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Abstract
Cryptochromes are blue light photoreceptors that mediate various light responses in plants and mammals. In Arabidopsis
(Arabidopsis thaliana), cryptochrome 1 (CRY1) mediates blue light-induced photomorphogenesis, which is characterized by
reduced hypocotyl elongation and enhanced anthocyanin production, whereas gibberellin (GA) signaling mediated by the
GA receptor GA-INSENSITIVE DWARF1 (GID1) and DELLA proteins promotes hypocotyl elongation and inhibits anthocya-
nin accumulation. Whether CRY1 control of photomorphogenesis involves regulation of GA signaling is largely unknown.
Here, we show that CRY1 signaling involves the inhibition of GA signaling through repression of GA-induced degradation
of DELLA proteins. CRY1 physically interacts with DELLA proteins in a blue light-dependent manner, leading to their disso-
ciation from SLEEPY1 (SLY1) and the inhibition of their ubiquitination. Moreover, CRY1 interacts directly with GID1 in a
blue light-dependent but GA-independent manner, leading to the inhibition of the interaction between GID1 with DELLA
proteins. These findings suggest that CRY1 controls photomorphogenesis through inhibition of GA-induced degradation of
DELLA proteins and GA signaling, which is mediated by CRY1 inhibition of the interactions of DELLA proteins with GID1
and SCFSLY1, respectively.

Introduction
Light, as both an energy source and an external environ-
mental signal, profoundly influences the entire life span of
plants to regulate their growth and development
(Fankhauser and Chory, 1997; Deng and Quail, 1999). To
monitor the dynamic changes of light in a quantitative and

qualitative manner, plants have evolved multiple photore-
ceptors to perceive light signals. These photoreceptors in-
clude the blue/UV-A light receptors cryptochromes (CRYs),
phototropins, red/far-red light receptors phytochromes
(PHYs, phyA to phyE), and the UV-B receptor UVR8
(Cashmore et al., 1999; Briggs and Christie, 2002; Quail, 2002;
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Rizzini et al., 2011; Yadav et al., 2020). Among them, CRYs
regulate a broad spectrum of physiological processes in
plants, including seedling photomorphogenesis, photoperi-
odic flowering, circadian rhythms, and stomatal opening and
development (Ahmad and Cashmore, 1993; Guo et al., 1998;
Somers et al., 1998; Toth et al., 2001; Mao et al., 2005; Liu
et al., 2008a; Kang et al., 2009). Cryptochromes are present
not only in plants, but also in a variety of other organisms
from bacteria to humans. In the fruit fly Drosophila mela-
nogaster, cryptochrome serves as photoreceptor to entrain
the circadian clock (Emery et al., 1998; Kume et al., 1999),
and in mammals, cryptochrome acts as an integral
component of the circadian clock. In migratory butterflies
and birds, cryptochrome is responsible for sensing the
Earth’s magnetic field and providing precise navigation dur-
ing their long-distance migrations (Gegear et al., 2010).

In Arabidopsis, there are two homologous CRYs: CRY1
and CRY2. CRY1 plays a major role in mediating the blue
light promotion of photomorphogenesis, which is character-
ized by the inhibition of hypocotyl elongation and promo-
tion of anthocyanin accumulation (Ahmad and Cashmore,
1993; Lin et al., 1996), whereas CRY2 acts as the primary
blue light photoreceptor that promotes floral initiation
under long-day photoperiods (Guo et al., 1998). CRYs
possess a photolyase-related N-terminal domain and a
distinguishing C-terminal domain. The C-terminal domain
of Arabidopsis CRY1 and CRY2 was shown to mediate sig-
naling by its direct interaction with CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1; Wang et al., 2001; Yang
et al., 2001), a RING-finger E3 ubiquitin ligase (Deng et al.,
1992) that interacts with and targets a set of transcription
factors, such as LONG HYPOCOTYL 5 (HY5) and
CONSTANS (CO), for degradation (Osterlund et al., 2000;
Liu et al., 2008a; Jang et al., 2008) to regulate photomorpho-
genesis and flowering. Moreover, CRY1 and CRY2 also inter-
act with the COP1 enhancer, SUPPRESSOR OF PHYA-105 1
(SPA1; Lian et al., 2011; Liu et al., 2011; Zuo et al., 2011),
which interacts with COP1 to enhance its E3 ligase activity
(Seo et al., 2003). The interaction of CRY1/CRY2 with
COP1/SPA1 leads to a disruption of the COP1–SPA1 core
complex, thus promoting the accumulation of HY5 and CO.
The signaling mechanism of CRY1 was also recently demon-
strated to involve the inhibition of auxin and brassinosteroid
(BR) signaling, which is mediated by blue light-dependent
interactions between CRY1 and AUX/IAA and AUXIN
RESPONSE FACTOR (ARF) proteins (for auxin), and BRI1-
EMS-SUPPRESSOR 1 (BES1)/BES1-INTERACTING MYC-LIKE1
(BIM1; for BRs; Xu et al., 2018; Wang et al., 2018a; Mao
et al., 2020).

Gibberellins (GAs) are an essential class of phytohormones
that regulate a variety of plant growth and developmental
processes, including seed germination, hypocotyl and stem
elongation, leaf expansion, and floral initiation (Fleet and
Sun, 2005; Pimenta and Lange, 2006). Extensive genetic and
biochemical studies have elucidated much of the GA signal-
ing transduction pathway, and identified several key

components in GA signaling, which include the GA receptor
GA-INSENSITIVE DWARF1 (GID1), the F-box protein SLEEPY
(SLY1), and DELLA proteins. GID1 was identified as a soluble
GA receptor in rice (Oryza sativa; (Ueguchi-Tanaka et al.,
2005). In Arabidopsis, there are three homologous GID1s:
GID1a, GID1b, and GID1c, which perform redundant roles in
sensing the GA signal (Nakajima et al., 2006). GID1 interacts
with DELLA proteins in a GA-dependent manner, which is
required for the GA-induced degradation of DELLA proteins
(Griffiths et al., 2006; Willige et al., 2007). SLY1 and its close
homolog SNEEZY (SNE) are the F-box subunits of a Skp-
Cullin-F-box (SCF) E3 ubiquitin ligase complex that interacts
with its substrates, the DELLA proteins, to promote their
ubiquitination and degradation, and mediate GA responses
(Dill et al., 2004; Fu et al., 2004; Ariizumi et al., 2011). The
DELLA proteins are the most extensively studied compo-
nents of the GA signaling cascade. They are nuclear-localized
and act as repressors of GA-responsive growth by repressing
the expression of GA-responsive genes, and as central regu-
lators to integrate and convey information from multiple
developmental pathways. The Arabidopsis genome encodes
five DELLA proteins: REPRESSORS OF GA (RGA), GA
INSENSITIVE 1 (GAI), RGA-LIKE 1 (RGL1), RGL2, and RGL3.
RGA and GAI are the major DELLA proteins that block
GA-promoted growth and floral initiation, while RGL2 is the
primary DELLA protein suppressing seed germination. In ad-
dition, RGA, RGL1, and RGL2 are involved in the repression
of floral development (King et al., 2001; Lee, 2002; Tyler
et al., 2004; Cheng et al., 2004). Importantly, the GA-trig-
gered degradation of DELLA proteins is a key event in GA
signaling, which is dependent on the interactions of DELLA
proteins with both GID1 and SLY1/SNE (Silverstone et al.,
2001; Dill et al., 2004; Griffiths et al., 2006).

DELLA proteins contain an N-terminal DELLA domain and
a C-terminal GRAS domain. The GRAS domain is likely the
functional domain, and is presumably responsible for tran-
scriptional regulation. Additionally, the GRAS domain medi-
ates the association of DELLA proteins with SLY1 (Dill et al.,
2004). The DELLA domain mediates the interaction between
DELLA proteins and GID1, which is essential for the GA-in-
duced degradation of DELLA proteins (Griffiths et al., 2006;
Willige et al., 2007). The binding of bioactive GA to GID1
induces a conformational change in GID1, which allows
GA–GID1 to interact with DELLA proteins and promote the
association of GA–GID1–DELLA with SLY1, thereby targeting
the DELLA proteins for degradation via the 26S proteasome
(Murase et al., 2008; Shimada et al., 2008; Sun, 2011).

While GA induces hypocotyl elongation, the GA biosyn-
thesis inhibitor paclobutrazol (PAC) represses hypocotyl
elongation (Alabadi et al., 2004; Feng et al., 2008). Moreover,
the GA biosynthesis-deficient mutant GA requiring 1 (ga1)
and loss-of-function mutants in the GA receptor GID1 dis-
play shorter hypocotyls when grown under red light
(Alabadi et al., 2004; Griffiths et al., 2006; Feng et al., 2008).
Notably, the DELLA proteins inhibit hypocotyl elongation in
red light (Achard et al., 2007). The direct interaction of
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DELLA proteins with the basic helix–loop–helix (bHLH) tran-
scription factors PHYTOCHROME INTERACTING 3 (PIF3)
and PIF4 was shown to integrate light and GA signaling
pathways (de Lucas et al., 2008; Feng et al., 2008), PIF3 and
PIF4 are key downstream factors of phytochromes that nega-
tively regulate photomorphogenesis (Ni et al., 1998, 1999;
Leivar et al., 2008). These interactions result in the inhibition
of the DNA-binding activities of PIF3 and PIF4. Light can also
regulate GA biosynthesis through photoreceptors. For exam-
ple, cryptochromes induce the expression of GIBBERELLIN
2-OXIDASE 1 (GA2ox1), but repress the expression of
GA20ox1 or GA3ox1, which leads to a decrease in GA levels
and the inhibition of hypocotyl elongation (Zhao et al.,
2007). PhyA and phyB mediate the light-induced stabilization
of DELLA proteins, which may partially lead to the phyto-
chrome-dependent repression of GA homeostasis (Achard
et al., 2007). These studies strongly demonstrate an impor-
tant role for GA in light-regulated photomorphogenesis.

