karssen and Lacka 1986). Moreover, the gal-1
biosynthesis mutant does respond to dormancy loss, since it
responds to both cold stratification and after-ripening with
increased GA hormone sensitivity (Karssen and Lacka 1986,
Karssen et al. 1989, Derkx and Karssen 1993). This increase in
GA sensitivity may result from decreasing ABA hormone levels
or from increased expression of GA signaling genes such as the
GA receptors.

GA binding to the GID1 receptor stimulates GA responses
through the targeted degradation of negative regulators named
for the conserved protein motif DELLA (Asp-Glu-Leu-Leu-Ala)
(Ueguchi-Tanaka et al. 2005, Ueguchi-Tanaka and Matsuoka

2010, Hauvermale et al. 2012). GA binding causes a conform-
ational change in GID1, resulting in formation of a DELLA-bind-
ing surface (Murase et al. 2008, Shimada et al. 2008). The
positive regulator of GA responses, SLEEPY1 (SLY1), is the F-
box component of the SCF*""" E3 ubiquitin ligase that recog-
nizes the GID1-GA-DELLA complex and ubiquitinates DELLA,
thereby targeting it for destruction via the 26S proteasome. GA-
stimulated DELLA destruction lifts DELLA repression of GA re-
sponses including seed germination (Tyler et al. 2004, Ariizumi
and Steber 2007).

Mutations in GA signaling genes alter seed dormancy (re-
viewed by Finkelstein et al. 2008). The sly7 mutant and gid1a
gid1b gid1c multiple mutants result in either increased seed
dormancy or the inability to germinate unless the seed coat
is cut (Steber et al. 1998, Griffiths et al. 2006, Ariizumi and
Steber 2007, luchi et al. 2007, Willige et al. 2007, Voegele et al.
2011). This increased seed dormancy is associated with
increased accumulation of DELLA repressor proteins. Loss-of-
function mutations in the five Arabidopsis DELLA genes act
additively to rescue the germination of the GA biosynthesis
mutant gal-3 by relieving DELLA repression of seed germin-
ation (Tyler et al. 2004, Cao et al. 2005, Piskurewicz et al.
2008). Mutations in DELLA RGA-LIKE2 (RGL2) have the stron-
gest effect, sufficient to rescue gal-3 germination in the light,
indicating that RGL2 is the main DELLA repressing seed ger-
mination. The failure to germinate in sly1-2 can be rescued
either by long after-ripening or by GIDT gene overexpression
(Ariizumi and Steber 2007, Ariizumi et al. 2013). These results
have two implications; (i) GID1 can down-regulate DELLA re-
pressors in the absence of DELLA destruction; and (ii) after-
ripening may relieve seed dormancy via increased GID1 and
GA levels in sly7 mutants. This, together with the fact that
GID1a, GID1b and GID1c are expressed in imbibing seeds,
raises the question as to whether after-ripening and cold strati-
fication lift dormancy in part through increased GID1 accumu-
lation associated with increased GA sensitivity (Griffiths et al.
2006, Voegele et al. 2011).

This study revealed that GIDT expression is up-regulated at
the level of transcript and protein accumulation during dor-
mancy loss. The ga1-3 mutant was used as a tool to examine the
regulation of GID1 expression during dormancy loss in the ab-
sence of GA biosynthesis and its feedback regulation.
Dormancy loss through cold stratification and after-ripening
of the ga1-3 biosynthesis mutant resulted in increased GA sen-
sitivity. Previous studies compared mRNA levels in dormant
and fully after-ripened wild-type (WT) seeds (Cadman et al.
2006, Carrera et al. 2008, Lee et al. 2010). In this study, time
points early in after-ripening were used to capture changes in
GIDT mRNA and protein levels during the process of, rather
than at the completion of, after-ripening. This study showed
that GID7a, GID1b and GID1c mRNA levels all increased with
cold stratification, whereas only GID1b mRNA levels increased
with partial after-ripening. A comparison of GIDT mRNA levels
in ga1-3 with those in the DELLA mutant ga1-3 rgl2-1 suggested
that RGL2 switches between negative and positive regulation of
GID1T mRNA levels with dormancy-breaking treatments.
Interestingly, the levels of all three GID1 proteins increased
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with partial after-ripening, suggesting that increasing GA recep-
tor protein levels may be a critical and early after-ripening
event. This increase in HA:GID1 protein levels did not depend
on transcript levels or proteasome activity, implying that GID1
may be regulated at the level of protein translation.

Results |

After-ripening, cold stratification and GID1
overexpression increase GA sensitivity in ga1-3
seeds

This study examines the hypothesis that the increase in GA
sensitivity with dormancy loss through cold stratification and
after-ripening is due to increased expression of the GID1 GA
receptors. If this is true, then GID1 gene overexpression should
mimic the effect of after-ripening by increasing GA sensitivity in
imbibing gal-3 seeds. Seeds of the gal-3 deletion mutant
germinate only in the presence of GA hormone in a dose-
dependent manner (Koornneef et al. 1980; Supplementary
Fig. S1). The ga1-3 allele allowed examination of the changes
in GA responsiveness in the absence of endogenous GA bio-
synthesis. The GA, dose-response during germination was
compared in untransformed ga1-3 and in ga1-3 transformed
with HA:GID1a, HA:GID1b and HA:GID1c overexpressed on the
constitutive Cauliflower mosaic virus 35S promoter (HA:GID1-
OE; Ariizumi et al. 2008). The ga1-3 HA:GID1b-OE line showed a
highly significant increase in GA sensitivity compared with ga1-
3 both in dormant seeds imbibed without cold stratification
(Fig. 1A; P < 0.0001), and in seeds after-ripened for 2 months
that were cold stratified at 4°C for 3 d before imbibing in the
light at 22°C for 5 d (Fig. 1B; P < 0.0001). Neither HA:GID1a-OE
nor HA:GID1c¢-OE caused a significant increase in GA sensitivity
compared with gal-3 in dormant seeds. Even with 2 months
after-ripening and cold stratification, HA:GID1a-OE and
HA:GID1c-OE only resulted in a significant increase in germin-
ation at 0.5 tM GA, (P < 0.0001). Thus, GID1b overexpression
mimicked dormancy-breaking treatments better than either
GID1a or GIDTc.

