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Photoexcited CRY1 physically interacts with ATGS8
to regulate selective autophagy of HY5
and photomorphogenesis in Arabidopsis

Jiachen Zhao,"?
1,2,%

Huishan Liu,*?
Wenxiu Wangh?*

Guanggiong Yang,"?
Tongtong Guo,?{2) Hong-Quan Yang,

Yuting Niu,"?
Zhilei Mao,*?

Lu Jiang,“*>7(®) Shilong Zhang,"*"
Minyu Xiong,»*(®) Lingyi Xie,»*

'Shanghai Key Laboratory of Plant Molecular Sciences, College of Life Sciences, Shanghai Normal University, Shanghai 200234, China

2Shanghai Collaborative Innovation Center of Plant Germplasm Resources Development, College of Life Sciences, Shanghai Normal University, Shanghai 200234,
China

*Author for correspondence: hgyang@shnu.edu.cn (H.-Q.Y.), wangwenxiu85@shnu.edu.cn (W.W.)

"These authors contributed equally to this work.

The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the Instructions for
Authors (https:/academic.oup.com/plcell/pages/General-Instructions) is Wenxiu Wang (wangwenxiu85@shnu.edu.cn).

Abstract

Cryptochromes (CRYs) are blue light photoreceptors that regulate various light responses in plants, including photomorphogenesis.
Autophagy is a tightly controlled intracellular degradation pathway that plays a critical role in plant growth and development. CRY
signaling inhibits the 26S proteasome-dependent degradation of LONG HYPOCOTYL 5 (HYS5) through interactions with the
CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1)-SUPPRESSOR OF PHYA-105 1 (SPA1) complex. However, whether CRY1 mediates the blue
light-driven regulation of photomorphogenesis by regulating the autophagic degradation of HY5 remains unclear. Here, we show that
CRY1 directly interacts with ATGS, a key player in selective autophagy, in a blue light-dependent manner in Arabidopsis (Arabidopsis
thaliana). ATG8 and ATG5/ATG7 act genetically downstream of CRY1, but upstream of HYS5, to regulate photomorphogenesis. In darkness,
AUTOPHAGY-RELATEDS (ATG8) physically interacts with HY5 to facilitate its autophagic degradation and promote skotomorphogenesis.
Under blue light, the CRY1-ATG8 interaction inhibits the ATG8-HY5 interaction, suppressing the nuclear export and co-localization of
ATG8 and HYS to the autophagosome, and HY5 degradation in the vacuole. This study reveals how CRY1-mediated blue light signaling
regulates HY5 autophagy, which enables plants to fine-tune photomorphogenic development in response to light and nutrient availability.

Introduction

Light serves as a crucial environmental signal, providing energy
and regulating various developmental processes throughout a
plant’s lifecycle (Deng and Quail 1999). To sense light, plants
have evolved diverse photoreceptors that monitor both quantita-
tive and qualitative changes in light. These include blue/UV-Alight
receptors cryptochromes (CRY1 and CRY2, CRYs), phototropins
(PHOT1 and PHOT?), red/far-red light receptors (phytochromes:
phyA-phyE), and the UV-B receptor UVR8 (Ahmad and Cashmore
1993; Briggs and Christie 2002; Quail 2002; Rizzini et al. 2011).
Among these, CRYs are the only photoreceptors conserved across
all major evolutionary lineages, underscoring their fundamental
role. CRYs mediate key physiological processes in plants, including
photomorphogenesis, photoperiodic flowering, circadian rhythm
regulation, stomatal function, and DNA repair (Ahmad and
Cashmore 1993; Guo et al. 1998, 2023; Somers et al. 1998; Briggs
and Christie 2002; Ohgishi et al. 2004; Mao et al. 2005; Liu et al.
2008; Kang et al. 2009; Cao et al. 2021; Wang et al. 2021b).
Skotomorphogenesis is characterized by elongated hypocotyls

growth. Recent studies have also revealed a noncanonical role of
CRY2 in darkness, where it modulates the Arabidopsis transcrip-
tome and suppresses cell division in the root apical meristem, lead-
ing to reduced root elongation (Zeng et al. 2025). CRYs regulate the
circadian clock in Drosophila melanogaster and Mammalia (Emery
et al. 1998; Kume et al. 1999) and enable migratory birds to sense
the Earth’s magnetic field for navigation (Gegear et al. 2010).
CRYs structurally consist of an N-terminal photolyase homolo-
gous region (PHR) domain and a C-terminal extension (CCE) (Yang
et al. 2000; Yu et al. 2010). The PHR domain supports homodime-
rization of CRY1 and CRY?2 (Sang et al. 2005; Yu et al. 2007), a proc-
ess essential for photoreceptor activity but inhibited by Blue light
Inhibitors of Cryptochromes 1 (BIC1) (Wang et al. 2016). This do-
main also facilitates interactions with key transcription regula-
tors in phytohormone signaling, such as Aux/IAA, AUXIN
RESPONSE FACTOR (ARF) (for auxin), BRI1T-EMS-SUPPRESSOR 1
(BES1) (for BR), and DELLA proteins, to coordinate photomorpho-
genesis (Wang et al. 2018; Xu et al. 2018, 2021; Mao et al. 2020;
Zhong et al. 2021). Additionally, the PHR domain mediates blue
light-dependent interactions with proteins like PHYTOCHROME

and folded and closed cotyledons, which enable them to penetrate
the soil and capture the sunlight. Photomorphogenesis is notably
characterized by reduced elongation of hypocotyls, unfolded and
expanded cotyledons, and chlorophyll accumulation, which al-
lows them to carry out photosynthesis and begin autotrophic

INTERACTING FACTORS (PIFs), ARABIDOPSIS G-PROTEIN BETA
1 (AGB1), SWR1 Complex Subunit 6 (SWC6)/Actin-Related
Protein 6 (ARP6), and Structural Maintenance of Chromosomes 5
(SMC5)/Alteration/Deficiency in Activation 2B (Ada2b), which reg-
ulate photomorphogenesis and DNA repair (Ma et al. 2016;
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Pedmale et al. 2016; Lian et al. 2018; Mao et al. 2021; Guo et al.
2023). The CCE domain mediates CRY1 signaling by interacting
with COP1, an E3 ubiquitin ligase that regulates light signaling,
and its enhancer SPAs (Deng et al. 1992; Hoecker et al. 1999; Seo
et al. 2003). This interaction inhibits COP1-SPA activity, prevent-
ing the ubiquitination and degradation of substrates like HYS
via the 26S proteasome, thereby inhibiting skotomorphogenesis
(Wang et al. 2001; Yang et al. 2001; Seo et al. 2004; Jang et al.
2010; Lian etal. 2011; Liu et al. 2011). HY5, a bZIP transcription fac-
tor, plays a central role in inhibiting skotomorphogenesis in dark-
ness and promoting photomorphogenesis in response to light
(Oyama et al. 1997). However, it remains unclear whether HYS is
degraded via the autophagy pathway or whether CRY1 regulates
photomorphogenesis through autophagy inhibition.

Autophagy is a tightly regulated intracellular degradation
pathway in eukaryotes, facilitated by a conserved set of
AuTophaGy-related (ATG) proteins (Ohsumi 2014). In plants,
over 30 ATG proteins form the core autophagy machinery, which
is essential for stress adaptation, development, and defense
(Marshall and Vierstra 2018; Qi et al. 2021). Among these, ATGS8
(or Microtubule-Associated Protein 1 Light Chain 3 (LC3) in mam-
mals) plays a central role in selective autophagy. When lipidated
with phosphatidylethanolamine (PE), ATG8 regulates key stages
of autophagy, including autophagosome formation, cargo recog-
nition, and fusion with lysosomes or vacuoles (Nakatogawa
et al. 2007; Nakatogawa 2013; Marshall and Vierstra 2018;
Johansen and Lamark 2020). This lipidation is mediated by the
E1l- and E3-like enzyme activities of ATG5 and ATG7, making
them critical components of the autophagy pathway (Hanada
et al. 2007; Taherbhoy et al. 2011; Marshall and Vierstra 2018;
Lamark and Johansen 2021). ATG8 directly interacts with specific
substrates to mediate their autophagic degradation. For instance,
Arabidopsis ATG8 targets S-nitrosoglutathione reductase 1
(GSNOR1) to regulate nitric oxide signaling (Zhan et al. 2018),
while rice (Oryza sativa) ATG8 degrades Heading date 1 (Hd1) in
the vacuole to control heading date (Hu et al. 2022). In mammals,
LC3 interacts with nuclear proteins such as Sirtl and Lamin B1,
mediating their autophagic degradation to influence aging and tu-
morigenesis (Dou et al. 2015; Xu et al. 2020).

In this study, we show that CRY1 interacts with ATG8 in a blue
light-dependent manner, inhibiting the interaction of ATG8 with
HYS5. The atg5 atg7 and atg8 mutants exhibit reduced skotomor-
phogenesis in darkness but enhanced photomorphogenesis under
blue light, with being more pronounced with than without nu-
trient starvation. Moreover, ATG8 and ATG5/ATG?7 act genetically
downstream of CRY1, but upstream of HY5, to regulate photomor-
phogenesis. We further demonstrate that, in darkness, ATG8 and
HY5 are co-localized to autophagosomes, leading to the autopha-
gic degradation of HY5. Under blue light, CRY1 disrupts this proc-
ess by inhibiting the ATG8-HY5 interaction. Moreover, we show
that CRY1 mediates blue light inhibition of ATG8 export from
the nucleus, as well as the formation of autophagosome. These
findings suggest that the signaling mechanism of CRY1 involves
inhibition of the selective autophagy of HYS, especially under nu-
trient starvation.

Results
CRY1 physically interacts with ATG8

Our screening for CRY1 N-terminus (CNT1)-interacting proteins
using the GAL4 yeast two-hybrid system identified ATG8i, a key
player in the selective autophagy pathway (Wang et al. 2018).