Our previous study demonstrated that cry1 mutant seed-
lings show a dramatically enhanced responsiveness to the in-
hibitor of GA biosynthesis, PAC, and GA in blue light,
whereas CRY1-overexpressing seedlings displayed a reduced
responsiveness to PAC and GA, indicating that CRY1 medi-
ates blue light suppression of GA responses (Wang et al.,
2016). However, whether and how CRY1 regulates GA sig-
naling remains largely unknown. In this study, we show that
CRY1 mediates blue light inhibition of GA-induced degrada-
tion of DELLA proteins. Through a series of protein–protein
interaction studies, we demonstrate that Arabidopsis CRY1
physically interacts with DELLA proteins and the GA recep-
tor GID1 in a blue light-dependent manner. We further
demonstrate by a series of protein–protein interaction
assays that the blue light-triggered interaction of CRY1 with
DELLA proteins and GID1 impairs the interaction of DELLA
proteins with SLY1 and GID1. Our findings indicate that
GID1 and DELLA proteins act as the direct downstream
components of CRY1 in mediating blue light signaling.
Photoexcited CRY1 therefore inhibits the association of
SCFSLY1 with DELLA proteins to repress their ubiquitination,
but also represses the interaction of GID1 with DELLA pro-
teins, which may interfere with the recognition of DELLA
proteins by SCFSLY1, and further inhibit their ubiquitination.
These two layers of regulatory mechanisms may allow CRY1
to rapidly and efficiently mediate light inhibition of GA sig-
naling, which enables plants to grow and develop in a
tightly controlled manner according to the ambient light
conditions.

Results

CRY1 mediates the blue light inhibition of GA-
induced degradation of DELLA proteins
Given our previous demonstration that CRY1 is involved in
the repression of GA-induced hypocotyl elongation (Wang
et al., 2016) and that CRY1 inhibits auxin signaling by inter-
acting with AUX/IAA proteins to stabilize them (Xu et al.,
2018), we explored whether CRY1 might affect GA-triggered

degradation of DELLA proteins to regulate GA signaling. To
this end, we generated transgenic seedlings overexpressing
RGA and GAI tagged with a Flag tag in the wild-type (WT)
and cry1 mutant backgrounds (RGA-Flag-OX, GAI-Flag-OX,
cry1 RGA-Flag-OX, and cry1 GAI-Flag-OX), to determine
whether CRY1 affects GA-induced degradation of DELLA
proteins. We used the GA biosynthesis inhibitor PAC to
minimize possible interference from endogenous GA poten-
tially resulting from different genetic backgrounds or differ-
ent light treatments. We performed immunoblot assays
using an anti-Flag antibody to detect RGA and GAI proteins
levels in GA (GA3)-treated RGA-Flag-OX and GAI-Flag-OX
seedlings grown in the dark or illuminated with blue light
for 2 h. We observed that both RGA and GAI proteins are
degraded much faster in seedlings grown in the dark than in
those exposed to blue light (Figure 1, A, B, E, and F). To de-
termine whether CRY1 mediates the blue light inhibition of
GA-induced degradation of DELLA proteins, we analyzed
RGA and GAI proteins levels in RGA-Flag-OX, cry1 RGA-Flag-
OX, GAI-Flag-OX, and cry1 GAI-Flag-OX seedlings adapted in
the dark or exposed to blue light for 2 h. GA-induced degra-
dation of both RGA and GAI was faster in the cry1 mutant
background than in WT within 1 h of blue light exposure
(Figure 1, C, D, G, and H). Moreover, the GA-triggered deg-
radation of RGA and GAI proteins gradually diminished as
the blue light fluence rate increased (Figure 1, I and J). We
further determined that both red and far-red lights can also
inhibit the GA-induced degradation of RGA and GAI
(Supplemental Figure S1, A and B).

Shade and high temperature conditions induce the COP1-
mediated degradation of DELLA proteins, which are stabi-
lized in a light-dependent, but GA-independent fashion
(Blanco-Tourinan et al., 2020). To evaluate whether DELLA
proteins might undergo degradation in blue light in a
COP1-mediated and GA-independent manner, we per-
formed immunoblots with an anti-RGA antibody to analyze
endogenous RGA levels in WT and cop1 mutant seedlings
treated with PAC and GA that were dark-adapted or ex-
posed to blue light for different lengths of time. GA-induced
degradation of RGA was faster in dark-adapted WT and
cop1 mutant seedlings compared to those exposed to blue
light (Supplemental Figure S2, A–D). However, GA treat-
ment led to a similar progressive decline in RGA protein lev-
els in WT and cop1 mutant seedlings exposed to blue light.
reverse transcription quantitative polymerase chain reaction
analysis showed that GA treatment induces RGA expression
in both WT and cop1 mutant seedlings exposed to blue
light (Supplemental Figure S2, E and F). These results indi-
cate that blue light may inhibit the degradation of the
DELLA protein, largely in a GA-dependent manner in our
conditions.

DELLA proteins act to promote
photomorphogenesis in blue light
To explore whether DELLA proteins might regulate photo-
morphogenic development in blue light, we examined the
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hypocotyl phenotype of DELLA quadruple and pentuple
mutants, dellaq and dellap, which are deficient in four and
five DELLA proteins, respectively (Achard et al., 2007; Park
et al., 2013), and the gain-of-function GAI allele, gai-1 (Peng
et al., 1997), under blue light. Both dellaq and dellap seed-
lings developed taller hypocotyls than WT in blue light,
while gai-1 seedlings developed shorter hypocotyls than WT
in blue light (Figure 2, A–D). Since DELLA proteins were pre-
viously shown to inhibit hypocotyl elongation in red light
(Achard et al., 2007; Park et al., 2013), we analyzed the

hypocotyl phenotype of dellaq, dellap, and gai-1 mutants in
far-red light: compared to the WT, both dellaq and dellap
mutants exhibited a dramatically tall hypocotyl phenotype,
whereas gai-1 displayed a pronounced short hypocotyl phe-
notype (Figure 2, A–D). We then analyzed anthocyanin con-
tent in dellaq, dellap, and gai-1 mutants grown in blue and
far-red lights, and determined that both dellaq and dellap
seedlings accumulate less anthocyanin than WT, whereas
gai-1 seedlings produced more anthocyanin than WT in
blue and far-red lights (Figure 2, E and F). These results

Figure 1 CRY1 mediates the blue light inhibition of GA-induced degradation of DELLA proteins. A, B, Blue light inhibits GA-induced degradation
of RGA-Flag (A) and GAI-Flag (B) proteins, as shown by immunoblot analysis. RGA-Flag-OX and GAI-Flag-OX seedlings (WT background) were
grown on MS medium containing 1-lM PAC in the dark for 5 days, and were then treated with 100-lM GA3 þ 1-lM PAC and exposed to blue
light (BL, 30 lmol�m–2�s–1) or maintained in the dark for the indicated time. Three independent experiments were performed, and one is shown.
C, D, CRY1 mediates the blue light inhibition of GA-induced degradation of RGA-Flag (C) and GAI-Flag (D) proteins, as shown by immunoblot
analysis. RGA-Flag-OX and GAI-Flag-OX seedlings (WT and cry1 backgrounds) were grown on MS medium containing 1-lM PAC in the dark for
5 days, and were then treated with 100-lM GA3 þ 1-lM PAC and exposed to blue light (30 lmol�m–2�s–1) for the indicated time. Three indepen-
dent experiments were performed, and one is shown. E–H, Relative protein levels of GA-induced degradation of RGA-Flag and GAI-Flag shown in
(A–D) as means 6 standard deviation (SD; n ¼ 3; Student’s t test, **P < 0.01, *P < 0.05). I, J, Effects of blue light intensity on GA-induced degrada-
tion of RGA-Flag (I) and GAI-Flag (J) proteins, as determined by immunoblot analysis. RGA-Flag-OX and GAI-Flag-OX seedlings (WT background)
were grown on MS medium containing 1-lM PAC in the dark for 5 days, and were then treated with 100-lM GA3 þ 1-lM PAC and exposed to
the indicated light intensities of blue light for the indicated time. Two independent experiments were performed, and one is shown. The immuno-
blot results were quantified using ImageJ. RGA and GAI protein levels were normalized to the tubulin loading control and the levels at time 0 was
set to 100. BL, blue light; DK, dark.
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suggest that DELLA proteins promote photomorphogenesis
in blue and far-red lights.