If increased GA signaling triggers dormancy loss, then we
would expect to see increasing GA sensitivity in gal-3 fairly
early in cold stratification and after-ripening. The GA biosyn-
thesis mutant ga1-1 showed increased GA sensitivity in germin-
ation with dormancy loss resulting from either 6 months
after-ripening or 7-10d cold stratification (Karssen and Lacka
1986, Karssen et al. 1989). GA dose—response experiments were
conducted to examine the effects of a shorter cold stratification
period, and of partial after-ripening alone and in combination
with cold stratification, on GA sensitivity in both ga7-3 and ga1-
3 HA:GID1b-OFE seeds (Fig. 2). Only the HA:GID1b-OE line was
examined because, of the three receptors, GID1b overexpres-
sion had the strongest effect. To examine the effects of partial
after-ripening, a GA dose-response was compared in dormant
(2 weeks old) and partially after-ripened (2 months old) ga1-3
and ga1-3 HA:GID1b-OE seeds (Fig. 2). To examine the effects of
cold stratification on GA dose—response, seeds were either cold
stratified at 4°C in the dark for 3 d or not cold stratified before
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Fig. 1 The effect of 35S:HA:GID1a (filled diamonds, orange),
35S:HA:GID1b (filled circles, blue) or 35S:HA:GID1c (filled diamonds,
red) overexpression in gal-3 on GA sensitivity during germination
compared with untransformed ga1-3 (filled triangles, black).
Germination was scored after 5d at 22°C in imbibing (A) dormant
(open symbols) seeds without cold stratification (dashed lines) and
(B) partially after-ripened (2 months after-ripened, filled symbols)
seeds after cold stratification at 4°C for 3d in the dark (solid lines).
HA:GID1a-OE and HA:GID1c-OE significantly increased sensitivity to
0.5 UM GA; in (B) (P < 0.0001). HA:GID1b-OE significantly increased
sensitivity to (A) > 0.05 uM and (B) > 0.005 uM GA, (P < 0.0001). Ler
WT is shown as a control (filled circles, black). Percentage germination
is the mean of three replicates of > 100 seeds. Bars = SD.

incubation in the light for 5d at 22°C. Cold stratification alone
failed to result in a significant increase in GA dose—response in
either dormant gai-3 or dormant gail-3 HA:GID1b-OE seeds
(Fig. 2A). With partial after-ripening, cold stratification resulted
in a stronger increase in ga1-3 HA:GID1b-OE sensitivity (Fig. 2B;
0.01-0.1 uM GA,, P < 0.0001). Without cold stratification, par-
tial after-ripening caused a significant increase in GA sensitivity
in both ga1-3 and ga1-3 HA:GID1b-OE (Fig. 2G; to 0.1 and/or
0.5 UM GA,, P < 0.0001). The effect of partial after-ripening was
considerably enhanced by cold stratification in both gal-3 and
gal-3 HA:GID1b-OE (Fig. 2D; P < 0.0001). Thus, short periods of
cold stratification and after-ripening have additive effects on GA
sensitivity that are further enhanced by GID1b overexpression.
Next we compared the effects of longer after-ripening with
the effects of HA:GID1b-OE on gal-3 GA sensitivity during
germination. The effect of HA:GID1b-OE in dormant (2 week
after-ripened) seeds without cold stratification was comparable
with the increase in gal-3 sensitivity with 12 months of
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Fig. 2 Cold stratification and partial after-ripening enhance GA sen-
sitivity in ga1-3. GA dose—response curves of ga1-3 (black) and ga1-3
HA:GID1b-OE (blue) seeds following a 5d incubation at 22°C under
lights. (A) Dormant seeds (2 weeks after-ripened) either with (solid
line) or without (dashed line) a cold stratification pre-treatment for
3d at 4°C. (B) Partially (2 months) after-ripened seeds with and with-
out cold stratification. (C, D) Dormant (open triangles, open squares)
vs. partially after-ripened (filled triangles, filled squares) seeds incu-
bated without (C) or with (D) cold stratification. The wild-type Ler
control is represented with a circle (open circles, closed circles).
Percentage germination is the mean of three replicates of at least
100 seeds. Bars = SD.

after-ripening. Thus, GID1b expression can phenocopy the
effect of longer after-ripening. Cold stratification further
enhanced the effect of after-ripening on ga1-3 GA sensitivity
(Supplementary Fig. S2B).

The observation that GID1 overexpression enhanced
the effects of partial after-ripening and cold stratification
on gal-3 GA sensitivity raised the question of whether
these two dormancy-breaking treatments may function in
part by increasing the expression of GIDl1a, GID1b and
GID1c. Thus, a series of experiments were conducted to de-
termine whether dormancy-breaking treatments resulted in
increased GIDT mRNA and/or protein accumulation using
the same ga7-3 seeds characterized in Fig. 2. Previous work
established that GID1a and GID1b promoters are direct
DELLA REPRESSOR OF GA1-3 (RGA) targets, and that their
transcripts are GA down-regulated and DELLA RGA up-
regulated in seedlings (Zentella et al. 2007). In order to
examine the genetic effects of endogenous GA and of the
DELLA RGL2 repressor of seed germination in each experi-
ment, GIDT transcript accumulation was compared in imbib-
ing WT Ler, gal-3 and ga1-3 rgl2-1 double mutant seeds (Cao
et al. 2006). If mRNA levels are higher in the WT (endogen-
ous GA) than in gal-3 (no GA), then this suggests that the
GID1 transcript is GA up-regulated. If mRNA levels are higher
in ga1-3 than in gail-3 rgl2-1, then this suggests that the GID1
transcript is DELLA RGL2 up-regulated.

After-ripening induces GID1b transcript
accumulation in the absence of GA biosynthesis

Reverse transcription quantitative—PCR (RT-qPCR) was used
to compare the accumulation of GID1a, GID1b and GID1c tran-
scripts in dormant (2 week after-ripened) and partially after-
ripened (2 months) seeds. Steady-state GID1 transcript levels
were measured immediately following seed sterilization (S for
start at 15 min imbibition) and 1d of imbibition at 22°C in the
light in WT, ga1-3 and ga1-3 rgl2-1. Partial after-ripening re-
sulted in a significant increase in GIDTb mRNA levels at the S
time point (P-value < 0.0007; Fig. 3B; Supplementary Fig. S3);
there was a 73-fold increase in the WT, a 10.9-fold increase in
gal-3 and a 788-fold increase in ga1-3 rgl2-1. After-ripening was
still associated with higher GID1b transcript levels after 1d of
imbibition in WT seeds. In contrast to GID1b, after-ripening was
associated with a significant decrease in both GID7a and GID1c
mRNA levels in imbibing WT seeds (P-value < 0.05 Fig. 3A, C;
Supplementary Figs S4, S5). While GID1a and GID1c levels
decreased with after-ripening, GID1a and GID7c transcript
levels were initially higher than those of GID1b in dormant
seeds. Thus, partial after-ripening stimulates GID1b, but not
GID17a or GIDTc mRNA accumulation.