We found that the full-length CRY1 interacted with ATGSi
(Fig. 1A), and that CNT1 interacted with all 9 Arabidopsis ATG8s
(ATG8a-i) to varying degrees in yeast cells, whereas the CCE do-
main of CRY1 did not (Supplementary Fig. S1). In vitro pull-down
assays confirmed that both CNT1 and CRY1 interacted with
ATG8a-1to varying degrees (Fig. 1B). Next, we focused on the well-
studied ATG8s, ATG8a, and ATG8e (Yoshimoto et al. 2004;
Marshall et al. 2015; Qi et al. 2017; Liu et al. 2020), to determine
the interaction of CRY1 with ATGS8 in plants. We performed pro-
tein co-localization assays in Nicotiana benthamiana cells express-
ing ATG8a and ATG8e tagged with mCherry together with CNT1
tagged with YFP, respectively. The results showed that ATG8a
and ATGS8e co-localized with CNT1 in the same nuclear bodies
(Fig. 1C), indicating their interactions in plant cells.

Next, we determined whether the interaction of CRY1 with ATG8
might be blue light-dependent. To this end, we first performed
semi-in vivo pull-down assays and found that GST-ATG8a pulled
down Myc-CRY1 from the transgenic Arabidopsis seedlings overex-
pressing Myc-CRY1 (Myc-CRY1-OX) exposed to blue light, but not
from those either adapted in darkness or exposed to red or far-red
light (Fig. 1D). Co-immunoprecipitation (co-IP) assays using N.
benthamiana leaves transiently expressing Myc-CRY1 together
with YFP-ATG8a or YFP-ATGS8e, or YFP control, demonstrated the
interaction of CRY1 with ATG8a or ATG8e in vivo (Fig. 1E). We
then performed co-IP assays with transgenic Arabidopsis lines over-
expressing ATG8a and ATG8e tagged with YFP in the wild-type (WT)
background (YFP-8a-OX and YFP-8e-OX), respectively. As shown in
Fig. 1, F and G, IP of YFP-ATG8a or YFP-ATG8e co-immunoprecipi-
tated the endogenous CRY1 in the extract from YFP-8a-OX or
YFP-8e-OX seedlings exposed to blue light, but did not in the extract
from those adapted in darkness or from WT seedlings irradiated by
blue light, indicating blue light-dependent interactions of CRY1
with ATG8a and ATG8e.

Typically, ATG8-binding proteins contain ATG8-interacting mo-
tifs (AIM) characterized by a W/F/Y-X-X-V/I/L consensus (Marshall
and Vierstra 2018). We identified 4 putative AIM motifs in CRY1:
YDPL (AA111-114), YPLV (AA341-344), WDTL (AA385-388), and
WQYTI (AA400-403). Yeast two-hybrid assay showed that Y111A
L114A, Y341A V344A, and W400A 1403A mutations within these
AIM motifs compromised the interaction of CRY1 with ATGS8I
(Supplementary Fig. S2, A and B), respectively. Further split-LUC
assays demonstrated that, although these mutations did not sig-
nificantly affect CRY1 protein stability, they led to varying degrees
of decrease in the interaction of CRY1 with ATG8a (Supplementary
Fig. S2, C and D). As the AIM motif of ATG8-binding proteins often
fits into the conserved LIR/AIM docking site (LDS) on ATG8
(Marshall and Vierstra 2018), we evaluated whether LDS would
be required for the interaction of ATG8 with CRY1 by in vitro pull-
down assay using mutant ATG8e comprising Y51A/L52A muta-
tions within LDS (ATG8e™"P%). The results showed that these mu-
tations compromised the interaction of ATG8e with CRY1
(Supplementary Fig. S2E). We then generated the transgenic lines
expressing the cassettes of cDNAs encoding WT CRY1 or CRY1
with AIM1 mutations (Y111A and L114A) under the control of
CRY1 native promoter (Supplementary Fig. S3A) in cryl mutant
background (CRY1pro:CRY1/cry1 and CRY1pro:CRY1™*™/cry1), re-
spectively, with CRY1 and CRY1™*™! expressed at similar levels
(Supplementary Fig. S3B). Hypocotyl growth analysis showed
that AIM1 mutation compromised CRY1’s capacity to rescue the
cryl mutant phenotype (Supplementary Fig. S3, C to F). Taken to-
gether, these results suggest that CRY1 may interact with ATG8
to regulate autophagy and hypocotyl elongation under nutrient
starvation.
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Figure 1. CRY1linteracts with ATG81n a bluelight-dependent manner. A) GAL4 yeast two-hybrid assay showing interaction of the full-length CRY1 with
ATGSI. Yeast cells co-expressing the indicated combinations of constructs were grown on SD—Trp/Leu (-W-L) or SD-Trp/Leu/His/Ade (-W-L-H-A)
under blue light (30 zmol m~2 s~%). BD, GAL4 DNA-binding domain; AD, GAL4 DNA activation domain. B) In vitro pull-down assays showing the
interactions of CNT1 and CRY1 with ATG8a-i. CBB, Coomassie Brilliant Blue staining. Letters a to i denote ATG8a to ATG8i. C) Protein co-localization
assays indicating interactions of CNT1 with ATG8a/e in N. benthamiana cells. Bars, 5 ym. D) Semi-in vivo pull-down assay showing blue 1ightfspeciﬁc
interaction of CRY1 with ATG8a. Myc-CRY1-OX seedlings were adapted in darkness or exposed to blue (100 umol m=2 s™%) or red (20 umol m~? s~*) or
far-red (10 umol m~2 s7%) light for 1 h served as preys. CBB, Coomassie Brilliant Blue staining. Dk here and below in this figure, darkness; BL here and
below in this figure, blue light; RL, red light; FRL, far-red light. E) Co-IP assay showing ATG8a/e—CRY1interactions in N. benthamiana cells. Myc-CRY1 was
co-expressed with YFP-ATG8a/e or YFP control. The IP (YFP-ATG8a/e and YFP) and co-IP signals (Myc-CRY1) were detected by immunoblots probed with

anti-YFP and -Myc antibodies, respectively. F and G) Co-IP assays showing blue light-induced interactions of CRY1 with ATG8a and ATG8e in
Arabidopsis. IP (ATG8a and ATG8e) and co-IP signals (CRY1) were detected by immunoblots probed with anti-GFP and -CRY1 antibodies. IP,
immunoprecipitation. Asterisks denote the nonspecific band recognized by anti-CRY1 antibody. At least 2 independent experiments were performed

and the results were identical, and one of them is shown.

The autophagy pathway is involved in promoting
skotomorphogenesis but inhibiting
photomorphogenesis

As the ATG8-PE conjugation essential for autophagosome forma-
tion is dependent on ATG5 and ATG7 (Minina et al. 2018), atg5 or
atg7 mutant may mimic atg8 mutant and is used in autophagy stud-
ies (Thompson et al. 2005; Lai et al. 2011). We therefore took atg5
and atg7 mutants to examine the possible skotomorphogenic and
photomorphogenic phenotypes with or without nutrient (carbon
and nitrogen) starvation (-C-N and +C+N), as plant autophagy is
induced by carbon and/or nitrogen starvation (Doelling et al.
2002; Merkulova et al. 2014). The results showed that, in darkness,
both atg5 and atg7 mutants developed significantly shorter

hypocotyls than WT with or without nutrient starvation, with being
much more pronounced under nutrient starvation (Supplementary
Fig. S4, A to D). Under blue light, atg5 and atg7 mutants exhibited a
short hypocotyl phenotype under nutrient starvation only
(Supplementary Fig. S4, E to H). Given that the hypocotyl elongation
phenotype of the T-DNA insertion-mutagenized atg5 and atg7 mu-
tants is not pronounced enough, we speculate that they may not be
null mutants. Therefore, we constructed the atg5 atg7 double mu-
tant. The results showed that the atg5 atg7 mutant exhibits a stron-
ger short hypocotyl phenotype than atg5 or atg’7 single mutants
with or without nutrient starvation in darkness and blue light con-
ditions, respectively (Fig. 2, A to H and Supplementary Fig. S4, E to
H). These results indicate that ATG5 and ATG7 are involved in
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Figure 2. ATGS5, ATG7, and ATG8 act to positively regulate hypocotyl elongation in low blue light. A to D) The atg5 atg7 mutant shows inhibited
hypocotyl elongation with or without nutrient starvation in darkness. Scale bar here and below in this figure, 2 mm. +C + N denotes treatment without
nutrient starvation here and below in this figure; ~C-N denotes treatment with nutrient starvation here and below in this figure; C and N here and
below in this figure, carbon and nitrogen; Dk here and below in this figure, darkness; BL here and below in this figure, blue light. E to H) The atg5 atg7
mutant shows inhibited hypocotyl elongation with or without nutrient starvation under blue light. I to L) The atg8n mutant shows inhibited hypocotyl
elongation in darkness with or without nutrient starvation. M to P) The atg8n mutant shows inhibited hypocotyl elongation under blue light with or
without nutrient starvation. Seedlings of the indicated genotypes were grown on MS+C+N or MS—C—N medium in darkness or blue light (1 gmol
m~2?s7%) for 4 d, and hypocotyl lengths were measured. Datain B, D, F, H, J,L, N, and P are shown as means + sp (n > 25). One-way ANOVA was applied to
B and D, and different letters indicate significant differences among treatments (Tukey or Games-Howell test, P < 0.05). Student’s t-test was used for F,
H,J, L, N, and P ("*P<0.0001). At least 2 independent experiments were performed and the results were identical, and one of them is shown.
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promoting skotomorphogenesis in darkness but inhibiting photo-
morphogenesis under blue light.

Next, we generated the knock-out nonuple mutant of ATG8a-1
(atg8n) through CRISPR-Cas9 gene editing (Supplementary Fig.
S5A). We found that, like the atg5 atg7 mutant, the atg8n mutant
also showed a similar reduced skotomorphogenic phenotype in
darkness but enhanced photomorphogenic phenotype under
blue light with or without nutrient starvation, with being much
more pronounced under nutrient starvation (Fig. 2, I to P), indicat-
ing ATG8&’s role in promoting skotomorphogenesis but inhibiting
photomorphogenesis. We further determined the phenotype of a
loss-of-function mutant of an upstream autophagy regulator,
ATG11, with nutrient starvation treatment in darkness and blue
light, respectively. The results showed that the atgl1l mutant ex-
hibited a similar promoted photomorphogenesis but inhibited sko-
tomorphogenesis to atg5 atg7 and atg8n mutants (Supplementary
Fig. S4, I to L). Taken together, these results suggest that the au-
tophagy pathway is involved in promoting skotomorphogenesis
in darkness but inhibiting photomorphogenesis under blue light.