CRY1 physically interacts with DELLA proteins in a
blue light-specific manner
Based on the demonstration that CRY1 inhibits GA-induced
degradation of DELLA proteins, and our previous study
showing that CRY1 interacts with AUX/IAA proteins to

inhibit auxin-induced degradation of these proteins (Xu
et al., 2018), we asked whether CRY1 might interact with
DELLA proteins. To test this possibility, we first performed
pull-down experiments with recombinant His-TF-CRY1
(His-tagged trigger factor-CRY1), His-TF-CNT1 (CRY1
N-terminus), and His-TF-CCT1 (CRY1 C-terminus) as baits
and GST–RGA and GST–GAI fusion proteins as prey. As
shown in Figure 3, A and B, GST–RGA and GST–GAI were

Figure 2 DELLA proteins promote photomorphogenesis in blue and far-red lights. A, B, Representative phenotypes of Arabidopsis seedlings of
different genotypes grown in continuous darkness (Dark), blue light (BL, 30 lmol�m–2�s–1), or far-red light (FR, 10 lmol�m–2�s–1) for 5 days.
Scale bars, 2 mm. C, D, Mean hypocotyl lengths from the seedlings shown in (A) and (B). Data are shown as means 6 SD (n ¼ 30; Student’s t test,
**P < 0.01). E, F, Analysis of anthocyanin contents from the seedlings shown in (A) and (B). Data are shown as means 6 SD (n ¼ 3; Student’s
t test, **P < 0.01, *P < 0.05)
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Figure 3 CRY1 interacts with RGA and GAI in a blue light-dependent manner. A, B, Pull-down assays showing the interactions of CRY1, CNT1,
and CCT1 with RGA (A) and GAI (B). His-TF-CRY1, His-TF-CNT1, and His-TF-CCT1 served as baits and were detected with anti-His antibody.
GST–RGA and GST–GAI served as preys and were detected with anti-GST antibody. Two independent experiments were performed, and one is
shown. C, D, Split-luciferase complementation imaging assays showing the interaction of CRY1 with RGA (C) and GAI (D). Venus-nLUC and
cLUC-Venus served as negative controls. Two independent experiments were performed, and one is shown. E, F, Cell-free GST pull-down assays
showing the blue light-specific interaction of CRY1 with RGA (E) and GAI (F). GST–RGA and GST–GAI served as baits. Preys were protein extracts
prepared from Myc-CRY1-OX seedlings that were dark-adapted and exposed to blue light (BL, 30 lmol�m–2�s–1), red light (RL, 50 lmol�m–2�s–1),
or far-red light (FR, 10 lmol�m–2�s–1) for 1 h. Two independent experiments were performed, and one is shown. G–J, co-IP assays showing the
blue light-dependent interaction of CRY1 with RGA and GAI. Dark-adapted seedlings of RGA-Flag-OX in WT (G) or cry1 (H), and GAI-Flag-OX in
WT (I) or cry1 (J) were maintained in the dark or exposed to blue light (50 lmol/m2/s) for 1 h, followed by immunoprecipitation with an anti-
CCT1 antibody. The IP (CRY1) and co-IP signals (RGA and GAI) were detected in immunoblots probed with anti-CCT1 and anti-Flag antibodies,
respectively. Two independent experiments were performed, and one is shown.
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pulled down by His-TFCRY1, His-TF-CNT1, and His-TF-
CCT1, but not by the His-tagged Trigger Factor (His-TF)
control, indicating that both the N- and C-terminal of
CRY1 interact with DELLA proteins. We also performed
maltose binding protein (MBP) pull-down experiments with
MBP-RGA-Nend and MBP-GAI-Nend, which comprise the
N-terminal DELLA domain, and MBP-RGA-M5 and MBP-
GAI-M5, which consist of the C-terminal GRAS domain
(Supplemental Figure S3, A and B; de Lucas et al., 2008).
Recombinant His-TF-CRY1 was pulled down by MBP-RGA-
Nend, MBP-RGA-M5, MBP-GAI-Nend, and MBP-GAI-M5
(Supplemental Figure S3, C and D). These results indicate
that both the DELLA and GRAS domains mediate the inter-
action between DELLA proteins and CRY1.

We then performed split luciferase complementation
(split-LUC) assays in Nicotiana benthamiana leaves tran-
siently co-expressing CRY1, CNT1, or CCT1 with RGA or GAI
fused to the N- and C-terminal halves of firefly luciferase
(CRY1-nLUC, CCT1-nLUC, CNT1-nLUC, and cLUC-RGA or
cLUC-GAI). We reconstituted luciferase when CRY1-nLUC,
CCT1-nLUC, or CNT1-nLUC was co-expressed with cLUC-RGA
or cLUC-GAI, but not with cLUC-Venus, and when cLUC-RGA
or cLUC-GAI was co-expressed with Venus-nLUC (Figure 3, C
and D; Supplemental Figure S4, A and B). These results con-
firmed that both CNT1 and CCT1 can mediate the interac-
tion of CRY1 with DELLA proteins. We also performed split-
LUC assays in N. benthamiana leaves co-expressing CRY1-
nLUC and cLUC-RGA-Nend, cLUC-RGA-M5, cLUC-GAI-Nend,
or cLUC-GAI-M5. The deletion of either the entire N-termi-
nal DELLA-containing domain or the C-terminal GRAS-con-
taining domain did not affect the interaction of RGA and
GAI with CRY1 (Supplemental Figure S4, C and D). Further
co-immunoprecipitation (co-IP) assays with N. benthamiana
leaf samples confirmed that both the N-terminal DELLA and
C-terminal GRAS domains mediate the interaction of RGA
and GAI with CRY1 (Supplemental Figure S4, E and F).

To investigate the effects of light quality on the interac-
tion of CRY1 with DELLA proteins, we performed pull-down
experiments with recombinant GST–RGA and GST–GAI
proteins incubated with protein extracts prepared from
transgenic Arabidopsis seedlings overexpressing Myc-CRY1-
OX that were dark-adapted before exposure to blue, red, or
far-red light. RGA and GAI successfully pulled down CRY1
from the extracts prepared from seedlings exposed to blue
light (Figure 3, E and F), but not from dark-adapted seed-
lings or seedlings exposed to red or far-red light. These
results suggest that CRY1 interacts with RGA and GAI in a
blue light-specific manner. To further confirm that CRY1
interacts with DELLA proteins in Arabidopsis, we performed
co-IP assays with RGA-Flag-OX, GAI-Flag-OX, cry1 RGA-Flag-
OX, and cry1 GAI-Flag-OX seedlings that were dark-adapted
and then exposed to blue light for 1 h. As shown in
Figure 3, G–J, an IP of endogenous CRY1 also co-immuno-
precipitated RGA and GAI in the extracts from RGA-Flag-OX
and GAI-Flag-OX seedlings exposed to blue light, but not in
the extracts of dark-adapted controls or cry1 RGA-Flag-OX

or cry1 GAI-Flag-OX seedlings illuminated with blue light.
These results demonstrate that CRY1 interacts with DELLA
proteins in a blue light-dependent manner in Arabidopsis.

Given the previous demonstration that DELLA proteins
interact with photomorphogenesis-related transcription fac-
tors such as PIFs (de Lucas et al., 2008; Feng et al., 2008), we
explored whether the interaction between CRY1 and DELLA
proteins might influence the interactions of DELLA proteins
with PIFs. To test this possibility, we first performed cell-free
MBP-PIF3 pull-down experiments with the protein extracts
prepared from RGA-Flag-OX and Myc-CRY1-OX seedlings.
MBP-PIF3 pulled down similar amounts of RGA-Flag protein
in the presence of protein extracts from Myc-CRY1-OX seed-
lings, whether they were dark-adapted or exposed to blue
light (Supplemental Figure S5, A and B). We then performed
split-LUC assays to determine whether the interaction of
CRY1 with RGA and GAI would interfere with the interac-
tion of RGA and GAI with PIF3 and PIF4 in N. benthamiana
cells. However, RGA and GAI showed the same strength of
interaction with PIF3 and PIF4 in the presence of CRY1
or the GUS control protein, respectively (Supplemental
Figure S5, C–H). These results therefore indicate that the
interaction of CRY1 with DELLA proteins may not affect the
interaction of DELLA proteins with PIFs.

CRY1 inhibits the interaction of SLY1 with DELLA
proteins to inhibit their ubiquitination
Given that CRY1 interacts with DELLA proteins and inhibits
their degradation induced by GA, and that SLY1 is a subunit
of the SCFSLY1 E3 ubiquitin ligase that interacts with and
ubiquitinates DELLA proteins (Dill et al., 2004; Fu et al.,
2004), we asked whether CRY1 might affect the ubiquitina-
tion of DELLA proteins. To test this possibility, we first
performed IP assays to detect ubiquitinated RGA using an
anti-ubiquitin antibody with RGA-Flag-OX and cry1 RGA-
Flag-OX seedlings exposed to blue light and then treated
with GA and the 26S proteasome inhibitor MG132. At equal
RGA levels, much more RGA was ubiquitinated in the cry1
mutant background than in the WT background
(Figure 4A). To examine whether CRY1 might inhibit RGA
ubiquitination by interacting with SLY1 and its close homo-
log SNE, we performed split-LUC assays in N. benthamiana
leaves co-expressing CRY1-nLUC and cLUC-SLY or cLUC-SNE.
However, CRY1 did not interact with either SLY1 or SNE,
whereas SLY1 and SNE each interacted with GAI
(Supplemental Figure S6, A and B). We further performed
co-IP assays to confirm whether CRY1 might interact with
SLY1 in Arabidopsis with double transgenic seedlings co-
overexpressing SLY1-Myc and GAI-Flag (SLY1-Myc-OX GAI-
Flag-OX), which we generated by crossing independent lines
overexpressing SLY1-Myc-OX or GAI-Flag-OX, an IP of endog-
enous CRY1 co-immunoprecipitated GAI, but not SLY1
(Figure 4B). These results demonstrate that CRY1 does not
interact with SLY1 in Arabidopsis.