GID1a, GID1b and GID1c mRNA accumulation was charac-
terized in ungerminated ga7-3 seeds further imbibed for up to
7d at 22°C in the light (Supplementary Figs. S6-S8). In dor-
mant seeds, GIDTb mRNA levels continued to rise through day
3 of imbibition and then declined, whereas GID1a and GID1c
decreased through day 5, and then increased. In partially after-
ripened seeds, GID7a, GID1b and GID1c mRNA levels were high-
est at 15min, then declined with further imbibition. Thus,
GID1b mRNA levels increase with imbibition of both dormant
and after-ripened ga1-3 seeds, but partial after-ripening leads to
an increase during early imbibition.
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Fig. 3 Differential regulation of the three GID1 transcripts with after-ripening (A-D) and cold stratification (E-H). (A-C) For after-ripening,
dormant (D, pink, 2 weeks after-ripened) and partially after-ripened (PAR, red 2 months) Ler (WT), ga1-3 and ga1-3 rgl2-1 seeds were imbibed
without cold stratification at 22°C for 15 min (S = start) and 1d. (E-G) For cold stratification, dormant seeds were imbibed for 3d at 22°C or at
4°C in the dark. GID7a, GID1b and GID1c mRNA levels are shown relative to the IAP-Like Protein 1 constitutive control: GID1b in ga1-3 S time
point set to 1. Mean fold change is shown, n =3, bars = SD. (D, H) Endogenous GA and DELLA RGL2 appear to up- or down (DN)-regulate GID1
mRNA levels differently, depending on (D) after-ripening stage of D vs. PAR and (H) cold stratification—whether or not seeds were incubated for
3d at 22°C or at 4°C. NE indicates no effect.
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GA and DELLA RGL2 regulation of GIDT mRNA levels was
examined by comparing ga1-3 (no GA) with Ler WT (endogen-
ous GA present) and with ga1-3 rgl2-1 (germination rescued by
lack of DELLA RGL2) at the S and 1d time points (summarized
in Fig. 3D). Consistent with previous research, GA generally
down-regulated GID7a, GID1b and GID1c mRNA levels (Fig.
3A-D; Supplementary Fig. S3-S5; Zentalla et al. 2007).
Interestingly, the effect of DELLA RGL2 switched with dormancy
loss. DELLA RGL2 up-regulated GID1b mRNA levels in dormant
seeds, but down-regulated them in after-ripened seeds (S time
point; Fig. 3B, D; Supplementary Fig. S3). Similarly, DELLA
RGL2 up-regulated GIDTa in dormant and down-regulated
GID1a in after-ripened seeds (1d imbibition; Fig. 3A, D;
Supplementary Fig. S4). Conversely, DELLA RGL2 down-
regulated GIDTc in dormant seeds, but up-regulated it in
after-ripened seeds (S time point, Fig. 3C, D; Supplementary
Fig. S5).

The effects of temperature, GA and light on GID1
transcript accumulation

To examine the effect of cold imbibition, GIDT mRNA levels
were compared in dormant seeds imbibing: (i) in the dark for
3d at 22°C (not cold stratified); and (ii) in the dark for 3d at
4°C (cold stratified) (Fig. 3E-G; Supplementary Fig. SO9A-C).
Cold stratification resulted in significantly higher levels of
all three GID1 transcripts. GID1a levels were 49-fold, GID1b 6-
fold and GID1c 69-fold higher with cold stratification
(P < 0.0015).

Again, GA and DELLA RGL2 regulation of GIDT mRNA levels
was examined by comparing ga1-3 with the WT and with ga1-3
rgl2-1 (Fig. 3E-H; Supplementary Fig. S9A-C). GA had no
apparent effect on GID1a mRNA levels in the WT vs. gal-3
following 3d incubation at 22 or 4°C. However, GA down-
regulated GID1b at 4°C, and up-regulated GID7c at both 22
and 4°C. GA up-regulation of GID1Tc levels during imbibition
in the dark contrasts strongly with GA down-regulation of
GID1a, GID1b and GID1c during light imbibition in the after-
ripening experiment (Fig. 3A-C). Since light stimulates GA
hormone accumulation, GA down-regulation of GID1 tran-
scripts during light imbibition may represent a negative feed-
back response to consistently elevated GA hormone levels (Seo
et al. 2009). To examine the effect of light vs. dark in the absence
of GA biosynthesis, GID1 transcript levels were compared in
gal-3 seeds imbibed in the light and in the dark for 3d at
22°C (Fig. 4; Supplementary Fig. S10). The levels of GID1a
were 3,604-fold, GID1b 57-fold and GID7c 697-fold higher in
the light than in the dark, respectively (P < 0.0001). This in-
crease in GIDT mRNA levels in the light did not require GA
biosynthesis.

It appears that continuously high GA levels in the WT, as in
the light, can cause feedback inhibition of GIDT mRNA levels.
Thus, the effect of 1M GA, treatment on GIDT transcript
accumulation was examined in gal-3 because it lacks the en-
dogenous GA needed to trigger feedback inhibition under three
conditions: (i) imbibed 3 d in the dark at 22°C; (ii) imbibed 3d
in the dark at 4°C; and (iii) imbibed 3d in the dark at 4°C
followed by 1d in the light at 22°C (Supplementary

| Dark at 22°C
| Light at 22°C

I

I
Imbibition ’
3d

O 3 d Dark 22°C [ 3 d Light 22°C

=
c 10
£
g
= 1
]
Q
o

0.1

0.01 T
0.001
GID1a GID1b GID1c
gai-3

Fig. 4 The effect of dark and light imbibition on GIDT mRNA levels in
dormant (2 weeks after-ripened) gai-3 seeds. All seeds were imbibed
3d at 22°C in the dark, or at 22°C in the light. RT—qPCR analysis was
used to measure GIDT mRNA levels relative to the IAP-Like Protein 1
constitutive control (n = 3). The average fold change at the indicated
imbibition time points is expressed relative to the level of GIDTb in
dormant, non-stratified ga1-3 at S (set to 1). Bars = SD.