ATG5/ATG7 and ATGS act genetically downstream
of CRY1 to regulate hypocotyl elongation

To determine the possible genetic interaction between ATG5/7/8
and CRY1 in regulating photomorphogenesis under blue light,
we generated the cryl atg5 atg7 triple mutant by genetic crossing
and cryl atg8n decuple mutant using CRISPR-Cas9 gene editing
(Supplementary Fig. S5B). Phenotypic analysis revealed that the
hypocotyls of both triple and decuple mutants were significantly
shorter than cryl single mutant, but taller than atg5 atg7 double
and atg8n nonuple mutants under blue light with or without nu-
trient starvation, respectively, with being much more pronounced
with nutrient starvation (Fig. 3), indicating that ATG5/ATG7 and
ATGS genetically act partially downstream of CRY1 to regulate
photomorphogenesis. These results, in conjunction with the dem-
onstration that CRY1 physically interacts with ATG8, suggest that
CRY1 may mediate blue light regulation of photomorphogenesis,
at least in part, through the ATG5/7/8-dependent autophagy
pathway.

HYS5 acts downstream of ATG5/7 and ATG8

to regulate hypocotyl elongation

Given that the autophagy pathway is involved in regulating hypo-
cotyl growth and that HY5 is a pivotal transcriptional factor acting
downstream from the multiple photoreceptors (Osterlund et al.
2000), we evaluated the genetic interactions of HY5 with ATG5/
ATG7 and ATGS8 by constructing the atg5 atg7 hy5 triple mutant
through genetic crossing and the atg8n hy5 decuple mutant using
CRISPR-Cas9 gene editing (Supplementary Fig. S5C). The results
showed that atg5 atg7 hy5 and atg8n hy5 hypocotyls were as tall
as hy5 mutant in darkness with or without nutrient starvation
and blue light without nutrient starvation (Fig. 4, A to F and I to
N), respectively, and significantly taller than atg5 atg7 and atg8n
mutant but shorter than hy5 mutant with nutrient starvation
under blue light (Fig. 4, G, H, O, and P). These results suggest
that HYS5 genetically acts, at least partially, downstream of
ATG5/ATG7 and ATG8 to regulate skotomorphogenesis in the
dark and photomorphogenesis under blue light.

HY5 undergoes degradation via the autophagy
pathway in darkness

To explore whether autophagy might regulate skotomorphogene-
sis by mediating HY5 autophagic degradation, we analyzed
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endogenous HY5 protein levels with or without nutrient starva-
tion. The results showed that HY5 was largely degraded in WT
seedlings treated with nutrient starvation in darkness, but parti-
ally degraded in those treated without nutrient starvation in dark-
ness (Supplementary Fig. S6A). We then examined HYS levels in
atg5 atg7 mutant and found that the accumulation of HY5 was sub-
stantially higher in atg5 atg7 mutant than in WT with nutrient star-
vation in darkness (Supplementary Fig. S6B). Moreover, the
application of the autophagy inhibitors, E64d and ConA, clearly in-
hibited nutrient starvation-induced HY5 degradation in darkness
(Supplementary Fig. S6C), demonstrating that the endogenous
HY5 undergoes degradation through the autophagy pathway in
darkness.

Next, we generated the transgenic line overexpressing HY5-GFP
in WT background (HY5-GFP-OX) and analyzed HY5-GFP and free
GFP levels in HY5-GFP-OX seedlings grown on nutrient-rich me-
dium under white light for 3 d, and then treated with or without
nutrient starvation in darkness for 24 h. We found that more
HY5-GFP was degraded with than without nutrient starvation,
with increased free GFP accumulation with than without nutrient
starvation (Fig. 5A and Supplementary Fig. S6D). ConA application
blocked nutrient starvation-induced HY5-GFP degradation and
free GFP accumulation (Fig. 5B and Supplementary Fig. S6E). We
further generated the transgenic line overexpressing HY5-GFP in
atg5 atg7 mutant background (HY5-GFP-OX/atg5 atg7) and found
that, upon 24h nutrient starvation treatment in darkness,
HYS5-GFP was hardly degraded with or without ConA application
(Supplementary Fig. S6F), and free GFP accumulation was also in-
hibited in the absence of ATGS5 and ATG7 (Fig. 5C). Similarly,
HYS5-GFP degradation and free GFP accumulation were reduced
in HY5-GFP-OX/atg8n under the same conditions (Fig. 5D). These re-
sults further confirm the autophagic degradation of HY5 in dark-
ness. We also analyzed the accumulation of free YFP cleaved
from YFP-ATG8e using YFP-8-OX seedlings and found that
YFP-ATGS8e was degraded while free YFP accumulated upon 24 h
nutrient starvation treatment in darkness (Fig. SE), confirming
that the nutrient starvation treatment used in this study is able
to induce autophagy.

CRY1 mediates blue light inhibition of autophagic
degradation of HY5

To determine if blue light inhibits the autophagy pathway, we an-
alyzed the free YFP from YFP-ATG8e using YFP-8e-OX seedlings
grown on nutrient-rich medium under white light for 3d, and
then treated with nutrient starvation in darkness or blue light
for 24 h. The results showed that blue light illumination led to in-
hibition of YFP-ATG8e degradation and free YFP accumulation
(Fig. 5F), indicating that blue light represses the autophagy path-
way. We then investigated whether blue light might regulate the
autophagic degradation of HY5 by analyzing endogenous HY5
and HY5-GFP levels in WT and HY5-GFP-OX seedlings under nu-
trient starvation in darkness or blue light, respectively. The re-
sults showed that much more HYS or HY5-GFP was degraded
with nutrient starvation in darkness than under blue light, while
free GFP from HY5-GFP was lower in blue light than in the dark
(Fig. 5G and Supplementary Fig. S6, G and I), indicating blue light
inhibition of autophagic degradation of HY5. We then generated
the transgenic line overexpressing HY5-GFP in cryl background
(HY5-GFP-OX/cryl) and explored whether CRY1 might mediate
blue light inhibition of autophagic degradation of HY5 and
HY5-GFP using cryl mutant and HY5-GFP-OX/cryl seedlings
treated with nutrient starvation under blue light, respectively.
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Figure 3. ATG5/7 and ATG8 act genetically downstream from CRY1 to regulate hypocotyl elongation. A to D) ATG5 and ATG7 act genetically
downstream from CRY1 to regulate hypocotyl elongation with or without nutrient starvation under blue light. Scale bar here and below in this figure,
2 mm. +C + N denotes treatment without nutrient starvation here and below in this figure; —~C—N denotes treatment with nutrient starvation here and
below in this figure; BL here and below in this figure, blue light. E to H) ATG8 acts genetically downstream from CRY1 to regulate hypocotyl elongation
with or without nutrient starvation under blue light. Seedlings of the indicated genotypes were grown on MS + C + N or MS—C—N medium in darkness or
blue light (1 umol m=2 s for 4 d, and hypocotyl lengths were measured. Data in B, D, F, and H are means + sp (n>25). One-way ANOVA was applied,
and different letters indicate statistically significant differences as determined by Tukey/Games-Howell’s multiple testing methods (P < 0.05). At least 2
independent experiments were performed and the results were identical, and one of them is shown.

After 8 h nutrient starvation treatment under blue light, HYS was
largely degraded in cryl mutant but hardly degraded in WT
(Supplementary Fig. S6H), and that more HY5-GFP was degraded
with more free GFP accumulating in HY5-GFP-OX/cryl than in
HY5-GFP-OX seedlings after 24 h nutrient starvation treatment
under blue light (Fig. 5H and Supplementary Fig. S6J). Taken to-
gether, theseresults demonstrate that CRY1is responsible for me-
diating blue light inhibition of autophagic degradation of HYS.

HYS5 interacts directly with ATG8

Given the previous demonstration that ATG8 interacts with Hd1l
in the nucleus and mediates its autophagic degradation (Hu
et al. 2022) and our results showing that HY5 undergoes autopha-
gic degradation and that HYS5 acts genetically downstream from
ATG8 to regulate hypocotyl growth, we asked whether ATGS8
might interact with HYS. To test this, we first performed yeast
two-hybrid assays using HY5 and its deletion fragments lacking
the C-terminus containing bZIP region (HN1) or the N-terminus
comprising COP1l-interacting domain (HC1) (Osterlund et al.
2000; Lian et al. 2018) as baits, and ATG8a, ATG8e, and ATG8i as
preys (Fig. 6A). The results showed that HYS interacted with these