Next, we explored whether CRY1 influences the interac-
tion between SLY1 and DELLA proteins to inhibit their
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Figure 4 CRY1 impairs the interaction of DELLA proteins with SLY1. A, In vivo ubiquitination assays showing CRY1-mediated inhibition of RGA
ubiquitination in blue light. Seedlings for WT(Col-0), RGA-Flag-OX in WT and cry1 were grown in blue light (50 lmol�m–2�s–1) for 5 days, and
then treated with 100-lM GA3 and 50-lM MG132 in liquid MS medium for 2 h, followed by immunoprecipitation with anti-Flag beads.
The IP signals (RGA-Flag) were detected in immunoblots probed with anti-ubiquitin, and input signals were detected with anti-Flag antibodies.
Two independent experiments were performed, and one is shown. B, Co-IP assays showing no interaction of CRY1 with SLY1 in Arabidopsis.
Dark-adapted double transgenic GAI-Flag-OX/SLY1-Myc-OX seedlings were kept in darkness or exposed to blue light (BL, 50 lmol�m–2�s–1) for 1 h,
followed by immunoprecipitation with anti-Myc beads. The IP (CRY1) and co-IP signals (SLY1 and GAI) were detected in immunoblots probed
with anti-Myc and anti-Flag antibodies, respectively. Two independent experiments were performed, and one is shown. C–H, Split-luciferase com-
plementation imaging assays indicating that CRY1 prevents the interaction between SLY1 with RGA (C) and GAI (D) in N. benthamiana leaves.
The quantification of luciferase activity for the samples in (C) and (D) is shown in (G) and (H), respectively. Data are shown as means of biological
triplicates 6 SD (n ¼ 4; Student’s t test, **P < 0.01). The accumulation of CRY1-YFP and GUS-YFP (negative control) was detected with an anti-
GFP antibody in (E) and (F). I, J, Cell-free GST pull-down assays showing that CRY1 prevents the interaction between SLY1 and RGA (I) or GAI (J).
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ubiquitination. To this end, we first performed split-LUC
assays in N. benthamiana leaves to confirm that SLY inter-
acts with RGA and GAI in the presence of CRY1, using the
unrelated protein b-GLUCURONIDASE (GUS) as a negative
control. Given the weak interaction between WT SLY1 and
DELLA proteins, we generated a construct whereby nLUC
was fused to sly1-d, a mutant form of SLY1 with a single
amino acid substitution (E138K) that interacts strongly with
DELLA proteins in plants (Dill et al., 2004). sly1-d interacted
strongly with both RGA and GAI in the presence of GUS,
but the strength of the interaction was severely reduced
when GUS was replaced by CRY1 (Figure 4, C–H). These
results indicate that CRY1 inhibits the interaction of SLY1
with DELLA proteins. We then performed cell-free pull-
down assays to evaluate the effects of CRY1 on SLY1-DELLA
interaction using GST-SLY1 as bait, and protein extracts pre-
pared from RGA-Flag-OX, cry1 RGA-Flag-OX, GAI-Flag-OX,
and cry1 GAI-Flag-OX seedlings. Both RGA and GAI bound
to SLY much more strongly in the absence of CRY1 (in sam-
ples prepared from cry1 mutant seedlings) than in the pres-
ence of CRY1 (Figure 4, I and J), further indicating a role for
CRY1 in repressing the interaction between SLY1 and
DELLA proteins. To determine whether CRY1 affects the in-
teraction of SLY1 with DELLA protein in Arabidopsis, we
performed co-IP assays using double transgenic seedlings co-
expressing SLY1-Myc and GAI-Flag in the WT and cry1 mu-
tant backgrounds that were dark-adapted or exposed to
blue light. Upon exposure to blue light, the SLY1–GAI inter-
action was clearly inhibited in the WT background
(Figure 4K, upper), but modestly affected in the cry1 mutant
background (Figure 4K, lower). Taken together, these results
demonstrate that photoactivated CRY1 impairs the interac-
tion of DELLA proteins with SLY1 in planta.

CRY1 physically interacts with GID1 in a blue light-
dependent but GA-independent manner
Based on the previous demonstration that GA promotes
the interaction between the GA receptor GID1 and DELLA
proteins, leading to the subsequent degradation of DELLA
proteins (Griffiths et al., 2006; Willige et al., 2007), and our
demonstration that CRY1 is involved in the suppression of
GA-induced degradation of DELLA proteins, we asked
whether CRY1 also interacts with GID1 to influence GA-in-
duced interactions of GID1 with DELLA proteins and stabi-
lize DELLA proteins. To test this possibility, we first
performed pull-down experiments with recombinant His-TF-
CRY1, His-TF-CNT1, and His-TF-CCT1 proteins as baits and
GST-GID1a as prey. As shown in Figure 5A, GST-GID1a
was pulled down by His-TF-CRY1, His-TF-CNT1, and

His-TF-CCT1, but not His-TF, indicating that CRY1 interacts
with GID1a and that both CNT1 and CCT1 mediate this
interaction in vitro. We then performed split-LUC assays in
N. benthamiana leaves co-expressing CRY1-nLUC, CNT1-
nLUC, or CCT1-nLUC and cLUC-GID1a, cLUC-GID1b or
cLUC-GID1c: both CNT1 and CCT1 interacted with GID1a,
GID1b, and GID1c (Figure 5B; Supplemental Figure S7A). To
investigate the effects of light quality on the CRY1–GID1 in-
teraction, we performed cell-free pull-down assays with re-
combinant GST–GID1a protein and protein extracts
prepared from Myc-CRY1-OX dark-adapted seedlings and ex-
posed to blue, red, or far-red light. GST–GID1a pulled down
CRY1 from the extracts prepared seedlings exposed to blue
light (Figure 5C), but not from those that were dark-adapted
or exposed to red or far-red light, supporting the blue light-
specific interaction of CRY1 with GID1a.

Next, we generated transgenic lines overexpressing
GID1a-Flag in the WT and cry1 mutant backgrounds
(GID1a-Flag-OX and cry1 GID1a-Flag-OX), which we then
used to perform co-IP assays to confirm whether CRY1
interacts with GID1a in Arabidopsis with seedlings that were
dark-adapted and then exposed to blue light. As shown in
Figure 5, D and E, an IP of endogenous CRY1 co-immuno-
precipitated GID1a from the extracts of GID1a-Flag-OX seed-
lings exposed to blue light, but not from the extracts of
dark-adapted GID1a-Flag-OX seedlings or cry1 GID1a-Flag-OX
seedlings exposed to blue light. These results demonstrate
that CRY1 interacts with GID1a in a blue light-dependent
manner in Arabidopsis.

GID1 interacts with DELLA proteins in a GA-dependent
manner (Ueguchi-Tanaka et al., 2005; Griffiths et al., 2006;
Nakajima et al., 2006). We therefore explored whether GA
affects the interaction of CRY1 with GID1 next. Accordingly,
we first performed split-LUC assays with N. benthamiana
leaves co-expressing CRY1-nLUC and cLUC-GID1a, cLUC-
GID1b, or cLUC-GID1c, or the controls GAI-nLUC and cLUC-
GID1a and treated with GA. This GA treatment did not
affect the interaction of CRY1 with GID1a, GID1b, or GID1c
(Figure 5, F and G), but dramatically promoted the interac-
tion of GAI with GID1a (Supplemental Figure S7B). We then
performed cell-free pull-down experiments with recombi-
nant GST-GID1a protein and protein extracts prepared from
blue light-illuminated Myc-CRY1-OX seedlings; we then
added 100-lM GA3 to half of the samples to test the influ-
ence of GA on protein interaction. GID1a pulled down simi-
lar levels of CRY1 with or without exogenous GA added
(Figure 5H). However, when we performed the same cell-
free pull-down experiments with recombinant GST–GID1a
and protein extracts prepared from GAI-Flag-OX seedlings,

GST–SLY1 served as bait. Preys were protein extracts prepared from dark-adapted RGA-Flag-OX GAI-Flag-OX (WT and cry1 backgrounds) seed-
lings exposed to blue light (50 lmol�m–2�s–1) for 1 h. Two independent experiments were performed, and one is shown. K, Co-IP assays showing
that CRY1 prevents the interaction of SLY1 with GAI in Arabidopsis. Total protein was extracted from dark-adapted double transgenic seedlings
co-expressing SLY1-Myc and GAI-Flag in the WT and cry1 backgrounds and exposed to blue light (50 lmol�m–2�s–1) for 1 h, followed by immuno-
precipitation with anti-Myc beads. The immunoprecipitates were probed with anti-Flag and anti-Myc antibodies. Relative band intensities were
normalized for each panel and are shown below each lane. Two independent experiments were performed, and one is shown.
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Figure 5 CRY1 interacts with GID1a in a blue light-dependent but GA-independent manner. A, Pull-down assays showing the interaction
of CRY1, CNT1, and CCT1 with GID1a. His-TF-CRY1, His-TF-CNT1, and His-TF-CCT1 served as baits and were detected with anti-His antibody.
GST–GID1a served as prey and was detected with anti-GST antibody. Two independent experiments were performed, and one is shown. B, Split-
luciferase complementation imaging assays showing the interaction of CRY1 with GID1a, GID1b, and GID1c. Venus-nLUC and cLUC-Venus served
as negative controls. Two independent experiments were performed, and one is shown. C, Cell-free GST pull-down assays showing the blue light-
specific interaction of CRY1 with GID1a. GST–GID1a served as bait. Preys were protein extracts prepared from dark-adapted Myc-CRY1-OX
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we discovered that GID1a pulls down much more GAI from
the extracts treated with GA relative to control extracts not
containing exogenous GA (Figure 5I). To further validate the
GA independence of the CRY1–GID1 interaction in
Arabidopsis, we generated transgenic plants overexpressing
GID1a-Flag in WT (GID1a-Flag-OX) and performed co-IP
assays with GID1a-Flag-OX seedlings that were exposed to
blue light, with GA added to the extracts during co-IP. As
shown in Figure 5J, an IP of endogenous CRY1 co-immuno-
precipitated similar levels of GID1a from the extracts of
GID1a-Flag-OX seedlings exposed to blue light, irrespective
of the addition of GA. Taken together, these results demon-
strate that CRY1 interacts with GID1a in a GA-independent
manner in Arabidopsis.

CRY1 inhibits the GA-induced interactions of GID1
with DELLA proteins
Given the demonstration that the interaction of GID1 with
DELLA proteins is essential for the GA-induced degradation
of DELLA proteins (Griffiths et al., 2006) and since CRY1
inhibits the GA-induced degradation of DELLA proteins
(Figure 1; Supplemental Figure S1), we explored whether the
interactions among CRY1, GID1, and DELLA proteins affect
GID1–DELLA interactions. We first performed split-LUC
assays in N. benthamiana leaves to confirm the interaction
between GID1 with RGA in the presence of CRY1 and GUS
as an unrelated protein: indeed, GID1a strongly interacted
with RGA, but the co-expression of CRY1 reduced the
strength of the interaction (Figure 6, A to F). We then per-
formed cell-free pull-down assays with recombinant GST–
GID1 protein and protein extracts prepared from dark-
adapted RGA-Flag-OX, cry1 RGA-Flag-OX, GAI-Flag-OX, or
cry1 GAI-Flag-OX seedlings. Much more RGA-Flag and GAI-
Flag proteins were pulled down by GST-GID1a in the ab-
sence of CRY1 than in the presence of CRY1 (Figure 6, G
and H). Next, we created double transgenic plants co-
expressing GAI-Flag and GID1a-Myc in the WT and cry1 mu-
tant backgrounds, and performed co-IP assays to confirm
the effects of CRY1 on the interaction between GID1 and
GAI with seedlings that were dark-adapted or exposed to

blue light. Exposure to blue light led to a dramatic decrease
in the GID1a–GAI interaction in the WT background, but
had no effect in the cry1 mutant background, as expected
(Figure 6I). Taken together, these results demonstrate that
photoactivated CRY1 impairs the interaction between
DELLA proteins and GID1 in planta.