Figs. S11, S12). GA treatment resulted in up-regulation of
GID1a, GID1b and GID1c mRNA levels after 3d imbibition in
the dark regardless of temperature (Supplementary Fig. S11A,
C). However, after 1d in the light, GA treatment caused down-
regulation of GID1a and GID1b, but up-regulation of GID7c
(Supplementary Fig. S11B, C).

HA:GID1 protein accumulation increases with
partial after-ripening

Next we examined whether partial after-ripening can regulate
GID1 protein accumulation. Tagged HA:GID1a, HA:GID1b and
HA:GID1c protein accumulation was examined when expressed
on the constitutive 35S promoter in gal-3, so that the effect of
after-ripening on accumulation of each individual GID1 protein
could be examined independently of the transcriptional regu-
lation of their natural promoters. For RT-qPCR and protein
blot analysis, seeds were cold stratified at 4°C for 3d in the
dark (0d time point), and then sampled daily over 7 d imbibi-
tion under lights at 22°C.

HA:GID1 protein levels were examined by protein blot ana-
lysis with anti-HA in dormant and 2 month after-ripened ga1-3
HA:GID1-OE seeds. HA:GID1a, HA:GID1b and HA:GID1c protein
levels were very low but detectable in imbibing dormant seeds,
but increased dramatically in partially after-ripened seeds
(Fig. 5; Supplementary Fig. S16A). HA:GID1a protein levels
remained constant with further imbibition of partially after-
ripened seeds, whereas HA:GID1b and HA:GID1c protein
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Fig. 5 Increased HA:GID1 and native GID1 protein accumulation with
partial after-ripening of ga1-3 seeds. Dormant (2 weeks after-ripened)
and partially (2 months) after-ripened seeds were cold stratified in the
dark at 4°C for 3 d, and then imbibed in the light at 22°C for 0-7 d. (A)
HA:GID1a, HA:GID1b and HA:GID1c were detected in gal-3 HA:GID1-
OE seeds with anti-HA. A 60 pg aliquot of total protein was loaded per
lane. (B) All three native GID1 proteins were detected as a single band
in untransformed ga1-3 seeds detected with anti-GID1c. A 20 pg ali-
quot of total protein was loaded per lane. The loading controls are
Ponceau (P)-stained blots.

levels continued to increase with imbibition over 7d in the
light. This increase in HA:GID1 protein levels with after-
ripening was not due to increasing mMRNA since the
steady-state 35S:HA:GIDT mRNA levels did not increase
with partial after-ripening, but decreased 3- to 10 fold
with 3-7d of imbibition in the light (Supplementary Figs.
$13-515).

To examine whether the apparent regulation of HA:GID1
protein accumulation by seed dormancy and after-ripening
might be an artifact resulting from the use of HA-tagged fu-
sions, the same experiment was repeated using an antibody
raised against Arabidopsis GID1c. Anti-GID1c detected GID1a,
GID1b and GID1c as a single band that was absent in the gid1a-
1 gid1b-1 gid1c-2 triple mutant, but not in double mutants,
showing specificity for GID1 protein in Arabidopsis
(Supplementary Fig. S16B). GID1 protein was undetectable
with 0, 1 and 3d of imbibition in dormant gai-3 seeds, but
present with 0, 1 and 3 d of imbibition of 2 month after-ripened
gai-3 seeds (Fig. 5B). GID1 protein levels increased with 5 and
7 d imbibition in both dormant and after-ripened gai-3. Thus,
partial after-ripening stimulates the accumulation of untagged
GID1 proteins during the first 3d of imbibition.

It is possible that all seed proteins in Arabidopsis increase
with partial after-ripening. To examine this possibility, protein
accumulation of seed-expressed proteins CULLINT (CULT)
and DELLA RGL2 were measured under the same conditions

in ga1-3 HA:GID1b-OE seeds. No apparent difference in CUL1 or
DELLA RGL2 protein levels was observed in imbibing dormant
and partially after-ripened seeds (Supplementary Fig. S16C).
These experiments suggest that there is specific up-regulation
of GID1 protein levels due to post-transcriptional regulation
with partial after-ripening.

Low HA:GID1b protein accumulation in dormant
seeds does not depend upon the 26S proteasome

If after-ripening up-regulates HA:GID1 protein accumulation
through decreased degradation by the 26S proteasome, then
we would expect treatment with the proteasome inhibitor
MG132 to result in increased HA:GID1b protein accumulation
in dormant imbibing seeds. Total protein was extracted from
dormant (2 weeks) and partially after-ripened (2 months) ga1-3
HA:GID1b seeds imbibed for 3d in the dark at 4°C without or
with 100 tM MG132. Protein blot analysis demonstrated that
MG132 treatment of dormant and after-ripened gal-3
HA:GID1b seeds did not result in an apparent increase in
HA:GID1b protein accumulation (Fig. 6). To determine
whether MG132 can penetrate imbibing seeds under these con-
ditions, we also examined a known proteasome-regulated pro-
tein, WRINKLED1 (WRI1) (Chen et al. 2013). WRI1 protein
levels increased with MG132 treatment of both dormant and
partially after-ripened seeds. Thus, higher HA:GID1b protein
levels in partially after-ripened ga1-3 HA:GID1b seeds cannot
be explained by proteasomal degradation of HA:GID1b protein
in dormant seeds.

The effect of partial after-ripening on plant
hormone accumulation

It was previously suggested that the increase in GA sensitivity
with after-ripening may be due to a decrease in ABA hormone
levels (Karssen and Lacka 1986). If so, then we would expect
increased GA sensitivity with partial after-ripening to correlate
not only with increased GID1 protein levels, but also with
decreased ABA accumulation. Dormancy loss through after-
ripening might also result in altered accumulation of other
hormones implicated in seed germination (Jacobsen et al.
2013, Liu et al. 2013). To address this, hormone profiling mea-
sured ABA, auxin (IAA), jasmonic acid (JA) and jasmonic acid-
isoleucine (JA-lle) levels in dormant and 2 month after-ripened
WT, ga1-3 and ga1-3 HA:GID1b-OE seeds imbibed for 3d at 4°C
in the dark, followed by 12h at 22°C in the light (Fig. 7;
Supplementary Figs. S17, $18). Surprisingly, there was no sig-
nificant decrease in ABA levels either with HA:GID1b-OE or with
partial after-ripening (Fig. 7A). ABA levels were lower in ga1-3
compared with WT seeds, suggesting that the reduced germin-
ation capacity of ga1-3 was not due to increased ABA accumu-
lation. IAA, JA and JA-lle all accumulated at lower levels in ga1-3
lines compared with the WT (Fig. 7B; Supplementary Fig.
S17). Neither IAA nor JA levels changed significantly with
after-ripening. However, JA-lle (P-value < 0.0001) levels were
higher in partially after-ripened than in dormant gal-3
HA:GID1b-OE.
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Fig. 6 Proteasome inhibitor MG132 does not increase HA:GID1b pro-
tein levels in dormant seeds. Dormant (D) and partially after-ripened
(PAR) ga1-3 HA:GID1b-OE seeds were cold imbibed with and without
MG132 in the dark at 4°C for 3d. A 60 g aliquot of total protein was
loaded. The arrow indicates HA:GID1b protein and the asterisk indi-
cates a non-specific band detected with o-HA. The proteasome-regu-
lated WRI protein showed increased accumulation with MG132
treatment of D and PAR gal-3 seeds. The loading control is a
Ponceau (P)-stained blot.