ATG8s, and that both HN1 and HC1 of HY5 were required for these
interactions (Fig. 6B). Further in vitro pull-down assay revealed
that ATG8a-i interacted with HY5 at different degrees, respec-
tively (Fig. 6C and Supplementary Fig. S7A). It has been reported
that ATG8 may interact with other proteins through the LDS or
UDS (ubiquitin-interacting motif docking site) motifs (Marshall
et al. 2015, 2019). In our study, we found that the 178A, F79A,
and I80A mutations within the UDS domain of ATG8e significantly
weakened the interaction between ATG8 and HYS5, whereas Y51A/
L52A mutations within the LDS domain of ATG8e enhanced this
interaction (Supplementary Fig. S7B). We further performed semi-
in vivo pull-down assays and found that GST-ATG8a or
GST-ATG8e pulled down HY5-GFP from the protein extracts
from HY5-GFP-OX seedlings, while GST did not (Fig. 6D). Co-IP as-
says using N. benthamiana leaves transiently expressing HY5-Flag
together with YFP-ATG8a or YFP-ATG8e or YFP control demon-
strated that HYS interacted with ATG8a or ATG8e in vivo
(Fig. 6E). Furthermore, we generated double transgenic lines over-
expressing HYS-Flag together with YFP-ATG8a or YFP-ATGS8e in
WT background (HY5-Flag-OX/YFP-8a-OX or HY5-Flag-OX/
YFP-8e-OX), and performed co-IP assays using these and
YFP-8a-OX or YFP-8e-OX seedlings grown under white light for
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Figure 4. HY5 acts genetically downstream from ATG5/7 and ATG8 to regulate hypocotyl elongation. A to D) HY5 acts downstream from ATG5/7 to
regulate hypocotyl elongation with or without nutrient starvation in darkness. Scale bar here and below in this figure, 2 mm. +C + N denotes treatment
without nutrient starvation here and below in this figure; ~C—N denotes treatment with nutrient starvation here and below in this figure; Dk here and
below in this figure, darkness; BL here and below in this figure, blue light. E to H) HY5 acts downstream from ATG5/7 to regulate hypocotyl elongation
with or without nutrient starvation under blue light. I to L) HY5 acts downstream from ATGS to regulate hypocotyl elongation with or without nutrient
starvation in darkness. M to P) HY5 acts downstream from ATG8 to regulate hypocotyl elongation with or without nutrient starvation under blue light.
Seedlings of the indicated genotypes were grown on MS+C+ N or MS—C—N medium in darkness or blue light (1 gmol m~s~%) for 4 d, and hypocotyl
lengths were measured. Datain B, D, F, H, ], L, N, and P are means + sb (n > 25). One-way ANOVA was applied, and different letters indicate statistically
significant differences as determined by Tukey/Games-Howell’s multiple testing methods (P <0.05). At least 2 independent experiments were
performed and the results were identical, and one of them is shown.
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Figure 5. Free GFP assays confirm HY5 degradation through the autophagy pathway in darkness. A) Western blot assays showing more accumulation
of free GFP released from HY5-GFP with than without nutrient starvation in darkness. C; N here and below in this figure, carbon and nitrogen; Dk here
and below in this figure, Dark; Values below the blots here and below in this figure represent the ratio of free GFP to HY5-GFP fusion protein signals, and
the first lane in each experiment was arbitrarily set to 1 to facilitate comparison. B) Western blot assays showing inhibition of accumulation of free GFP
released from HYS-GFP by ConA. ConA, concanamyecin A. C) Western blot assays showing inhibition of accumulation of free GFP released from HY5-GFP
by ATGS5 and ATG7 mutations. D) Western blot assays showing inhibition of accumulation of free GFP released from HY5-GFP by ATG8 mutation. E)
Western blot assays showing more accumulation of free YFP released from YFP-ATG8e with than without nutrient starvation in darkness. Values below
the blots here and below represent the ratio of free YFP to YFP-ATG8e fusion protein signals, and the firstlane in each experiment was arbitrarily set to 1
to facilitate comparison. F) Western blot assays showing blue light inhibition of free YFP released from YFP-ATG8e. G) Western blot assays showing blue
light inhibition of accumulation of free GFP released from HY5-GFP. H) Western blot assays showing CRY1 inhibition of accumulation of free GFP
released from HYS5-GFP. The HYS-GFP and YFP-ATG8e fusion proteins were detected with anti-GFP antibody. HSP82 served as a loading control. The
signals from the individual lanes were quantified by Image]J. Open arrowhead, GFP/YFP fusion; filled arrowhead, free GFP/YFP. At least 2 independent
experiments were performed and the results were identical, and one of them is shown.

4 d, and then adapted in darkness for 2 h. As shown in Fig. 6, F and
G, 1P of HY5-Flag co-immunoprecipitated YFP-ATG8a and
YFP-ATG8e in the extracts from HY5-Flag-OX/YFP-8a-OX and
HY5-Flag-OX/YFP-8e-OX seedlings, but did not in those from
YFP-8a-OX and YFP-8e-OX seedlings, demonstrating interaction
of HYS with ATGS8 in Arabidopsis.

HYS5 is co-localized with ATG8

to the autophagosome in darkness

in an autophagy-dependent manner

Since HYS interacts with ATG8 and undergoes autophagic degra-
dation, we asked whether HYS might be translocated from the nu-
cleus to the autophagosome and vacuole for degradation. To verify
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Figure 6. ATG8 interacts with HYS in vitro and in vivo. A) Schematic diagrams displaying the yeast two-hybrid bait proteins. The bZIP domain of HYS is
indicated. B) LexA yeast two-hybrid assays showing the interactions of ATG8a/8e/81 with HY5 and the requirements of N- and C-termini of HYS
(HN1land HC1) forits interactions with these ATG8s. Yeast cells co-expressing the indicated combinations of constructs were grown on SD—Trp/His/Ura
(-W-H-U) medium with X-gal. The blue precipitates on the plates represent the B-galactosidase activities. C) In vitro pull-down assays showing the
interactions of HYS with ATG8a and ATG8e. GST, GST-ATG8a and GST-ATG8e served as baits, and His-TF-HYS served as preys. Bait and the input of
prey proteins denote Coomassie Brilliant Blue staining. D) Semi-in vivo pull-down assay showing the interaction of ATG8a and ATG8e with HYS.
GST-ATG8a and GST-ATG8e served as baits, HY5-GFP extracts from dark-adapted HY5-GFP-OX seedlings served as preys. Bait protein denotes
Coomassie Brilliant Blue staining. E) Co-IP assay showing ATG8a/e-HY5 interactions in N. benthamiana cells. HY5-Flag was co-expressed with
YFP-ATG8a/e or YFP control. The IP (YFP-ATG8a/e and YFP) and co-IP signals (HY5-Flag) were detected by immunoblots probed with anti-YFP and -Flag
antibodies, respectively. F and G) Co-IP assays showing the interactions of ATG8a and ATG8e with HYS in Arabidopsis. YFP-ATG8a/e-OX and
HY5-Flag-OX/YFP-ATG8a/e-OX seedlings were grown in white light for 4 d, and then adapted in darkness for 2 h, and immunoprecipitated by anti-Flag
antibody. The IP (HYS-Flag) and co-IP signals (ATG8a and ATG8e) were detected by immunoblots probed with anti-Flag and -GFP antibodies,
respectively. At least 2 independent experiments were performed and the results were identical, and one of them is shown.

this possibility, we transiently expressed HYS5-mCherry in WT
Arabidopsis hypocotyl protoplasts treated with or without nutrient
starvation in darkness in the presence of ConA, which increases
vacuolar pH to stabilize the autophagosome in the vacuole that
can be visualized by microscopy (Liu et al. 2020). Confocal micro-
scopy showed that, without nutrient starvation, HY5-mCherry ap-
peared to be exclusively localized in the nucleus. Strikingly, upon

nutrient starvation, a portion of HY5-mCherry was translocated
to the numerous fluorescent puncta (Fig. 7A), resembling the auto-
phagic bodies accumulating within the vacuole (Qi et al. 2017). To
verify HYS translocation from the nucleus, we then expressed
HY5-mCherry with the nuclear-localized protein marker, H3-YFP,
in hypocotyl protoplasts treated as above. The results showed
that HY5-mCherry was co-localized with H3-YFP in the nucleus
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Figure 7. CRY1 mediates blue light inhibition of nutrient starvation-induced co-localization of HYS with ATG8 to the autophagic bodies. A) Confocal
microscopy images showing nutrient starvation-induced translocation of HY5-mCherry from the putative nucleus to the vacuole in darkness. Hypocotyl
protoplasts were transfected with constructs expressing HY5-mCherry, and incubated in W5-C—-N solution in darkness for 7 h before incubation in W5 + C +
N or W5-C-N solution with ConA and 24 h adaptation in darkness. Scale bar in this and other figures in this figure represents 10 xm. B) Confocal microscopy
images showing that a portion of HY5-mCherry is translocated to the vacuole from the nucleus labeled by H3-YFP upon nutrient starvation in darkness.
Protoplasts in WT background expressing HYS-mCherry and H3-YFP were incubated in W5+ C+ N or W5—C—N medium supplemented with ConA in
darkness for 24 h. C) Confocal microscopy images showing that nutrient starvation induces translocation of HY5-mCherry from the nucleus to the vacuole in
darkness in an autophagy-dependent manner. D and E) Confocal microscopy images showing nutrient starvation-induced co-localization of HY5-GFP with
mCherry-ATG8a and mCherry-ATG8e to the autophagosome in darkness. F and G) Confocal microscopy images showing that blue light inhibition of nutrient
starvation-induced translocation of HY5-mCherry from the nucleus to the vacuole is dependent on CRY1. H and I) Confocal microscopy images showing that
blue light inhibits nutrient starvation-induced co-localization of HY5-GFP with mCherry-ATG8a and mCherry-ATG8e to the autophagosome in a
CRY1-dependent manner. Confocal images were obtained from GFP and/or mCherry and/or bright field, and merged images are shown. Scale bar, 10 um. At
least 2 independent experiments were performed and the results were identical, and one of them is shown.
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without nutrient starvation in darkness, whereas a portion of
HYS5-mCherry was translocated out of the nucleus upon nutrient
starvation (Fig. 7B). To confirm whether the vacuolar puncta la-
beled by HY5-mCherry might indeed be of autophagic origin, we
examined whether they would accumulate in atg5 atg7 and atg8n
mutant protoplasts. As shown in Fig. 7C, these puncta were hardly
seen in atg5 atg7 and atg8n mutant protoplasts, indicating that the
puncta observed in the WT background are autophagosomes.
These results therefore demonstrate that HY5 is likely localized
to the autophagosome in darkness in an autophagy-dependent
manner.

To further confirm HY5’s localization to the autophagosome
under nutrient starvation, we expressed HY5-GFP together with
the autophagosome marker, mCherry-ATG8a, or mCherry-ATG8e
(Yoshimoto et al. 2004; Marshall et al. 2015; Marshall and
Vierstra 2018; Liu et al. 2020), in WT hypocotyl protoplasts treated
with or without nutrient starvation in darkness in the presence of
ConA. The results showed that, without nutrient starvation,
HYS5-GFP was exclusively localized in the nucleus, while
mCherry-ATG8a or mCherry-ATG8e was localized in both the nu-
cleus and the autophagosome (Fig. 7, D and E). However, upon nu-
trient starvation, a portion of HY5-GFP was translocated to the
autophagosome labeled by mCherry-ATG8a or mCherry-ATG8e
and largely co-localized with mCherry-ATG8a or mCherry-ATG8e
(Fig. 7, D and E). These findings confirm that HY5 is co-localized
with ATGS8 to the autophagosome in darkness in an autophagy-
dependent manner.