GID1 and DELLA act genetically downstream of
CRY1 to regulate photomorphogenesis in blue light
That CRY1 interacts with GID1 in a blue light-dependent
manner (Figure 5, C–E) suggested that GID1 is likely in-
volved in CRY1-mediated blue light signaling. To test this
hypothesis, we first examined the photomorphogenic phe-
notype of gid1a gid1c and gid1b gid1c double mutants in
blue light. The gid1a gid1c and gid1b gid1c double mutants
had shorter hypocotyls and accumulated more anthocyanins
than WT in blue light (Supplemental Figure S8). GID1 was
previously shown to promote hypocotyl elongation in red
light (Griffiths et al., 2006; Feng et al., 2008). We thus also
analyzed the photomorphogenic phenotype of gid1a gid1c
and gid1b gid1c double mutants in far-red light: compared
to WT, the gid1a gid1c and gid1b gid1c double mutants also
developed shorter hypocotyls and produced more anthocya-
nins than the WT in far-red light (Supplemental Figure S8).
We then introduced gai-1 into the cry1 mutant background
by genetic crossing to generate the cry1 gai-1 double mu-
tant. The cry1 gai-1 mutant developed shorter hypocotyls
and accumulated much more anthocyanins than the cry1
mutant when grown in blue light (Figure 7, A–C). However,
the cry1 gai-1 double mutant exhibited longer hypocotyls
and produced much lower levels of anthocyanins than the
gai-1 mutant. These results indicate that GAI acts partially
downstream from CRY1 in regulating photomorphogenesis
in blue light. Next, we generated the cry1 gid1a gid1c and
cry1 gid1b gid1c triple mutants by genetic crossing. Both
cry1 gid1a gid1c and cry1 gid1b gid1c triple mutants devel-
oped shorter hypocotyls and accumulated much more
anthocyanins than the cry1 mutant, but had longer hypoco-
tyls and accumulated much less anthocyanin than gid1a
gid1c and gid1b gid1c double mutants (Figure 7, D–I). These

seedlings that were exposed to blue light (BL, 30 lmol�m–2�s–1), red light (RL, 50 lmol�m–2�s–1) or far-red light (FR, 10 lmol/m2/s) for 1 h. Two in-
dependent experiments were performed, and one is shown. D, E, Co-IP assays showing the blue light-dependent interaction of CRY1 with GID1a
in Arabidopsis. Dark-adapted GID1a-Flag-OX (D) and cry1 GID1a-Flag-OX (E) seedlings were maintained in the dark or exposed to blue light
(50 lmol�m–2�s–1) for 1 h, followed by immunoprecipitation with anti-CCT1 antibody. The IP (CRY1) and co-IP signals (GID1a) were detected in
immunoblots probed with anti-CCT1 and anti-Flag antibodies, respectively. Two independent experiments were performed, and one is shown.
F, G, Split-luciferase complementation imaging assays illustrating the interaction of CRY1 with GID1 in a GA-independent manner in N. benthami-
ana cells. Application of 100-lM GA3 did not affect the interaction of CRY1 with GID1a, GID1b, or GID1c (F). The quantification of luciferase ac-
tivity for the samples in (F) is shown in (G). Data are shown as means of biological triplicates 6 SD (n ¼ 4). Letters “a” and “b” indicate statistically
significant differences for the indicated values, as determined by a one-way analysis of variance (ANOVA), followed by Tukey’s least significant dif-
ference (LSD) test (P < 0.05). H, I, Cell-free GST pull-down assays showing the GA-independent interaction of CRY1 with GID1. GST–GID1a served
as bait. Preys were protein extracts prepared from dark-adapted Myc-CRY1-OX (H) and GAI-Flag-OX (I) seedlings exposed to blue light
(50 lmol�m–2�s–1) for 1 h. Extracts were mixed with GST–GID1a, and then 100-lM GA3 was added (þ) or not (�). Two independent experiments
were performed, and one is shown. J, Co-IP assays showing the GA-independent interaction of CRY1 with GID1 in Arabidopsis. Dark-adapted
GID1a-Flag-OX seedlings were exposed to blue light (50 lmol�m–2�s–1) for 1 h, and followed by immunoprecipitation with an anti-CCT1 antibody
without (–) or with (�) 100-lM GA3 added. The IP (CRY1) and co-IP signals (GID1a) were detected in immunoblots probed with anti-CCT1 and
anti-Flag antibodies, respectively. Two independent experiments were performed, and one is shown.
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results indicate that GID1 may also act partially downstream
of CRY1 to regulate photomorphogenesis in blue light. We
made several attempts to isolate a gid1a gid1b gid1c triple
mutant and a cry1 gid1a gid1b gid1c quadruple mutant,
hoping to obtain a stronger photomorphogenic phenotype,
but failed, because the gid1a gid1b gid1c mutant was sterile
in our hands.

Discussion
During their lifecycle, the modulation of plant developmen-
tal plasticity relies on the perception of external signal such
as changes in light quality and quantity, as well as internal
signals such as the phytohormones (GA), auxin (IAA), and
BRs, to fine-tune the status of growth. Given that light and

these phytohormones act to control the same developmen-
tal processes, the coordination of their actions is critical to
balance plant growth. Significant progress has been made in
elucidating the molecular mechanisms underlying this coor-
dination. For example, the signaling crosstalk between GA
and light is mediated through the repression of the DNA
binding ability of PIF3 and PIF4, pivotal negative regulators
of photomorphogenesis (Ni et al., 1998, 1999; Leivar et al,
2008), through the direct interaction of DELLA proteins with
PIF3 and PIF4 (de Lucas et al., 2008; Feng et al., 2008). In ad-
dition, CRY1- and phyB-mediated light signaling inhibits
auxin signaling and hypocotyl cell elongation via the direct
interaction of CRY1 and phyB with AUX/IAA proteins to
stabilize AUX/IAAs, and with ARFs to inhibit their DNA

Figure 6 CRY1 impairs the interaction of DELLA proteins with GID1. A–F, Split-luciferase complementation imaging assays indicating that CRY1
prevents the interaction of GID1a with RGA (A) and GAI (B) in N. benthamiana leaves. The quantification of luciferase activity for the samples in
(A) and (B) is shown in (E) and (F). Data are shown as means of biological triplicates 6 SD (n ¼ 4; Student’s t test, **P < 0.01). The accumulation
of CRY1-YFP and GUS-YFP was detected with an anti-GFP antibody in (C) and (D). G, H, Cell-free GST pull-down assays showing that CRY1 pre-
vents the interaction of GID1a with RGA (G) and GAI (H). GST-GID1a served as bait. Preys were protein extracts prepared from dark-adapted
RGA-Flag-OX and GAI-Flag-OX seedlings in the WT or cry1 backgrounds and exposed to blue light (50 lmol�m–2�s–1) for 1 h. The extracts were
mixed with GST-GID1a, in the absence (–) or presence (þ) of 100-lM GA3. Two independent experiments were performed, and one is shown. I,
Co-IP assays showing that CRY1 prevents the interaction of GID1a with GAI in Arabidopsis. Protein was extracted from 5-day-old dark-adapted
double transgenic seedlings GAI-Flag-OX GID1a-Myc-OX in the WT and cry1 backgrounds and exposed to blue light (BL) for 1 h, followed by
immunoprecipitation with an anti-Myc beads in the absence (–) or presence (þ) of 100-lM GA3. The immunoprecipitates were probed with
anti-Flag and anti-Myc antibodies. Relative band intensities were normalized for each panel and are shown below each lane. Two independent
experiments were performed, and one is shown.
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binding activity (Xu et al., 2018; Mao et al., 2020). CRY1 and
UVR8 also mediate the blue and UV-B light repression, re-
spectively, of BR signaling to inhibit hypocotyl elongation
through their direct interaction with dephosphorylated BES1
to prevent its DNA binding activity (Liang et al, 2018; Wang
et al, 2018a). Our previous study suggested that CRY1 medi-
ates the repression of GA-promoted hypocotyl elongation in
blue light through the regulation of GA-responsive genes
(Wang et al., 2016). Whether light regulates GA signaling
through direct interaction between photoreceptors and key
components in GA signaling was unknown.