Discussion =

After-ripening and cold stratification act
additively to increase GA sensitivity in the
absence of GA biosynthesis

Classic studies demonstrated that both after-ripening and cold
stratification cause an increase in GA sensitivity in imbibing
gail-3 seeds (Fig. 2; Karssen and Lacka 1986, Karssen et al.
1989, Derkx and Karssen 1993). Using shorter after-ripening
(2 months vs. 6 months) and cold stratification (3d vs. 7-
10d) treatments than those previously reported, we found
that after-ripening and cold stratification act additively to in-
crease GA sensitivity in gal-3 (Fig. 2). The dormancy-breaking
effects of after-ripening and cold stratification were enhanced
by the overexpression of the GA receptors, with HA:GID1b-OE
showing the strongest effect on germination (Fig. 1). The stron-
ger effect of HA:GID1b-OE on dormancy loss does not appear to
be due to higher expression levels. Although 35S:HA:GID1a,
35S:HA:GID1b and 35S:HA:GID1c mRNA levels showed similar
trends over the imbibition time course, HA:GID1b mRNA levels
were significantly lower than both HA:GID1a and HA:GID1c at
all time points (P <0.0001; Supplementary Fig. S13).
Moreover, HA:GID1b protein levels did not appear to be sig-
nificantly higher than those of HA:GID1a, suggesting that the
phenotypic difference is due to functional differences in the
protein (Fig. 5). For example, GID1b has higher GA affinity
and some limited capacity to bind DELLA protein in the
absence of GA (Nakajima et al. 2006, Yamamoto et al. 2010).
The relative importance of the GID1 genes in seed dor-
mancy loss is less clear based on loss-of-function phenotypes.
Because the three GID1 genes are partly redundant in
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Fig. 7 The effect of partial after-ripening on endogenous ABA and JA-
lle levels in imbibed Ler WT, gail-3 and gai-3 HA:GID1b-OE seeds.
Dormant (2 weeks after-ripened) and partially (2 months) after-
ripened seeds were imbibed on MS agar in the dark at 4°C for 60 h,
and then incubated at 22°C in the light for 12 h before harvesting for
hormone measurement by ESI-LC-MS/MS. n =6, and letters indicate
statistically significant differences of < 0.07.

function, only the gid1a gid1b gidic triple mutant shows a
complete failure to germinate unless the seed coat is cut
(Willige et al. 2007). Of the three gid1 single mutants, only
gid1b resulted in decreased GA sensitivity during seed germin-
ation (luchi et al. 2007). Of the gid1 double mutants, gidia
gid1c had the highest seed dormancy, followed by gid1b gidic
and then by gidla gid1b, suggesting that GID7c plays an im-
portant role in WT seed dormancy release (Voegele et al.
2011). The SLY1 gene functions in seed germination based
on the fact that GA-insensitive slyT mutants exhibit increased
seed dormancy, and the SLY1 transcript is induced during
imbibition of after-ripened seeds (Ariizumi et al. 2007, Lee
et al. 2010). The sly7-2 mutant requires 2 years to after-
ripen (Ariizumi et al. 2007, Ariizumi et al. 2013). The gid1a-1
and gid1b-1 alleles prevented sly1-2 after-ripening, whereas the
gidlc-2 mutation only slowed after-ripening. The sly1-2
mutant cannot destroy DELLA repressors of seed germination
via the ubiquitin—proteasome pathway. Thus, it appears that
GID1c is more important when DELLA is down-regulated via
proteolysis than when DELLA cannot be destroyed. Future
work should further examine if the three GID1 genes have
specialized functions.
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GID1a, GID1b and GID1c transcripts are regulated
by after-ripening and cold stratification

This study is the first in-depth characterization of GID1 tran-
script regulation with dormancy-breaking treatments. A previ-
ous transcript profiling experiment using Arabidopsis seeds
undergoing dormancy cycling under field conditions found
that increasing GID1a transcript levels correlated with condi-
tions leading to higher germination capacity (Footitt et al.
2011). However, no previous study has compared the effects
of cold stratification and after-ripening on each of the three
GID1 transcripts. Microarray studies that examined GID7 tran-
script levels with longer imbibition and after-ripening times did
not detect an increase in GID1 transcript levels (Cadman et al.
2006, Carrera et al. 2008). This study found changes early in
imbibition of partially after-ripened seeds. Dormancy-breaking
treatments leading to increased seed germination potential and
GA sensitivity in gal-3 were often associated with increased
GIDT mRNA levels during early imbibition (summarized in
Fig. 8). Both cold stratification and light stimulated the accu-
mulation of all three GID1 transcripts (Figs. 3, 4). Of the three,
GID1b transcript levels were highest during cold imbibition.
Partial after-ripening (2 months) was associated with a signifi-
cant increase in GID1b, but not GID7a and GID1c mRNA levels
in imbibing seeds (Fig. 3). The fact that HA GID1b more
strongly and the fact that HA:GID1b-OE strongly stimulated
GA responsiveness germination is consistent with previous
work showing that GID1b has a higher affinity for GA and
DELLA protein than the GID1a or GID1c receptors (Fig. 2;
Nakajima et al. 2006, Voegele et al. 2011, Yamamoto et al.
2010). Thus, increasing GID1b accumulation with after-ripening
may result in a stronger increase in GA sensitivity and germin-
ation potential, especially under conditions where GA hormone
levels are low. While partial after-ripening was associated with a
significant increase in relative GID1b mRNA levels during early
imbibition, future work will need to examine whether these
changes result from differential decay of mRNA during dry
seed after-ripening or from rapid transcription during imbibi-
tion (Bazin et al. 2011).