CRY1 mediates blue light inhibition
of autophagy-dependent co-localization of HY5
with ATGS8 to the autophagosome

To investigate whether blue light might regulate HYS vacuole lo-
calization, we analyzed its cellular localization using WT hypoco-
tyl protoplasts expressing HYS5-mCherry treated with nutrient
starvation in darkness or blue light in the presence of ConA. As
shown in Fig. 7F, the autophagic bodies were hardly seen within
the vacuole under blue light, indicating blue light inhibition of
HY5 translocation to the vacuole. To determine whether CRY1
might be involved in this process, we expressed HY5-mCherry in
WT and cryl mutant hypocotyl protoplasts treated with nutrient
starvation under blue light in the presence of ConA, respectively.
Confocal microscopy showed that numerous autophagic bodies
were seen in cryl mutant but not in WT (Fig. 7G), indicating a
role for CRY1 in mediating blue light inhibition of HYS transloca-
tion to the vacuole. We further confirmed CRY1’s role using
CRY1pro:CRY1/cry1 and CRY1pro:CRY1™™!/cry1 protoplasts, and
found that the autophagic bodies were seen in CRYIpro:
CRY1™™/cry1, but not in CRY1pro:CRY1/cryl (Supplementary
Fig. S8A), demonstrating that AIM1 is required for CRY1 inhibition
of HY5’s vacuole localization.

Next, we explored whether CRY1 might mediate blue light inhib-
ition of the co-localization of HYS with ATG8 using WT and cryl mu-
tant hypocotyl protoplasts expressing HY5-GFP, together with the
mCherry-ATG8a or mCherry-ATG8e marker, which were treated
with nutrient starvation under blue light in the presence of ConA.
The results showed that, in the WT background, HY5-GFP was local-
ized in the nucleus only, while mCherry-ATG8a or mCherry-ATG8e
was localized in both the nucleus and autophagosome (Fig. 7, Hand
I), indicating blue light inhibition of the co-localization of HYS with
ATGS8 to the autophagosome. In the cryl mutant background, how-
ever, a portion of HY5-GFP was co-localized with mCherry-ATG8a
or mCherry-ATG8e to the autophagosome (Fig. 7, H and I). We also

Regulation of CRY1-mediated selective autophagy | 11

investigated whether cycloheximide (CHX) might affect bluelight in-
hibition of the co-localization of HY5 with ATG8 in WT hypocotyl
protoplasts. The results showed that CHX treatment did not alter
the co-localization pattern of HYS5-GFP and mCherry-ATG8e
(Supplementary Fig. S8B), suggesting that their co-localization is in-
dependent of ongoing protein synthesis. These results demonstrate
that CRY1 mediates blue light inhibition of the co-localization of
HYS5 with ATGS to the autophagosome.

CRY1 mediates blue light inhibition of ATG8e
export from the nucleus

Given that HYS5 is translocated from the nucleus to the vacuolar
puncta in an autophagy-dependent manner and that HYS5 inter-
acts and is co-localized with ATGS8 in the autophagic bodies, we
postulated that ATG8 might be localized in the nucleus, which is
likely required for HYS export from the nucleus. Indeed, we found
that ATG8 was localized in the nucleus, as well as in the cyto-
plasm (Supplementary Fig. S9). We analyzed YFP-ATGS8e levels
in the nuclear and cytoplasmic fractions prepared from
YFP-8e-OX seedlings with or without nutrient starvation in dark-
ness or blue light. Results showed that more YFP-ATG8e accumu-
lated in the nucleus without nutrient starvation under blue light
than with nutrient starvation in darkness (Fig. 8A), indicating
the negative effects of blue light and rich nutrients on ATG8e ex-
port from the nucleus. We then determined YFP-ATG8e levels in
the nucleus using YFP-8e-OX seedlings treated with nutrient star-
vation in darkness or blue light, and found that more YFP-ATG8e
accumulated in the nucleus under blue light than in darkness
(Fig. 8B), indicating blue light inhibition of ATG8e export from
the nucleus. To further investigate whether CRY1 might be in-
volved in this process, we generated the transgenic line overex-
pressing YFP-ATG8e in cryl mutant background (YFP-8e-OX/cry1)
and examined YFP-ATGS8e levels in the nucleus under nutrient
starvation in darkness or blue light, with or without CHX. As
shown in Fig. 8C and Supplementary Fig. S10A, more YFP-ATG8e
accumulated in the nucleus of WT under blue light than in dark-
ness, and more YFP-ATG8e accumulated in WT than in cryl mu-
tant nucleus under blue light, regardless of CHX treatment.
Taken together, these results demonstrate that CRY1 mediates
blue light inhibition of ATG8e export from the nucleus.

CRY1 mediates blue light inhibition
of autophagosome formation

Given that ATG8 plays a critical role in autophagosome formation
(Marshall and Vierstra 2018) and interacts with CRY1 (Fig. 1 and
Supplementary Figs. Sland S2), we asked whether CRY1 would
possibly be involved in regulating the formation of autophago-
some. To test this, we analyzed autophagosome formation in
YFP-8a-OX and YFP-8e-OX seedlings under nutrient starvation in
darkness or blue light, with CHX and with or without ConA treat-
ment, by confocal microscopy. The results showed that there
were strikingly more autophagic bodies like puncta in root cells
under darkness than blue light (Fig. 8, D to G). These puncta
were autophagosomes, as they were barely seen in the transgenic
line overexpressing YFP-ATG8e in atg5 atg7 mutant background
(YFP-8e-OX/atg5 atg7) treated with nutrient starvation in darkness
(Supplementary Fig. S10B). These results demonstrated that the
formation of autophagosome was highly induced by dark but
very strongly inhibited by blue light. To examine whether CRY1
might be involved in this process, we analyzed autophagosome
formation in YFP-8a-OX/cryl or YFP-8e-OX/cryl seedlings treated
with nutrient starvation under blue light in the presence of CHX
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Figure 8. CRY1 inhibits ATG8 export from the nucleus and autophagic flux under nutrient starvation in blue light. A) Western blot analyses showing
that more YFP-ATGS8e is localized in the nucleus without nutrient starvation under blue light than with nutrient starvation in darkness. Nuc. 25% and
Cyt. 12% here and below in this figure denote a total of 12% nuclear and 25% cytoplasmic proteins were loaded for Western blotting. C; N here and below
in this figure, carbon and nitrogen; Dk here and below in this figure, Dark; BL here and below in this figure, blue light. Values below the blots in this figure
represent protein levels normalized against the loading controls as quantified using ImageJ, and the first lane in each experiment was arbitrarily set to 1
to facilitate comparison. B) Western blot analyses showing that more YFP-ATG8e is localized in the nucleus with nutrient starvation under blue light
than in darkness. C) Western blot analyses showing that more YFP-ATGS8e is localized in the nucleus in the presence than in the absence of CRY1 with
nutrient starvation under blue light. At least 2 independent experiments were performed and the results were identical, and one of them is shown. D
and F) Confocal microscopy images showing that dramatically more autophagosomes labeled by YFP-ATG8a or YFP-ATG8e are produced in darkness
than under blue light under nutrient starvation with CHX and ConA, and that significantly less autophagosomes are produced in the presence than in
the absence of CRY1 under blue light. Scale bars, 10 um. —C-N denotes treatment with nutrient starvation here and below in this figure. E and G)
Statistical analyses of the autophagic bodies shown in D and F. Data represent means (+sb) of more than 20 different optical areas from more than 10
individual seedlings’ roots.

or ConA. The results showed that significantly more autophago-
somes were produced in YFP-8a-OX/cryl and YFP-8e-OX/cryl
than in YFP-8a-OX and YFP-8e-OX seedlings, respectively (Fig. 8,
D to G). Taken together, these results demonstrate that CRY1 me-
diates blue light inhibition of the formation of autophagosome.

Photoexcited CRY1 inhibits the interaction

of ATG8 with HY5

Given that CRY1 interacts with ATGS8 in a blue light-dependent
manner, and ATGS interacts with HYS, we asked whether CRY1
would regulate ATG8-HY5 interaction under blue light. To test
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this possibility, we first performed semi-in vivo pull-down assays
using His-TF-HY5 as bait, and protein extracts containing
YFP-ATG8a and Myc-CRY1 from YFP-8a-OX/Myc-CRY1-OX seed-
lings exposed to blue light or adapted in the dark as prey and effec-
tor. The results showed that much less YFP-ATG8a was pulled
down by His-TF-HYS in blue light compared with darkness
(Fig. 9A). Further semi-in vivo pull-down assays using
GST-ATG8e as bait and His-TF-HY5 as prey showed that the ca-
pacity of GST-ATG8e binding to His-TF-HY5 was inhibited in the
presence of Myc-CRY1 protein extracts from Myc-CRY1-OX seed-
lings illuminated by blue light (Fig. 9B). We also performed these
assays using GST-ATGS8e as bait and His-TF-HY5 as prey, and
CRY1 and CRY1™*™! protein extracts from CRY1pro:CRY1/cryl
and CRY1pro:CRY1™*™!/cry1 seedlings exposed to blue light as ef-
fector, respectively. The results showed that AIM1 mutation com-
promised CRY1’s capacity to inhibit ATG8e binding to HY5
(Fig. 9C). Co-IP assays using HY5-Flag-OX/YFP-8a-OX or
HY5-Flag-OX/YFP-8e-OX seedlings that were adapted in the dark
or exposed to blue light. The results showed that blue light expo-
sure led to reduced ATG8a-HYS5 and ATG8e-HY5 interactions
(Fig. 9, D and E). We then constructed the double transgenic line
overexpressing both HY5-Flag and YFP-ATG8a in the cryl mutant
background (HY5-Flag-OX/YFP-8a-0X/cry1), and performed a co-IP
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assay using this genotype of seedlings adapted in the dark or ex-
posed to blue light. We found that the ATG8a-HY5 interaction
was less inhibited by blue light illumination in the absence of
CRY1 thanin the presence of CRY1 (Fig. 9E). Taken together, these
results demonstrate that CRY1 mediates blue light inhibition of
the interaction of ATG8 with HYS.