In the present study, we reveal new connections between
regulatory pathways by which Arabidopsis CRY1 mediates

the regulation of seedling morphogenesis through inhibition
of GA signaling in blue light. Our results suggest that CRY1
may mediate blue light inhibition of GA-induced degrada-
tion of DELLA proteins through its blue light-dependent in-
teraction with DELLA proteins (Figures 1 and 3), which leads
to inhibition of the interaction between SLY1 and DELLA
proteins and suppress their ubiquitination (Figure 4).
Furthermore, we show that CRY1 may also mediate blue
light inhibition of GA-induced degradation of DELLA pro-
teins through its direct blue light-dependent interaction
with the GA receptor GID1 (Figure 5). Such an interaction,
together with the blue light-induced interaction of CRY1
with DELLA proteins, may result in the dissociation of

Figure 7 GID1 and DELLA act genetically downstream from CRY1 to regulate photomorphogenesis. A, Representative phenotypes of gai-1 and
cry1 gai-1 mutant seedlings grown in continuous blue light (30 lmol�m–2�s–1) for 5 days. Scale bars, 5 mm. B, C, Mean hypocotyl lengths and an-
thocyanin contents of the genotypes in (A). D, Representative phenotypes of gid1a gid1c and cry1 gid1a gid1c mutant seedlings grown in continu-
ous blue light (30 lmol�m–2�s–1) for 5 days. Scale bars, 5 mm. E, F, Mean hypocotyl lengths and anthocyanin contents of the genotypes in (D).
G, Representative phenotypes of gid1b gid1c and cry1 gid1b gid1c mutant seedlings grown in continuous blue light (30 lmol�m–2�s–1) for 5 days.
Scale bars, 5 mm. H, I, Mean hypocotyl lengths and anthocyanin contents of the genotypes in (G). Data in (B), (E), and (H) are means 6 SD

(n ¼ 30). Data in (C), (F), and (I) are means 6 SD (n ¼ 3). Letters “a” to “d” indicate statistically significant differences for the indicated values, as
determined by a one-way analysis of variance (ANOVA), followed by Tukey’s least significant difference (LSD) test (P < 0.05).
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DELLA proteins from GID1 (Figure 6). Given that the GA-in-
duced interaction of GID1 with DELLA proteins is essential
for their recognition by SCFSLY1 for ubiquitination (Murase
et al., 2008; Shimada et al., 2008; Sun, 2011), the repression
by photoactivated CRY1 of the GID1-DELLA interaction may
interfere with the recognition of DELLA proteins by SCFSLY1,
thereby inhibiting their ubiquitination and degradation.

Previous studies have reported that photoreceptor-medi-
ated light signaling regulates the stability of key transcrip-
tional regulators in phytohormone signaling via direct
interaction. For example, phyB mediates the red light-in-
duced degradation of ETHYLENE INSENSITIVE 3 (EIN3) by
enhancing the binding of EIN3-BINDING F BOX PROTEIN 1
(EBF1) and EBF2, components of an E3 ubiquitin ligase com-
plex, to EIN3 to regulate ethylene responses (Shi et al.,
2016). Blue light-triggered interaction of CRY1 with AUX/
IAA proteins inhibits their association with TRANSPORT
INHIBITOR RESPONSE 1 (TIR1) and thus represses their
auxin-induced degradation (Xu et al., 2018). However,
whether light regulates the stability of these transcriptional
regulators in phytohormone signaling via direct interaction
between the photoreceptor and the phytohormone receptor
has not been reported. The present study reveals an addi-
tional layer in the regulation of the stability of DELLA pro-
teins and GA signaling by light, which can be mediated by
the direct interaction of the photoreceptor CRY1 with the
phytohormone receptor GID1.

The biological significance of the blue light-dependent in-
teraction of CRY1 with DELLA proteins and GID1 is sup-
ported by physiological and genetic analyses. Since CRY1 is
the major blue light photoreceptor mediating blue light-in-
duced photomorphogenesis (Ahmad and Cashmore, 1993;
Lin et al., 1996), we analyzed the photomorphogenic pheno-
type of both the loss-of-function and gain-of-function
mutants of DELLA proteins and the loss-of-function mutants
of GID1a and GID1c or GID1b and GID1c in blue light. Our
results demonstrate that DELLA proteins and GID1 promote
and inhibit photomorphogenesis in blue light, respectively
(Figure 2; Supplemental Figure S7). A genetic interaction
study further suggests that DELLA proteins and GID1 act
partially downstream from CRY1 to regulate photomorpho-
genesis in blue light (Figure 7). This conclusion is consistent
with previous studies showing that many additional compo-
nents act directly but separately downstream of CRY1 to
regulate photomorphogenesis, such as COP1/SPA1, PIFs,
AUX/IAAs, ARFs, BES1/BIM1, ARABIDOPSIS G-PROTEIN
BETA 1 (AGB1), and HOMOLOG OF BEE2 INTERACTING
WITH IBH 1 (HBI1; Lian et al., 2011, 2018; Liu et al., 2011;
Ma et al., 2016; Pedmale et al., 2016; Xu et al., 2018; Wang
et al, 2018a, 2018b; Mao et al., 2020).

It is of note that most cryptochrome-interacting proteins
also interact with phytochromes and that some phyto-
chrome-interacting proteins also interact with crypto-
chromes. These include COP1/SPAs, AUX/IAAs, ARFs, PIFs,
BES1/BIM1, and AGB1 (Wang et al., 2001, 2018a; Yang et al.,
2001; Huq and Quail, 2002; Lian et al., 2011, 2018; Liu et al.,

2011; Zuo et al., 2011; Lu et al., 2015; Ma et al., 2016;
Pedmale et al., 2016; Wu et al., 2018; Xu et al., 2018, 2019;
Mao et al., 2020; Dong et al., 2020). Given previous studies
showing that DELLA proteins inhibit hypocotyl elongation
in red light (Achard et al., 2007), and our results showing
that DELLA proteins also inhibit hypocotyl elongation and
promote anthocyanin accumulation in far-red light
(Figure 2) and that GID1 promotes hypocotyl elongation
and inhibits anthocyanin accumulation in far-red light
(Supplemental Figure S8), it is possible that phytochrome
signaling may also proceed, at least in part, through an inhi-
bition of GA signaling. Based on these studies and our dem-
onstration that CRY1 physically interacts with GID1 and
DELLA proteins to stabilize DELLA proteins and inhibit GA
signaling, we speculate that phytochromes may also interact
with GID1 and DELLA proteins to regulate GA-induced deg-
radation of DELLA proteins and GA signaling. This possibility
will be worth exploring in the future.

A growing body of evidence has shown that crypto-
chromes physically interact with transcriptional factors, such
as CRYPTOCHROME-INTERACTING BASIC-HELIX–LOOP–
HELIX 1 (CIB1) and related proteins, PIFs, ARFs, BES1, HBI1,
and TARGET OF EARLY ACTIVATION TAGGED 1 (TOE)
and TOE2, to directly regulate the transcription of genes in-
volved in photomorphogenesis, thermosensory responses,
and flowering (Liu et al., 2008b; Ma et al., 2016; Pedmale
et al., 2016; Wang et al., 2018a, 2018b; Mao et al., 2020; Du
et al., 2020). Multiple studies have demonstrated that
DELLA proteins may act as a central protein that integrates
the components from many pathways to coordinate the
regulation of plant development. For example, light and GA
signaling are integrated through direct interaction of DELLA
proteins with PIF3 and PIF4, which leads to the inhibition of
their DNA binding activity (de Lucas et al., 2008; Feng et al.,
2008). DELLA proteins also interact with ARFs and
BRASSINAZOLE-RESISTANT 1 (BZR1) to regulate their DNA
binding activity and target gene expression to regulate auxin
and BR signaling, respectively (Bai et al., 2012; Oh et al.,
2014). Based on these studies and our demonstration that
CRY1 inhibits GA-induced degradation of DELLA proteins in
blue light, it is reasonable to speculate that CRY1 may indi-
rectly regulate the transcriptional activity of PIFs, ARFs, and
BES1 through the inhibition of GA-induced degradation of
DELLA proteins. The direct and indirect regulation of tran-
scription by CRY1 may allow plants to respond to changes
in light signals rapidly and accurately, thereby fine-tuning
their growth and development.

In this study, we establish that the signaling mechanism of
Arabidopsis CRY1 involves the inhibition of GA signaling.
Based on previous studies and this work, we propose a
model describing how CRY1-mediated light signaling regu-
lates GA signaling and photomorphogenesis (Figure 8). In
the dark, CRY1 is inactive, and thus cannot interact with
GID1 or DELLA proteins. Hence, GA can trigger the forma-
tion of the GA–GID1–DELLA complex and promote
SCFSLY1–DELLA interaction and the subsequent active
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degradation of DELLA proteins through the 26S proteasome.
PIFs are then released from the repression imposed by
DELLA proteins, and can bind to and promote the expres-
sion of target genes to promote skotomorphogeneis by en-
hancing hypocotyl elongation and inhibiting anthocyanin
accumulation (Figure 8A); Upon illumination, CRY1
becomes activated and can then interact with GID1 and
DELLA proteins to inhibit the GA-induced degradation of
DELLA proteins by interfering with their association with
GID1 and SCFSLY1 (Figure 8B). Moreover, CRYs can mediate
blue light inhibition of GA biosynthesis to stabilize DELLA
proteins (Zhao et al., 2007). DELLA proteins thus accumulate
and interact with PIFs to repress their DNA binding activity,
thereby repressing the expression of their target genes inhib-
iting photomorphogenesis. The interaction between GID1
and DELLA proteins was previously shown to be induced by
GA (Griffiths et al., 2006; Willige et al., 2007), and now we
establish that the interaction between CRY1 and DELLA
proteins is triggered by blue light. Therefore, this model pro-
vides a molecular framework for the antagonistic regulation
of the stability of DELLA proteins and promotion of photo-
morphogenesis by blue light and GA.

Why does CRY1 inhibit GA signaling by interacting with
both GID1 and DELLAs? Cryptochrome was the first

photoreceptor to evolve about 1.9 billion years ago (Han
et al., 2019). Indeed, most red algae lived in deep waters,
where blue light served as both their main source of energy
and signals for their growth and development. DELLAs origi-
nated in plants when they colonized land. The CRY1–
DELLAs module may have preceded the acquisition of the
GA/GID1 system, because this system appeared in lyco-
phytes (Bowman et al., 2017), and was initially utilized to in-
hibit COP1-mediated degradation of DELLAs at least in the
shade and at high temperatures (Blanco-Tourinan et al.,
2020). During evolution, a phytohormone-sensitive lipase
evolved into the GA receptor GID1 to regulate GA-induced
degradation of DELLAs. To efficiently mediate light regula-
tion of GA signaling, the CRY1–GID1 module evolved to in-
hibit GA-induced degradation of DELLAs. Given the
demonstration that DELLAs are substrates of COP1 and sta-
bilized in a light-dependent, but GA-independent fashion
(Blanco-Tourinan et al., 2020), and that CRYs interact with
COP1 (Wang et al, 2001; Yang et al, 2001) and regulate
plant growth in response to shade and warm temperatures
(Ma et al., 2016; Pedmale et al., 2016), it is possible that
CRY1 may affect the interaction of COP1 with DELLAs to in-
hibit their COP1-dependent degradation in the shade and at
warm temperatures.