Differential regulation of GA receptors by GA and
DELLA RGL2, a regulatory switch

Interestingly, GA and DELLA RGL2 had different effects on
GID1a, GID1b and GID1c transcript levels, and the effects of
GA and DELLA RGL2 switched with dormancy-breaking treat-
ments (Fig. 3; Supplementary Fig. S11). GID1a and GID1b
promoters are direct DELLA RGA targets, showing GA down-
regulated and DELLA up-regulated expression in seedlings
(Zentella et al. 2007, Fukazawa et al. 2014, Yoshida et al.
2014). Similarly, GID1a and GID1b mRNA levels are GA
down-regulated and DELLA up-regulated in seeds imbibed for
4d in the cold (Cao et al. 2006). Consistent with this, all three
GID1 transcripts were GA down-regulated with imbibition in
the light (Fig. 3D). However, some GID1 transcripts switched to
being GA up-regulated and/or DELLA RGL2 down-regulated
with dormancy loss (Fig. 3D, H; Supplementary Fig. S11).
For example, at 15 min of imbibition, GID1b was DELLA RGL2

o D PAR D PAR D PAR
E GA GA GA GA GA GA
g 1 1 LV v L
¥ RGL2 RGL2 RGL2 RGL2 RGL2 RGL2
Q
£ \l, \1,
< \1/ \1/ J— 724 J.

GID1a GID1b GID1c
‘= —
g A T TR T 4
2 RGL2 RGL2 RGL2 RGL2
-:g NoCS CS %
? GA GA GA
E NoCS cs NoCS CS
(8]

Fig. 8 The three GIDT genes are differentially regulated by DELLA
RGL2 and dormancy loss. DELLA RGL2 switched from a negative regu-
lator to a positive regulator or vice versa in response to after-ripening
or cold stratification. The diagram summarizes the regulatory effects
at the S time point. While cold stratification induced all three GID1
genes, dry partial after-ripening strongly induced GID1b but repressed
GID1a and GID1¢ mRNA accumulation in imbibing seeds. D, dormant;
PAR, partially after-ripened; CS, cold stratified; No CS, no cold
stratification.

up-regulated in both dormant and after-ripened seeds.
Conversely, GID1c was DELLA RGL2 down-regulated in dor-
mant seeds but up-regulated in partially after-ripened seeds
(Figs. 3D, 8). Therefore, the same DELLA gene may act as
both a positive and a negative regulator of a GID1 target. The
effects of GA and DELLA RGL2 also varied with cold stratifica-
tion. Whereas GID1b is GA down-regulated with cold stratifi-
cation, GID7c is GA up-regulated. GID1Tc also appears to switch
from being DELLA RGL2 down-regulated to up-regulated with
cold stratification. The three GID1 genes are clearly differentially
regulated, suggesting that they may have specialized functions
under different environmental conditions. This study focused
on the genetic effects of rgl2 because it is the only single DELLA
mutation that allows ga-3 to germinate in the light (Tyler et al.
2004, Cao et al. 2005). However, mutations in the three DELLA
genes, RGL2, RGA and GAI, are needed to rescue gal-3 germin-
ation in the dark (Cao et al. 2005). Future work should also
examine if different DELLA genes have different effects on
GID1a, GID1b and GID1c regulation during imbibition in the
light or dark.

DELLA RGL2 can switch from positive to negative regulation
of the same GID1 gene in response to dormancy-breaking treat-
ment. Changes in DELLA protein binding partners may result in
altered DELLA regulation of GID1b transcript levels, and allow
DELLA to behave as both an activator and a repressor of gene
transcription depending on the dormancy-breaking conditions.
There is an example where DELLA function in gene activation
or repression depends upon its binding partner (reviewed by
Hauvermale et al. 2012). DELLA protein binding blocks the ac-
tivity of basic helix-loop—helix transcription factors
PHYTOCHROME INTERACTING FACTOR1 and 4 (PIF1 and
PIF4). PIF1 functions as a repressor of light-induced genes,
whereas PIF4 functions as an activator of dark-induced genes
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(deLucas et al. 2008, Cheminant et al. 2011). DELLA binds PIF1
to activate PIF1-regulated transcripts in the light, and binds
PIF4 to repress PIF4-regulated transcripts in the dark.
However, this is the first study to suggest that a DELLA may
switch from functioning as an activator to a repressor (or vice
versa) of transcription at the same promoter.

The effect of GA application on GID1a, GID1b and GID1c
transcript levels also varied. Voegele et al. (2011) previously
found that GA application caused GID1Tb mRNA levels to rise
and GID17a and GID1c levels to decrease during WT seed imbi-
bition. In this study, GA treatment resulted in increased accu-
mulation of all three GID1 transcripts in dark-imbibed ga7-3
seeds, and this effect was enhanced at 4°C (Supplementary
Fig. ST11A, C). After ga1-3 seeds were transferred to the light, GA
treatment resulted in decreased GID7a and GID1b mRNA levels
(Supplementary Fig. S11B, C). These results suggest that when
there is no or low GA signal in the dark, GA treatment initially
induces GID1 transcript accumulation, providing positive feed-
back regulation. However, once GA signaling is induced by light,
further GA application down-regulates GID1 transcripts, result-
ing in negative feedback regulation. This is reminiscent of the
feed-forward and feed-back regulation of GA biosynthesis genes
encoding GA-3-oxidases and GA-20-oxidases (reviewed by
Yamaguchi 2008).

Partial after-ripening enhances GID1 protein
accumulation

Partial after-ripening resulted in increased GID1 protein accu-
mulation, apparently due to post-transcriptional regulation. No
GID1 protein was detected in dormant seeds at the 0h time
point immediately after 3 d of cold stratification, indicating that
cold stratification alone is not sufficient to stimulate GID1 pro-
tein accumulation. A requirement for after-ripening in order to
translate GID1 proteins efficiently might explain why cold
stratification alone was insufficient to stimulate GA sensitivity
in imbibing dormant ga1-3 and gal-3 HA:GID1b-OE seeds
(Fig. 2A). Both untagged native GID1 protein and the HA-
tagged HA:GID1a, HA:GID1b and HA:GID1c protein levels
were much higher in partially after-ripened than in dormant
imbibing seeds (Fig. 5A, B; Supplementary Fig. S16A). After-
ripening acts post-transcriptionally to up-regulate GID1 protein
accumulation because after-ripening stimulated HA:GID1 accu-
mulation when expressed on the 35S promoter. Whereas no
HA:GID1 protein was detected at 5 and 7d of imbibition in
dormant seeds, untagged GID1 protein was. This difference may
be due to the HA-tag or to the fact that expression of HA:GID1
mRNAs on the 35S promoter greatly declined with 3-7d of
imbibition (Supplementary Fig. S13A-C). It does not appear
that the proteasome down-regulates GID1 protein accumula-
tion in dormant seeds since proteasome inhibitor did not lead
to increased HA:GID1b protein levels (Fig. 6). Future work will
need to examine if after-ripening stimulates GID1 protein ac-
cumulation via increased protein translation or increased pro-
tein stability. The notion that GID1 may be regulated at the
level of protein translation is supported by a recent study show-
ing increased ribosomal loading of GID1 transcript with after-
ripening of sunflower seeds (Layat et al. 2014). It is also