Discussion

HYS5 undergoes degradation in darkness through
the autophagy pathway

It has been demonstrated that HYS undergoes degradation via the
26S proteasome pathway in darkness (Hardtke et al. 2000). In this
study, we demonstrate that HY5 undergoes degradation through
the selective autophagy pathway based on the following evidence:
(i) Endogenous HY5 protein is degraded faster with than without nu-
trient starvation in darkness in an ATG5- and ATG7-dependent
manner (Supplementary Fig. S6, A and B). Autophagy inhibitors re-
press its nutrient starvation-induced degradation (Supplementary
Fig. S6C). (ii) HY5-GFP and YFP-ATG8e fusion proteins are also de-
graded faster with increased free GFP/YFP release with than
without nutrient starvation in the dark (Fig. 5, A and E and
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Figure 9. CRY1 inhibits the association of ATG8 with HYS upon blue light irradiation. A and B) Semi-in vivo pull-down assays showing that CRY1
inhibits ATG8a-HY5 and ATG8e-HYS interactions in a blue light-dependent manner. The bait, prey, and effector were detected with anti-His or -GFP
or -Myc antibody. Dk here and below in this figure, Dark; BL here and below in this figure, blue light. Values below the blots in this figure represent
protein levels normalized against the loading controls as quantified using ImageJ, and the first lane in each experiment was arbitrarily set to 1 to
facilitate comparison. C) Semi-in vivo pull-down assay showing that AIM1 mutation compromises CRY1’s capacity to mediate blue light inhibition of
ATG8e-HYS5 interaction. The bait, prey, and effector were detected with anti-His or -GFP or -CRY1 antibody. D) Co-IP assays showing blue light inhibition
of the association of ATG8e with HY5 in Arabidopsis. E) Co-IP assay showing that CRY1is involved in mediating blue light inhibition of the association of
ATG8a with HYS in Arabidopsis. The IP (HY5-Flag) and co-IP signals (ATG8a and ATG8e) were detected by Western blotting probed with anti-Flag
and -GFP antibodies, respectively. Asterisks denote the nonspecific band recognized by anti-CRY1 antibody. At least 2 independent experiments

were performed and the results were identical, and one of them is shown.
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Supplementary Fig. S6D). Either application of the autophagy inhib-
itor or loss-of-function of ATG5, ATG7, and ATGS leads to inhibition
of nutrient starvation-induced HY5-GFP degradation and free GFP
accumulation (Fig. 5, B to D and Supplementary Fig. S6, E and F).
(ili) ATG5, ATG7, and ATG8 play a more important role in regulating
skotomorphogenesis and photomorphogenesis with than without
nutrient starvation, partially dependent on HY5 (Figs. 2 and 4). (iv)
HYS5 directly interacts with ATGS (Fig. 6). (v) Upon nutrient starva-
tion, HYS translocates from the nucleus and is co-localized with
ATG8 to the autophagosome in darkness (Fig. 7, A to E).

Given that MG132 treatment inhibited HY5 degradation under
nutrient starvation in darkness, and that the atg mutants failed to
completely suppress the degradation of endogenous HY5 and
HY5-GFP fusion protein (Fig. 5, C and D; Supplementary Figs. S6,
Band C and S12C), we postulate that the 26S proteasome pathway
may play a role in mediating HYS degradation during autophagy
induction. COP1 is a master negative regulator of photomorpho-
genesis, which mediates HY5 ubiquitination and degradation via
the 26S proteasome pathway (Hardtke et al. 2000; Osterlund
et al. 2000), and HY5 degradation is largely inhibited in copl mu-
tant seedlings, indicating that the degradation of HYS is likely pri-
marily dependent on COPl-mediated ubiquitination. As the
autophagic degradation of substrate proteins of the autophagy
pathway such as the pivotal brassinosteroid signaling component
BES1, and the plant growth and drought resistance regulator con-
stitutively stressed 1 (COST1) is dependent on their ubiquitination
modification (Nolan et al. 2017; Bao et al. 2020; Wang et al. 2021a),
it will be interesting to investigate whether COP1-meidated HYS
ubiquitination is required for its autophagic degradation in future
studies.

The signaling mechanism of CRY1 involves
inhibition of the autophagic degradation of HY5

Arabidopsis CRY1 regulates many aspects of plant growth and de-
velopment by interacting with key factors from multiple signaling
pathways, such as Aux/IAA, ARF, BES1, and DELLA proteins in
phytohormone signaling (Wang and Lin 2020, 2025; Qu et al.
2024). Our findings reveal a mechanism by which blue light signal-
ing, mediated by CRY1, regulates the autophagy pathway to regu-
late photomorphogenesis. In this study, we reveal that the
signaling mechanism of CRY1 involves the inhibition of the selec-
tive autophagy of HY5 based on the following lines of evidence. (i)
CRY1 interacts with ATG8 in a blue light-dependent manner
(Fig. 1, D, F, and G), leading to inhibition of the ATG8-HYS interac-
tion (Fig. 9, A to E). (ii) The atg5 atg”7 and atg8n mutants show a
more pronounced enhanced photomorphogenic phenotype under
blue light with than without nutrient starvation (Fig. 2, E to H and
Mto P), and ATG5, ATG7, and ATG8 act genetically downstream of
CRY1 to regulate photomorphogenesis (Fig. 3). (iil) AIM1 mutation
compromises CRY1’s capacity to interact with ATG8 and inhibit
itsinteraction with HYS, and rescue the cry1 tall-hypocotyl pheno-
type and inhibit HY5 vacuole localization (Fig. 9C and
Supplementary Figs. S2, S3, and S8A). (4) CRY1 mediates blue light
inhibition of autophagic degradation of HY5 and free GFP accu-
mulation (Fig. 5, G and H and Supplementary Fig. S6, G to J). (5)
CRY1 mediates blue light inhibition of HYS translocation from
the nucleus to the vacuole and disruption of the co-localization
of HYS with ATG8 to the autophagosome (Fig. 7, F to I). Based on
these demonstrations, we speculate that the autophagy pathway
is involved in CRY1-mediated blue light signaling with or without
nutrient starvation, with being more involved under nutrient
deficiency.

Itis known that the CNT domain of CRYs can bind to flavin ad-
enine dinucleotide (FAD) and absorb light, but CCE cannot. Crystal
structure studies show that, upon sensing blue light through their
N-termini, CRYs undergo dimerization/oligomerization, leading
to the formation of interaction surfaces in their N-termini (Shao
et al. 2020), which may enable CCE also to form interaction surfa-
ces. These interaction surfaces may enable CRYs tointeract with a
variety of their interacting proteins, such as COP1, SPAs, Auxs/
IAAs, ARFs, BES1, DELLAs, TOE1/TOE2, PIFs, and ADA2b (Wang
et al. 2001, 2018; Yang et al. 2001; Lian et al. 2011; Liu et al. 2011;
Xu et al. 2018; Du et al. 2020; Mao et al. 2020; Xu et al. 2021;
Zhong et al. 2021). In this study, we reveal that ATG8s are
CNT1-interacting proteins, and that AIM1, AIM2, and AIM4 motifs
within CNT1/CRY1-PHR may be involved in mediating the interac-
tion with ATG8 (Supplementary Fig. S2, A to D). We further mod-
eled the potential tetramer structure of AtCRY1-PHR based on the
ZmCRY1c cryo-EM structure (Shao et al. 2020) and found that the
4 AIM motifs are located near the surface of CRY1 (Supplementary
Fig. S11). Specifically, AIM1 lies within the «/p domain, and AIM2 is
situated near the conserved CRY1 INT1region, possibly mediating
the interaction with downstream signaling partners (Shao et al.
2020). However, both AIM3 and AIM4 are positioned at the
W400-containing FAD-binding pocket related to light responsive-
ness (Gao et al. 2015). AIM3 appears not to be involved in
CRY1-mediated regulation of the autophagy pathway. Given
that CRYs and the other photoreceptors interact with the same
downstream components, including COP1, to mediate light sig-
naling (Wang et al. 2001; Yang et al. 2001; Seo et al. 2004; Favory
et al. 2009; Jang et al. 2010), it will be interesting to explore
whether the other photoreceptors may also interact with ATG8
to regulate HYS degradation through the autophagy pathway.

We demonstrate that CRY1 mediates blue light inhibition of
nutrient starvation-induced ATGS translocation from the nucleus
(Fig. 8, A to C). Given ATG5- and ATG7-dependent HYS transloca-
tion from the nucleus to the vacuole and nutrient starvation-
dependent co-localization of HY5 with ATG8 to the autophago-
some in darkness (Fig. 7, C to E), we speculate that ATG8-HY5 in-
teraction may be required for HY5 export from the nucleus to the
vacuole. Blue light-induced interaction of CRY1 with ATGS8 in the
nucleus may, on the one hand, inhibit the translocation of ATG8
from the nucleus to the cytoplasm (Fig. 8, A to C and
Supplementary Fig. S10A), and may, on the other hand, inhibit
HY5 translocation from the nucleus by interfering with the inter-
action of HY5 with ATG81n the nucleus (Fig. 9, A to E). How exactly
CRY1may inhibit ATG8 export from the nucleus awaits furtherin-
vestigation. We noticed that the change in nuclear ATG8e levels
appeared not to affect cytosolic ATG8e levels, possibly because
the absolute levels of ATG8e in the cytosol are high, and a mild
change in nuclear ATG8e hardly influences cytosolic ATG8e lev-
els. A similar phenomenon is observed for OGDH2 and phyB
that undergo cytoplasmic-nuclear translocation (Huang et al.
2023; Zhao et al. 2023).