Previous studies have demonstrated that GA binds
strongly to GID1, leading to the formation of a hydrophobic
surface at its N terminus that facilitates its interaction with
DELLA proteins (Murase et al., 2008; Shimada et al.,
2008). Given our demonstration that blue light triggers the
interaction between CRY1 and GID1 (Figure 5), it will be
interesting to explore whether CRY1 affects the binding
of GA to GID1 and/or interfere with GA-triggered GID1 con-
formational change to block its interaction with DELLA pro-
teins in future studies.

Materials and methods

Plant materials and growth conditions
Arabidopsis (Arabidopsis thaliana) accessions Columbia
(Col-0) and Landsberg erecta (Ler) were used as the WT.
The cry1-104 (Col-0), cry1/hy4-2.23N (Ler), dellaq (Ler), dellap
(Col-0), gai-1 (Ler), and gid1b gid1c (Col-0) mutants, and
transgenic line overexpressing Myc-tagged CRY1 (Myc-CRY1-
OX), were described previously (Ahmad and Cashmore,
1993; Yang et al., 2000, 2001; Mao et al., 2005; Sang et al.,
2005; Achard et al., 2007; Feng et al., 2008; Park et al., 2013).
The plant expression vector pHB-3�Flag was described pre-
viously (Wang et al., 2018a). The cDNAs encoding GID1,
RGA, and GAI were cloned into pHB-3�Flag to generate
vectors overexpressing GID1-Flag, RGA-Flag, and GAI-Flag
(pHB-35S:GID1-Flag, pHB-35S:RGA-Flag, and pHB-35S:GAI-
Flag), respectively. The DNA fragments encoding the SLY1-
Myc and GID1a-Myc fusion proteins were cloned into the
plant expression vector pKYL71 (Schardl et al., 1987) to gen-
erate pKYL71-35S:SLY1-Myc and pKYL71-35S:GID1a-Myc. All
constructs used were confirmed by DNA sequencing. All the
primers used for cloning are listed in Supplemental Table S1.

Figure 8 A model illustrating how CRY1 inhibits GA-induced degrada-
tion of DELLA proteins and GA signaling. A, B, In the dark, CRY1 is in-
active and unable to interact with GID1 or DELLA proteins. GA
triggers the interaction of GID1 with DELLA proteins (DELLAs), which
are then targeted by SCFSLY1 for ubiquitination and degradation
through the 26S proteasome. PIFs are released from the repression of
DELLA proteins, and bind to the promoters of their target genes to in-
hibit photomorphogenesis, and promote their expression and skoto-
morphogenesis (A); upon blue light illumination, CRY1 is activated
and regulates the expression of GA metabolism genes to reduce GA
levels. At the same time, CRY1 interacts with GID1 and DELLAs to im-
pair the interaction of DELLAs with SLY1 and GID1. DELLA proteins
accumulate and interact with PIFs to inhibit their DNA-binding activ-
ity, leading to the inhibition of the expression of genes repressing pho-
tomorphogenesis and the promotion of photomorphogenesis (B).
Thick and thin red arrows denote gene expression being induced and
repressed, respectively. Two (in the dark) and one (in the light) red
solid circles denote more and less GA levels, respectively.
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All constructs were introduced into Agrobacterium
(Agrobacterium tumefaciens) strain GV3101, and then trans-
formed into WT Arabidopsis by the floral dip method
(Clough and Bent, 1998) to generate transgenic lines overex-
pressing GID1-Flag, RGA-Flag, and GAI-Flag in WT (Col-0).
Double transgenic lines co-overexpressing GAI-Flag and
SLY1-Myc or GID1a-Myc (GAI-Flag-OX SLY1-Myc-OX or GAI-
Flag-OX GID1a-Myc-OX) was obtained by transforming GAI-
Flag-OX plants with GV3101 strains harboring pKYL71-
35S:SLY1-Myc or pKYL71-35S:GID1a-Myc constructs, respec-
tively. The transgenic lines were screened on Murashige and
Skoog (MS) medium plates containing either 100 mg�mL–1

kanamycin or 50 mg�mL–1 hygromycin. The gai-1 mutant
was introgressed into the cry1 (Ler) mutant background to
generate the cry1 gai-1 double mutant. GID1-Flag-OX, RGA-
Flag-OX, and GAI-Flag-OX and gid1b gid1c mutant plants
were crossed with cry1 (Col-0) to generate cry1 GID1-Flag-
OX, cry1 RGA-Flag-OX, cry1 GAI-Flag-OX, and cry1 gid1b
gid1c triple mutant plants, respectively. The gid1a gid1c and
cry1 gid1a gid1c mutants were generated by crossing gid1a
with gid1b gid1c and cry1 gid1b gid1c mutants, respectively.
All plants were confirmed by phenotypic analyses and/or
immunoblot analysis.

Hydrated surface-sterilized seeds with 20% bleach were
kept at 4�C for 3 days and then sown on MS medium con-
taining 1% sucrose and 0.8% agar before release at 22�C in
continuous white light (100 lmol m�2 s�1, from cool-white
fluorescent lamps) for 24 h. Experiments involving blue, light
and far-red light illuminations were described previously
(Wang et al., 2018a). Light spectra and intensity were mea-
sured with a handheld spectroradiometer (ASD) and a Li250
quantum photometer (Li-Cor).

Measurements of hypocotyl length and anthocyanin
content
Surface-sterilized seeds of various genotypes were sown
on MS medium with 1% sucrose and kept at 4�C for 3 days,
before transfer into different light conditions. Seedlings
were allowed to grow for 5 days and then photographed
with a digital camera (Nikon). Hypocotyl length was deter-
mined with Image J software (http://rsbweb.nih.gov/ij/).
Anthocyanin content was measured by previously described
methods (Li et al., 2014).

DELLA protein degradation assay in Arabidopsis
To analyze the influence of blue light exposure time on GA-
induced DELLA protein degradation, immunoblotting assays
were performed with anti-Flag antibody (Sigma, F3165) using
RGA-Flag-OX and GAI-Flag-OX seedlings or anti-RGA anti-
body (Agrisera, AS111630) using WT and cop1-4 seedlings
grown on MS medium containing 1-lM PAC in the dark for
5 days, and then transferred into liquid MS medium with
100-lM GA3 and 1-lM PAC in the dark or continuous blue
light (30 lmol�m–2�s–1) for different lengths of time (0, 15,
30, and 45 min). To analyze the effects of light quality and
blue light intensity on GA-induced degradation of DELLA
proteins, RGA-Flag-OX and GAI-Flag-OX seedlings grown on

MS medium containing 1-lM PAC in the dark, and with 5-
day-old etiolated seedlings transferred to liquid MS medium
with 100-lM GA3 and 1-lM PAC in the dark or exposed to
blue (30 lmol�m–2�s–1), red (50 lmol�m–2�s–1) or far-red
light (30 lmol�m–2�s–1) for different lengths of time (30 and
60 min) or continuous blue light at different fluence rates
(1, 10, 100 lmol�m–2�s–1). To analyze the effects of CRY1 on
GA-induced degradation of DELLA proteins, RGA-Flag-OX,
cry1 RGA-Flag-OX, GAI-Flag-OX, and cry1 GAI-Flag-OX seed-
lings grown on MS medium containing 1-lM PAC in the
dark for 5 days were transferred into liquid MS medium
containing 100-lM GA3 and 1-lM PAC and kept in the
dark or continuous blue light (30 lmol�m–2�s–1) for different
lengths of time (30, 60, 90, and 120 min).

Total protein was extracted with lysis buffer (50-mM Tris–
HCl, pH 7.5, 150-mM NaCl, 0.2% Triton-X-100) containing
1-mM Pefabloc, 1�EDTA-free Protease Inhibitor Cocktail
(Roche), and 50-lM MG132. After centrifugation at 12,000g
for 15 min at 4�C, total protein concentration of the super-
natant was determined by Bradford assay (Bio-Rad); the su-
pernatant was then mixed with 5� sodium dodecyl (SDS)
loading buffer and boiled for 5 min. RGA-Flag and GAI-Flag
proteins were detected with anti-Flag antibody (Sigma,
F3165, 1:2,000). Immunoblot signals were detected by a
Tanon 5200 chemiluminescence/fluorescence image analysis
system.

In vitro pull-down assays with proteins produced in
Escherichia coli
Pull-down assays were performed as described previously
with minor modifications (Xu et al., 2016). The construction
of pCold-TF-CRY1, pCold-TF-CNT1, and pCold-TF-CCT1 was
described previously (Du et al., 2020). The DNA fragments
of GID1a, RGA, GAI, RGA-Nend, RGA-M5, GAI-Nend, and
GAI-M5 were cloned into pMAL-c2X (New England Biolabs,
NEB) or pGEX-4T-1 (GE Healthcare Life Sciences). His-TF-
CRY1, His-TF-CNT1, His-TF-CCT1, GST-GID1a, GST-RGA,
GST-GAI, MBP-RGA-Nend, MBP-RGA-M5, MBP-GAI-Nend,
and MBP-GAI-M5 recombinant proteins were produced in
E. coli (Rosetta). For His and MBP pull-down assays, Ni-NTA
Agarose (Qiagen, 30210) and Amylose Magnetic Beads (NEB,
E8035S) were used. The protein extracts were separated by
10% sodium dodecyl sulphate–polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride mem-
brane (Millipore, ISEQ00010). The membrane was blocked
with 5% skimmed milk in PBST solution. After probed with
primary and secondary antibodies, the membrane was incu-
bated in ECL and detected by a luminescent imaging work-
station (Tanon 5200). Prey proteins were detected by anti-
His (GenScript, A00186, 1:2,000) or anti-GST (Genscript,
A00865-100, 1:2,000) or anti-MBP antibody (NEB, E8032S,
1:2,000), and bait proteins were visualized by Coomassie
Brilliant Blue staining or detected with anti-His antibody.