interesting to consider whether GID1 may function in the con-
trol of GA signaling outside of the nucleus since GID1 fused to a
nuclear exclusion signal could partially complement a gid1a
gid1c double mutant (Livne and Weiss 2014).

Partial after-ripening is associated with increased
GID1b accumulation but not decreased ABA
accumulation

The increase in GID1 protein levels with after-ripening was ex-
pected to correlate with decreased endogenous ABA levels be-
cause: (i) after-ripening triggers decreased ABA hormone
accumulation at 24 h of imbibition (Ala-Rachedi et al. 2004);
and (ii) the GID1 down-regulated DELLA RGL2 appears to in-
hibit seed germination by stimulating ABA biosynthesis
(Piskurewicz et al. 2008, Lee et al. 2010). Surprisingly, no de-
crease in ABA content was detected in 12 h imbibed seeds with
2 months of after-ripening (Fig. 7A). The decreasing ABA levels
detected in previous studies occurred with longer imbibition
and after-ripening (3-12 months) times in WT seeds (Ali-
Rachedi et al. 2004, Millar et al. 2006, Piskurewicz et al. 2008,
Lee et al. 2010). However, the decrease in ABA levels with rescue
of GA-insensitive sly1-2 seed germination by 2 years of after-
ripening and GIDTb overexpression was observed under the
same imbibition conditions used in Fig. 7 (Ariizumi et al.
2013). Thus, it seems that GID1 levels may increase before
ABA levels decline with after-ripening and imbibition. Future
work will need to examine if increasing GID1 levels with after-
ripening and imbibition are needed to trigger a decrease in ABA
levels through decreased expression of XERICO, a DELLA-up-
regulated positive regulator of ABA biosynthesis (Piskurewicz
et al. 2008, Ariizumi et al. 2013).

Hormone profiling in dormant and partially after-ripened
seeds resulted in several interesting observations. Seed dor-
mancy in imbibing sly1-2 seeds is associated with greatly ele-
vated ABA levels, whereas ABA levels are lower in ga1-3 than in
the WT. Thus, the failure of ga7-3 germination is not a direct
result of ABA overaccumulation, suggesting that the require-
ment for GA in germination is not entirely due to increased
ABA signaling as previously believed (Karssen and Lacka 1986).
JA, JA-lle and IAA levels were all lower in gal-3 and gal-3
HA:GID1b-OE than in the WT, suggesting that GA biosynthesis
is needed during either seed development or imbibition for
normal accumulation of all of these hormones. JA-lle has
been implicated in stimulating seed germination in cereals
(Barrero et al. 2009, Jacobsen et al. 2013). Interestingly, JA-lle
levels increased with after-ripening of gal-3 HA:GID1b-OE.
Future research will need to examine if GA signaling may act
prior to and function in the increase in JA-lle and the decrease
in ABA accumulation with dormancy loss.

If GA signaling is responsible for reduced ABA accumulation
in imbibing after-ripened seeds, then we would expect after-
ripening to result in increased capacity to synthesize bioactive
GA upon imbibition. This is difficult to test given that GA levels
tend to be at the detection limit until imbibing seeds are close
to germination (Jacobsen et al. 2002, Yamauchi et al. 2004).
However, the GID1b receptor has high GA affinity and some
ability to bind DELLA in the absence of GA (Yamamoto et al.
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2010). Why some plants evolved a GA receptor capable of low
level GA-independent GA signaling is a mystery. This study
suggests that the GID1b receptor may induce GA signaling
and dormancy loss when GA levels are very low, or in other
situations where it is important to respond to a small rise in
bioactive GA. It is possible that GID1b-type receptors evolved
because there was a need to initiate GA signaling before GA
biosynthesis during early seed imbibition to initiate the germin-
ation process. Hence, we propose that GID1b-type receptors
provide a mechanism to ‘prime the pump’ of GA signaling
under low GA hormone conditions.

This study provides several unique insights into the mechan-
isms of GA signaling in the context of dormancy loss (Fig. 8). The
GID1 transcripts can be GA up-regulated when GA hormone
levels are low, but then become GA down-regulated once GA
signaling is induced. The DELLA repressors can switch from being
positive to negative regulators of GIDT transcript accumulation
depending upon dormancy-breaking conditions. Finally, the
three GID1 receptors do not show identical regulation by after-
ripening, GA and DELLA, suggesting that there may be some
functional specialization resulting from differences in expression.

Materials and Methods =

Plant material and growth conditions

Genotypes used in the Landsberg erecta (Ler) ecotype included the WT, ga1-3,
gal-3 HA:GID1(a—c) and ga1-3 rgl2-1, as previously described (Koornneef et al.
1980, Cao et al. 2005, Ariizumi et al. 2008). Controls for the anti-GID1c antibody
in the Columbia (Col-0) background include the WT, gid1a-1 gidic-2, gid1b-1
and gid1a-1 gid1b-1 gid1c-2 (Griffiths et al. 2006, Willige et al. 2007). The single-
copy homozygous 35S:3 x HA:GID1 gal-3 transgenic lines were recovered by
identifying T, lines segregating 3: 1 for hygromycin resistance, and then iden-
tifying T3 progeny that did not segregate for hygromycin resistance. Seeds were
surface sterilized with 10% bleach/0.01% SDS for 10 min, washed six times with
sterile water, plated on Murashige and Skoog (MS) agar (0.5 x MS/0.8%/5 mM
MES, pH 5.5), and then imbibed for 3d at 4°C in the dark, followed by 22°C
under constant light (48-50 pmolm™?s™"). The germination of gal-3 seeds
was rescued with 10 tM GA;. Seedlings were transferred to soil at the four-
leaf stage, and incubated in a Conviron"™ growth chamber as in McGinnis et al.
(2003). To rescue fertility, gal-3 and gal-3 HA:GID1-OE lines were sprayed
weekly with 10 tM GA; until the appearance of green siliques. All comparisons
of dormant and after-ripened seeds were performed using single seed lots from
plants grown side by side. Freshly harvested seeds were dry after-ripened for 2
weeks, and then either placed at —20°C to preserve dormancy or stored dry at
room temperature under non-humid conditions for further after-ripening.
Statistical significance was assessed by analysis of variance (ANOVA) with a
Tukey’s all pairwise comparison. No significant difference in the seed moisture
content of dormant and after-ripened seeds was observed (Supplementary
Table S1; Pandord et al. 1988).