Itis intriguing to reveal in this study that remarkably more auto-
phagosomes were produced in the dark than under blue light, and
that CRY11is responsible for mediating blue light inhibition of the for-
mation of autophagosome (Fig. 8, D to G). As CRY1is present in both
the nucleus and cytoplasm (Yang et al. 2000; Wu and Spalding 2007),
we speculate that the cytoplasm-localized CRY1 may interact with
ATG8 under blue light to inhibit the formation of autophagosome
by interfering with its function in promoting phagophore expansion
and/or closure. Given the essential roles of ATG4, ATG5, and ATG7 in
promoting formation of the ATGS-PE conjugate (Yoshimoto et al.
2004; Thompson et al. 2005; Romanov et al. 2012; Bu et al. 2020),
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it will be worth exploring whether the interaction of CRY1 with ATG8
may interfere with the interactions of ATG8 with these ATG proteins
to disrupt PE attachment to ATG8 and inhibit the formation of
autophagosome.

Autophagy and 26S proteasome pathways may
coordinate HY5 degradation

Why is HYS degraded through both the 26S proteasome and the au-
tophagy pathways? After seeds germinate under the soil, these 2
pathways may work simultaneously to ensure highly efficient deg-
radation of HY5. As a result, the young seedlings are able to elongate
rapidly and penetrate the soil before the limited nutritional substan-
ces stored in the seeds run out, and then capture the sunlight,
undergo photomorphogenesis, and carry out photosynthesis. To de-
termine possible dynamic autophagic degradation of HYS during
skotomorphogenesis, we monitored HY5-GFP accumulation in WT
and atg5 atg7 mutant backgrounds at different time points after
seed germination in the dark or blue light with or without nutrient
starvation, respectively. We found that, in the WT background,
HY5-GFP levels were not very different at 48 h post-germination
(hpg) in the dark and blue light with or without nutrient starvation,
and at 72 hpg, they were similar in darkness and blue light without
nutrient starvation, while much lower in the dark than under blue
light with nutrient starvation. Without nutrient starvation, clear
HY5-GFP degradation was seen till 120 hpg. With nutrient starva-
tion, however, HYS-GFP was largely degraded at 96 hpg, and almost
totally degraded at 120 hpg. By contrast, in the atg5 atg7 mutant
background, HY5-GFP was very stable in the dark with nutrient star-
vation, as even till 120 hpg, it was clearly detectable (Supplementary
Fig. S12). These results suggest that both autophagy and 26S protea-
some pathways are involved in mediating HY5 degradation during
skotomorphogeneis, with the former being more involved under nu-
trient starvation.

Innature, as there may exist varied degrees of nutrient deficiency
in the soil, germinated seedlings may face different levels of nutrient
starvation, which may trigger different levels of autophagy. The
higher the degree of nutrient deficiency, the higher the level of auto-
phagic degradation of HYS. Given that atg5 atg7 and atg8n mutants
show reduced skotomorphogenic phenotype in darkness but en-
hanced photomorphogenic phenotype under blue light with or with-
out nutrient starvation (Fig. 2), the autophagy pathway must be
always involved in dark and blue light control of skotomorphogene-
sis and photomorphogenesis, with being more involved under nu-
trient starvation but less involved under less or no nutrient
starvation. This means that, even under less or no nutrient starva-
tion and blue light, a small portion of ATG8 and HYS may be trans-
located to the autophagosome and degraded in the vacuole.

It has been reported that HYS recruits Histone Deacetylase 9
(HDA9) to ATGS5 and ATG8e loci, linking light signaling to autoph-
agy at the transcriptional level during the light-to-dark transition
(Yang et al. 2020). Our study demonstrates that, under nutrient
starvation in darkness, HYS is degraded through the autophagy
pathway, which may relieve its repression of ATG gene expression
by inhibiting HDA9 recruitment. In contrast, under blue light, the
autophagic degradation of HY5 is inhibited, which may lead to en-
hanced interaction with HDA9 and suppression of ATG genes’
transcription. Such bidirectional regulation suggests that light
and nutrient signals may coordinately fine-tune autophagy to pre-
cisely regulate photomorphogenesis under changing environ-
mental conditions. Furthermore, previous studies have shown
that HYS acts as a mobile transcription factor coordinating carbon
and nitrogen acquisition between shoots and roots (Chen et al.
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2016). In this study, we found that HY5 undergoes nuclear export
and autophagic degradation under nutrient starvation in dark-
ness, which is suppressed by blue light-activated CRY1 (Figs. 5
and 7), thereby likely allowing HYS to mediate the light-dependent
coordination of shoot growth and carbon assimilation with root
development and nitrogen acquisition. This regulatory mecha-
nism may provide a cellular basis for the shoot-to-root signaling
role of HYS, and together, these findings highlight the multifac-
eted roles of HY5 in nutrient sensing and systemic coordination.

A model

Based on the results obtained in the present study, we propose a
working model concerning how CRY1 promotes photomorpho-
genesis through the regulation of selective autophagy of HY5. In
darkness, CRY1 is monomerized and inactive, thus unable to in-
teract with ATGS8 in both the cytosol and nucleus. Cytoplasmic
ATG8 may be fully capable of promoting autophagosome forma-
tion, while the nuclear-localized ATG8 and HY5S interact and are
translocated to the autophagosome and vacuole for degradation
(Fig. 10A). Upon blue light irradiation, CRY1 undergoes dimeriza-
tion/oligomerization, gets activated, and is able to interact with
ATGS in both the cytosol and the nucleus. As a result, on the
one hand, ATG8 activity in promoting autophagosome formation
in the cytosol may be inhibited, and on the other hand, the inter-
action of ATG8 with HYS in the nucleus is inhibited, and the trans-
location of HYS from the nucleus to the vacuole is inhibited
(Fig. 10B). The regulation of HYS protein stability by the dynamic
interactions of CRY1 with ATG8 and ATG8 with HY5 defined in
the present study provides a dynamic signaling mechanism by
which plants fine-tune the level of selective autophagy of HYS to
optimize skotomorphogenesis and photomorphogenesis accord-
ing to the light and nutrient conditions.

Based on the findings obtained in this study, it is interesting to
hypothesize that, in darkness, ATG8 may also interact with its other
substrates and mediate their autophagic degradation, while under
blue light, CRY1 may inhibit their autophagic degradation by inhib-
iting their interactions and the formation of autophagosome. If so,
blue light may regulate a variety of autophagy-controlled physio-
logic processes, such as plant growth and development, and plant
adaptation to biotic and abiotic stresses, through CRY1. Given
that low blue light induces starvation responses to promote autoph-
agy and hypocotyl growth under shade (Ince et al. 2022), it will be
interesting to explore whether CRY1 is possibly involved in media-
ting shade response through the regulation of autophagy. CRY and
ATGS are conserved in plants and mammals, and it is shown that
the interaction of LC3 with CRY1 leads to autophagic degradation
of CRY1 in mice (Toledo et al. 2018). Given that the CRYs-COP1 in-
teractions in Arabidopsis can inhibit COP1 activity, and conversely
mediate CRYs degradation via the 26S proteasome (Wang et al.
2001; Yang et al. 2001; Lian et al. 2011; Liu et al. 2011, 2022; Ma
et al. 2021; Miao et al. 2022), it will be interesting to investigate
whether the CRYs-ATG8 interactions may conversely mediate
CRYs degradation via selective autophagy pathway in Arabidopsis
and whether LC3-CRY1 interaction may conversely affect LC3 ac-
tivity and the degradation of its other substrates through selective
autophagy pathway in mammals.

Materials and methods

Plant material and growth conditions
The Arabidopsis thaliana (Col-0O ecotype) cryl, hy5, atg5, atg7, and
atgll mutants, and the transgenic lines overexpressing Myc-CRY1
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Figure 10. Amodelillustrating how CRY1 inhibits the autophagic degradation of HYS in response to blue light. A) In darkness, CRY11s in monomer and
inactive, and unable to interact with ATG8. The nuclear-localized ATG8 and HYS interact and are largely translocated to the autophagosome and
vacuole for degradation (thick arrows). Meanwhile, the cytoplasm-localized ATG81s capable of promoting the formation of autophagosome. As a result,
little HYS accumulates in the nucleus, and the genes promoting cell elongation inhibited by HYS are highly expressed (thick arrow), leading to
skotomorphogenesis. B) Under blue light, CRY1 undergoes dimerization/oligomerization and is able to interact with ATG8 in both the nucleus and
cytosol. Consequently, ATG8 and HYS hardly interact in the nucleus and are barely translocated to the autophagosome and vacuole for degradation
(thin arrows). At the same time, ATG8 activity in the cytosol is inhibited by CRY1, leading to inhibition of autophagosome formation. Therefore, HY5
highly accumulates (thick arrows) and the genes promoting cell elongation are hardly expressed (thin arrow), resulting in photomorphogenesis. -C—-N

denotes treatment with nutrient starvation.

(Myc-CRY1-0X) were described previously (Yang et al. 2000; Alonso
et al. 2003; Mao et al. 2005; Sang et al. 2005; Jia et al. 2014; Huang
et al. 2019; Young et al. 2019). The ATG8a-i nonuple mutant
(atg8n), cryl atg8n, and atg8n hy5 decuple mutants were generated
in this study using the CRISPR-Cas9 gene editing system (Wang
and Chen 2020) and confirmed by DNA sequencing. The atg5 atg7
double, and cryl atg5 atg7 and atg5 atg7 hy5 triple mutants were
generated by genetic crossing. The expression cassettes 35S:
HYS5-GFP and 35S:YFP-ATG8a-1 were cloned into pCambial300-GFP
and pCambia1300-YFP vectors, respectively. Then, they were trans-
formed into the WT background to generate transgenic lines over-
expressing HYS5-GFP and YFP-ATG8a-i (HY5-GFP-OX and
YFP-8a-i-OX). The transgenic lines overexpressing Myc-CRY1 and
YFP-ATG8a in WT background (YFP-8a-OX/Myc-CRY1-0OX), and
HY5-GFP, YFP-ATGS8a, and YFP-ATGSe in atg5 atg7 or cryl mutant
background (HY5-GFP-OX/cryl, HY5-GFP-OX/atg5 atg7, YFP-8a-OX/
cryl, YFP-8e-OX/cryl, YFP-8e-OX/atg5 atg7) were generated by genet-
ic crossing. The expression cassettes CRY1pro:CRY1 and CRY1pro:
CRY1™M1 were cloned into pCambial300 vector, respectively, and
then transformed into cryl mutant background to generate the
CRY1pro:CRY1/cryl and CRY1pro:CRY1™™/cry1 lines. The expres-
sion cassette 35S:HY5-Flag was cloned in pHB vector (Mao et al.
2005) and then transformed into YFP-8a-OX, YFP-8e-OX, and
YFP-8a-OX/cryl lines to generate the double transgenic lines co-
expressing HY5-Flag and YFP-ATG8a or YFP-ATG8e in WT and
cryl mutant backgrounds (HY5-Flag-OX/YFP-8a-OX, HY5-Flag-OX/
YFP-8e-0X, and HY5-Flag-OX/YFP-8a-OX/cry1), respectively. The pri-
mers for vector construction are listed in Supplementary Data Set 1.