Split-luciferase assays
For split-LUC assays to detect protein-protein interactions,
the cDNA fragments encoding GID1a, GID1b, GID1c, SLY1,
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sly1-d, SNE, RGA, GAI, RGA-Nend, RGA-M5, GAI-Nend, and
GAI-M5 were cloned into pCambia1300-nLUC and
pCambia1300-cLUC (Mao et al., 2020). These constructs and
those expressing Venus-nLUC, cLUC-Venus, CRY1-nLUC,
CNT1-nLUC, and CCT1-nLUC (Du et al., 2020; Wang et al.,
2021) were introduced individually into Agrobacterium
strain GV3101. The resulting colonies harboring the indi-
cated constructs expressing nLUC or cLUC fusions were
grown in LB medium overnight, collected by centrifugation
and resuspended in infiltration buffer (liquid MS medium).
Bacterial suspensions were then mixed in a 1:1 ratio and in-
filtrated into N. benthamiana leaves. For split-LUC assays to
determine the effects of GA on the interaction of CRY1
with GID1, GV3101 colonies harboring constructs expressing
CRY1-nLUC and cLUC-GID1a or cLUC-GID1b or cLUC-GID1c
were mixed in a 1:1 ratio and infiltrated into N. benthami-
ana leaves. Bacterial suspensions bearing GAI-nLUC or SLY1-
nLUC and cLUC-GID1a were used as positive and negative
controls, respectively. After 2–3 days, N. benthamiana leaves
were infiltrated with 1-mM D-luciferin sodium salt substrate
(Yeasen) and 100-lM GA3 or an equivalent amount of abso-
lute ethanol (Mock), and kept in the dark for 10 min. LUC
signal was collected on a luminescent imaging workstation
(Tanon 5200 Chemiluminescence imaging system). For split-
LUC assays to determine the effects of CRY1 on the interac-
tion of GID1 or SLY1 with DELLA proteins, GV3101 colonies
harboring the constructs expressing cLUC-GID1a or cLUC-
sly1-d, RGA-nLUC or GAI-nLUC, and CRY1-YFP or GUS-NLS-
YFP (negative control; Wang et al., 2018a) were mixed in a
1:1 ratio and infiltrated into N. benthamiana leaves. After
2–3 days, N. benthamiana leaves were infiltrated with 1-mM
D-luciferin sodium salt substrate and kept in the dark for 10
min. LUC signal was collected with a luminescent imaging
workstation.

Cell-free pull-down assays with Arabidopsis protein
extracts
For assays of blue light-specific CRY1–GID1 and CRY1–
DELLA interactions, recombinant GST–GID1, GST–GAI, and
GST–RGA bait proteins were first incubated with 10 lL
MagneGST glutathione particles (Promega, V8611) and then
washed three times with lysis buffer (50-mM Tris–HCl, pH
7.5, 150-mM NaCl, 0.2% Triton X-100). Protein extracts from
Myc-CRY1-OX seedlings were used as preys, which were
adapted to darkness for 5 days and then remained in the
dark for 1 h or exposed to blue (30 lmol�m–2�s–1), red
(50 lmol�m–2�s–1), or far-red light (10 lmol�m–2�s–1) for
1 h. All seedlings were homogenized in lysis buffer plus
1-mM Pefabloc, 1�EDTA-free Protease Inhibitor Cocktail
(Roche), and 50-lM MG132. After centrifugation at 12,000g
for 15 min at 4�C, the supernatant was incubated with bait
proteins bound to glutathione particles for 1 h and washed
four to five times with 1-mL lysis buffer each time. The pre-
cipitates were then eluted with 20-lL SDS 1�loading buffer
and subjected to immunoblot analysis with anti-Myc anti-
body (Millipore, 05-724, 1:2,000).

For assays of CRY1 effects on RGA–PIF3 interactions, we
purified recombinant MBP–PIF3 as described previously (Xu
et al., 2018). Prey samples were protein extracts prepared
from dark-grown RGA-Flag-OX and Myc-CRY1-OX seedlings
and maintained in the dark or exposed to blue light
(50 lmol�m–2�s–1) for 2 h. The subsequent steps were as
described above.

For assays of CRY1 effects on SLY1–DELLA and GID1–
DELLA interactions, prey samples were protein extracts pre-
pared from RGA-Flag-OX, GAI-Flag-OX, cry1 RGA-Flag-OX,
cry1 GAI-Flag-OX, and Myc-CRY1-OX seedlings first grown in
continuous white light for 4–5 days, and dark-adapted for 3
days before being exposed to blue light (30 lmol�m–2�s–1)
for 1 h. During the EZview Red Anti-c-Myc Affinity Gel
(Sigma, E6654) used for incubation, 100-lM GA3 or ethanol
(negative control) was added to the supernatant to explore
the influence of GA3 on SLY1–DELLA and GID1–DELLA
interactions. The beads were washed three times with lysis
buffer containing 100-lM GA3 after incubation. Prey and
bait proteins were detected using anti-Flag and anti-GST
antibodies, respectively.

Co-IP assays
For co-IP assays of blue light-dependent CRY1–DELLA,
CRY1–GID1, and CRY1–SLY1 interactions, RGA-Flag-OX,
cry1 RGA-Flag-OX, GAI-Flag-OX, cry1 GAI-Flag-OX, GID1a-
Flag-OX, cry1 GID1a-Flag-OX, GAI-Flag-OX/SLY1-Myc-OX, and
GAI-Flag-OX GID1a-Myc-OX seedlings were grown in contin-
uous white light for 4–5 days, and then dark-adapted for
3 days. One half of the dark-adapted seedlings was kept in
the dark for 1 h, while the other half was exposed to blue
light (50 lmol�m–2�s–1) for 1 h. All seedlings were then har-
vested under a dim green safe light and homogenized in
lysis buffer (50-mM Tris–HCl, pH 7.5, 150-mM NaCl, 0.2%
Triton X-100) containing 1-mM Pefabloc, 1�EDTA-free
Protease Inhibitor Cocktail (Roche), and 50-lM MG132.
Total protein concentration was determined by Bradford as-
say and equal amounts of total protein was incubated in 1
mL of lysis buffer with anti-CCT1 antiserum (Sang et al.,
2005) attached to Dynabeads protein G beads (GE health-
care) at 4�C for 2 h. For co-IP assays of the effects of GA3

on the interaction of CRY1 with GID1, protein extracts pre-
pared from GID1a-Flag-OX seedlings were incubated with
100-lM GA3 for 1 h with protein G beads combined with
anti-CCT1 antiserum. For co-IP assays of the effects of CRY1
on the interaction of DELLA proteins with SLY1 and GID1a,
5-day-old etiolated double transgenic GAI-Flag-OX SLY1-
Myc-OX and GAI-Flag-OX GID1a-Myc-OX seedlings in the
WT and cry1 mutant backgrounds were used. For co-IP
assays with N. benthamiana leaves, the DNA fragments
encoding RGA-Nend-Flag, RGA-M5-Flag, GAI-Nend-Flag, and
GAI-M5-Flag were cloned individually into the pHB vector.
N. benthamiana leaves were infiltrated with GV3101 colonies
harboring these constructs and those expressing Myc-CRY1
and cLUC-NLS-Flag (Sang et al., 2005; Wang et al., 2018a).
For IP with anti-Flag antibody, Flag-tagged RGA-Nend, RGA-
M5, GAI-Nend, or GAI-M5 constructs were co-infiltrated
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with Myc-CRY1 in N. benthamiana leaves. Equal amounts of
total protein in 1 mL of lysis buffer from N. benthamiana
leaves co-infiltrated with Myc-CRY1 and RGA-Nend or RGA-
M5 or GAI-Nend or GAI-M5 were incubated with 10-lL anti-
Flag beads (Smart-Lifesciences, SA042001) at 4�C for 2 h. All
immunoprecipitates were washed three to four times with
lysis buffer, and then eluted with 20-lL SDS 1�loading
buffer and subjected to immunoblot analysis with anti-
CCT1 or anti-Flag or anti-Myc antibody.

In vivo ubiquitination assays
For assays of the effects of CRY1 on the ubiquitination of
DELLA proteins, WT, RGA-Flag-OX, and cry1 RGA-Flag-OX
seedlings were grown in blue light (30 lmol�m–2�s–1) for 5
days, and then treated with 100-lM GA3 and 50-lM
MG132 in liquid MS medium for 2 h. Total protein was
extracted and protein concentration was determined by
Bradford assay; equal amounts of total protein in 1 mL of
lysis buffer (50-mM Tris–HCl, pH 7.5, 150-mM NaCl, 0.2%
Triton X-100) containing 1-mM Pefabloc, 1�EDTA-free
Protease Inhibitor Cocktail (Roche), and 50-lM MG132,
were incubated with anti-Flag beads at 4�C for 2 h. The
immunoprecipitates were washed three to four times with
lysis buffer, and then eluted with 20-lL SDS 1�loading
buffer and subjected to immunoblot analysis with anti-ubiq-
uitin (CST, 3936S) and anti-Flag antibodies.

Accession numbers
Sequence data from this article can be found in the EMBL/
GenBank database or the Arabidopsis Genome Initiative
database under the following accession numbers: CRY1
(At4g08920), RGA (At2g01570), GAI (At1g14920), SLY1
(At4g24210), SNE (At5g48170), GID1a (At3g05120), GID1b
(At3g63010), and GID1c (At5g27320).
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