For GA dose-response experiments (Figs. 1, 2; Supplementary Figs. S1,
$2), seeds were incubated as indicated on MS agar plates without GA, or with
0.001, 0.005, 0.01, 0.05, 0.1, 0.5 and 1 pM GA,. Seed germination was scored daily
over 9d, and germination rates were calculated using the average of three
replicates of at least 100 seeds each. Statistical significance was assessed by
ANOVA with a Tukey’s all pairwise comparison.

RNA extraction, cDNA synthesis and RT-qPCR
analysis of mRNA expression:
Quantitative two-step RT—-qPCR analysis was used to analyze GID1 and

HA:GIDT mRNA expression in imbibing seeds harvested prior to seed germin-
ation as previously described (Ariizumi et al. 2013). A poly(T) primer was used

for cDNA synthesis, and quantitative PCR was performed using gene-specific
primers for GID1a, GID1b, GID1c (Figs. 3, 4, Supplementary Figs. S6, S11) and
HA (Supplementary Fig. S13), and the constitutive IAP-Like Protein 1
(At1g17210) mRNA control (Supplementary Fig. S20; Griffiths et al. 2006,
Ariizumi et al. 2008, Graeber et al. 2011). gPCR analysis was performed on
cDNA using a Roche LightCycler (LightCycler FastStart DNA Master SYBR
Green | kit) as follows: 10 min of denaturation at 95°C, followed by 45 cycles
of 10s at 95°C, 5s at 60°C and 10 at 72°C. For each experiment, mean mRNA
levels were determined based on three biological replicates with three technical
replicates each. Transcript levels were normalized against the IAP-Like Protein 1
control that showed no statistically significant variation in seed mRNA levels in
all conditions/genotypes examined (Supplementary Fig. $19; Graeber et al.
2011). The relative expression of GID1 and HA:GID1 transcripts was calculated
using the Delta-Delta Ct method (Livak and Schmittgen 2001) vs. the start
imbibition time point of GID1b in dormant gal-3 seeds (set equal to 1 in
Figs. 3 and 4, and Supplementary Fig. S6). In Supplementary Fig. S13, the
level of each HA:GID1 mRNA was shown relative to the dormant seed start time
point of HA:GID1a (set to 1). To assess statistical significance, the data for all
RT-gPCR experiments were normalized using a square root transformation and
analyzed with an ANOVA using a Tukey’s all pairwise comparison. P-values
of <0.07 were considered to be significant (SAS v 9.3; Supplementary Fig.
$3-S5, $7-S10, and S14 and S15).

Protein blot analysis of ga1-3 HA:GID1
overexpression lines

Dormant and partially after-ripened untransformed ga1-3 and ga1-3 HA:GID1-
OE seeds were cold stratified for 3d and then imbibed at 22°C. Seeds harvested
at the indicated time points were ground in liquid nitrogen with extraction
buffer [S0 mM potassium phosphate buffer pH 7.0 with 1 x protease inhibitor
cocktail (Sigma-Aldrich)]. Protein blot analysis was performed using 60 ug of
total protein from ga1-3 HA:GID1-OE seeds, and 20 ug of total protein from
untransformed gai-3 seeds. Proteins were separated by 10% SDS-PAGE, then
transferred onto a polyvinylidene difluoride (PVDF) membrane using a semi-dry
blotter (Bio-Rad Trans-Turbo Blotter) (Fig. 5; Supplementary Fig. S16).
Proteins were detected using o-HA (1:5000, Immuno Consultants
Laboratory), a-CUL1 (1:10,000; Wang et al. 2002), o.-RGL2 (1:10,000; Hussain
et al. 2005) and o-WRI (1:1.000; Chen et al. 2013) primary antibodies. GID1a,
GID1b and GID1c were detected using a polyclonal antibody to GID1c, raised
using GID1c cleaved from glutathione S-transferase (GST)-GID1c that was
purified from Escherichia coli using glutathione-Sepharose 4B (Agrisera,
1:1,000; GST-GID1c construct from Griffiths et al. 2006). Chemiluminescent
detection was performed using ECL Advance (GE Healthcare) using the sec-
ondary antibody donkey anti-rabbit IgG-horseradish peroxidase (GE
Healthcare, 1:200,000) for HA-GID1, CUL1 and RGL2 detection, and goat
anti-rabbit IgG-horseradish peroxidase (Agrisera, 1:75,000) for GID1a, b and
c detection. For proteasome inhibition studies, sterilized seeds were plated on
filter paper saturated with 100 LM MG132 in MS (stock solution 2 mM in 95%
ethanol; TOCRIS), and cold stratified at 4°C for 3 d. Proteins for day 0 were
harvested immediately after cold stratification. Western blot analysis with anti-
HA was performed as described above.

Hormone measurements

Electrospray ionization liquid chromatography tandem mass spectrometry
(ESI-LC-MS/MS) was used to measure ABA, IAA, JA and JA-lle plant hormone
levels as previously described (Yoshimoto et al. 2009). Seeds (200 mg) plated on
MS agar were incubated at 4°C for 60 h followed by 12 h at 22°C. Each biological
replicate (n = 6) consisted of 60 mg of ground, lyophilized seeds. Statistical sig-
nificance was assessed by ANOVA of log;o-transformed data using Tukey’s
comparison (SAS v 9.3; Supplementary Fig. S18). In order to facilitate com-
parisons of hormone data across studies, the values shown in Fig. 7 and
Supplementary Fig. S17 are the least square means from the model converted
back to ngg™' DW using the inverse log;,.

Accession numbers

Arabidopsis Genome Initiative locus identifiers for the genes in this study are:
GID1a (At3g05120), GID1b (At3g63010), GID1c (At5g27320), RGL2 (At3g03450)
and IAP-like Protein 1 (At1g17210).
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