Different genotypes of seedlings were grown on MS micronutrient
(MSP18-10LT, Jianglai Biological) supplemented with 3 mm CaCl,,
1.5mm MgSO,4, 1.25mm KHoPO, 5mm KCl, 2mm MES, 20.6 mum
NH4NOs, and 18.8 mm KNO3 and 2% sucrose (pH 5.7) (MS+C+N)
or MS micronutrient supplemented with 3mwm CaCl,, 1.5mwu
MgSOy, 1.25 mm KH,PO,, 5 mum KC, (pH 5.7) (MS—C-N) (Thompson
et al. 2005; Chung et al. 2009), or in soil at 22 °C under white light
(100 umol m~2s7%). All plates were kept at 4 °C in darkness for 3 d
for stratification and then transferred to a 22 °C incubator under
white light for 8 h for further analysis. Experiments involving blue
light illumination were described previously (Wang et al. 2018).
Light spectra and intensity were measured with a HandHeld spec-
troradiometer (ASD) and a Li250 quantum photometer (Li-Cor).

Hypocotyl length measurements

Hypocotyl lengths were measured using ImageJ. Student’s t-test (2 in-
dependent sample t-test) for 2 independent groups was performed us-
ing SPSS, with significant differences indicated as **P <0.001. Other
statistical differences were calculated by one-way ANOVA. Different
letters indicate statistically significant differences as determined by
Tukey/Games-Howell’s multiple testing methods (P<0.05). Mean +
sp, n>25. All the statistical analyses are provided in Supplementary
Data Set 2.

Yeast two-hybrid assay

The GAL4 yeast two-hybrid screening, construction of the
BD-CNT1, BD-CCE1, and AD-CRY1 vectors, and yeast two-hybrid
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assays were described previously (Wang et al. 2018). The cDNA
fragment of ATG81 was cloned into pGBKT7 vector, and the frag-
ments encoding ATG8a-i and the mutated CRY1s comprising mu-
tations in the putative AIM motifs were cloned into pGADT7
vector, respectively. Combinations of BD and AD vectors were co-
transformed into AH109 cells via the PEG/LiAc transformation
procedure. Transformed yeast cells were spread on SD plates
lacking Trp, Leu, His, and Ade (SD-W-L-H-A) supplemented
with 5 or 25 mu 3-AT for the interaction test.

For LexA yeast two-hybrid assays using EGY48 yeast cells (Lian
et al. 2011), the cDNA sequence encoding HY5 was cloned into
pLexA-JL (Li et al. 2021), to generate the vectors expressing
HYS5-LexA, HN1-LexA, and HC1-LexA, which were co-transformed
with pB42AD vectors expressing B42AD-ATG8a, B42AD-ATG8e,
and B42AD-ATG8i, respectively. Transformed colonies were se-
lected on SD-W-H-U medium. Six independent clones were tak-
en and grown on SD-W-H-U medium with 0.2 mm X-gal (TaKaRa)
for the interaction assay. The primers for vector construction are
listed in Supplementary Data Set 1.

In vitro pull-down assays

Construction of His-TF-CNT1 and His-TF-CRY1 cassettes was de-
scribed previously (Xu et al. 2021). The cDNAs encoding ATG8a-i,
ATG8e™'PS and ATG8e™YPS were cloned into pGEX-4T-1 vector, re-
spectively. All the proteins were expressed in E. coli (Rossita). The
bait proteins GST-ATG8a-i, GST-ATG8e™PS, GST-ATG8e™ PS, or
GST were incubated with GST beads (GE) in lysis buffer (50 mm
Tris-HCI, pH 7.5, 150 mm NacCl, 0.2% Triton-X-100) at 4 °C for 2 h,
and washed 3 times with the same buffer. The beads were then re-
suspended in 1 mL lysis buffer, and 50 to 100 ng of prey proteins
His-TF-CNT1, His-TF-CRY1, His-TF-HYS, and His-TF were added,
respectively. The mixture was incubated at 4 °C for 1 h and then
washed 3 times. Bait proteins were visualized by Coomassie bril-
liant blue staining, and prey proteins were detected by Western
blotting using anti-His antibody (Genscript). The primers for vector
construction are listed in Supplementary Data Set 1.

Semi-in vivo pull-down assays

Forblue light-specific CRY1-ATG8a interaction assays, GST-ATG8a
bait proteins were first incubated with 10 uL GST agarose beads for
1h and then washed 3 times with lysis buffer, respectively. The
protein extracts from Myc-CRY1-OX seedlings used as preys, which
were grown on white light for 4 d, and then adapted in darkness for
2 d followed by 1h dark adaptation of or exposure to blue light
(100 gmol m—2 s or red light (20 umol m=s7%) or far-red light
(10 umol m~? s77). Prey proteins were detected using anti-Myc anti-
body (Abclonal).

For assays of HY5-ATG8a/ATG8e interaction, HY5-GFP-OX seed-
lings were grown in white light for 3 to 4 d, and then adapted to
darkness for 2 h. GST-ATG8a, GST-ATG8e, or GST bait proteins
were first incubated with GST beads for 1h, and then washed 3
times with lysis buffer, respectively. The protein extracts from
HY5-GFP-OX seedlings were used as prey. Bait proteins were visual-
ized by Coomassie brilliant blue staining, and prey proteins were
detected by Western blotting using anti-GFP (Abmart) antibodies.

For assays of CRY1 effects on ATG8a-HYS interaction,
His-TF-HYS bait protein was incubated with 10 uL His agarose
beads for 1 h, and then washed 3 times with lysis buffer. The pro-
tein extracts containing YFP-ATG8a and Myc-CRY1 prepared from
YFP-8a-OX/Myc-CRY1-OX seedlings were used as preys and effec-
tors, which were grown in white light for 4 d, and then adapted
in darkness for 2 d, followed by 1 h dark adaptation or blue light
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exposure (100 umol m~2 s~%). Prey and bait proteins were detected
using anti-GFP and -His antibodies, respectively.

For assays of CRY1 effects on ATG8e-HY5 interaction,
GST-ATGB8e bait protein was incubated with 10 uL GST agarose
beads for 1h, and then washed 3 times. The beads were resus-
pended in 1 mL non-EDTA buffer, and 50 to 100 ng His-TF-HY5
prey protein was added. The protein extracts prepared from
Myc-CRY1-OX or CRY1pro:CRY1/cryl or CRY1pro:CRY1™™1/cry1
seedlings served as effectors, which were grown in white light
for 4d, and then adapted in darkness for 2 d, followed by 1h
dark adaptation or blue light exposure (100 umol m™2s™1). Bait
proteins were visualized by Coomassie brilliant blue staining,
and prey proteins were detected using anti-His antibodies.

All the seedlings were homogenized with lysis buffer supple-
mented with 1 mwm pefabloc (Roche) and cocktail (Roche), and
50 um MG132 (MCE). After centrifugation, the supernatant was in-
cubated with the beads used in the assays for 30 min and washed
3 times with lysis buffer, and then, the precipitates were eluted
into 20uL SDS 1x loading buffer and subjected to Western
blotting.

Protein co-localization study

The construction of 35:CNT1-NLS-YFP and 35S:GUS-NLS-YFP cas-
settes was described previously (Wang et al. 2018). The cassettes
comprising 35S:mCherry-ATG8a/e cassettes were cloned into
pCambial300-mCherry vector, respectively. GV3101 cultures har-
boring the constructs expressing mCherry- and YFP-fusion pro-
teins, and p19 were mixed at a ratio of 1:1:1 and infiltrated into
N. benthamiana leaves. Protein co-localizations were detected by
confocal microscopy (Leica Stellaris 8). YFP and mCherry were ex-
cited using 514 nm (5% intensity, gain: 4 to 120 V) and 587 nm (10%
to 40% intensity, gain: 30 to 130 V) lasers, respectively, with emis-
sion signals collected at 519 to 541 nm (YFP) and 596 to 625 nm
(mCherry). The primers for vector construction are listed in
Supplementary Data Set 1.

Split-luciferase (LUC) assays

Construction of the vectors expressing cLUC-CRY1 and
CRY1-nLUC was described previously (Du et al. 2020). The
cDNAs encoding ATG8a and the mutated CRY1s comprising mu-
tations in the putative AIM motifs were amplified and cloned
into the pCambial300-nLUC and pCambial300-cLUC (Du et al.
2020), respectively. GV3101 culture mixtures harboring the con-
structs expressing the nLUC- and cLUC-fused proteins were intro-
duced into N. benthamiana leaves and the luciferase signal were
analyzed as described previously (Xu et al. 2021). The primers
for vector construction are listed in Supplementary Data Set 1.

Co-immunoprecipitation (co-IP) assays

For co-IP assays of CRY1-ATG8a and CRY1-ATG8e interactions,
YFP-8a-OX and YFP-8e-OX or WT seedlings were grown in white light
for 4 to 5d, followed by 2 d adaptation in darkness. Then, WT and
one-half of YFP-8a-OX and YFP-8e-OX seedlings were exposed to
blue light (100 gmol m=2 s7%) for 1 h, whereas the other half remained
in darkness for 1 h. For co-IP assays of ATG8a-HY5 and ATG8e-HY5
interactions, HY5-Flag-OX/YFP-8a-OX and YFP-8a-OX or HY5-Flag-OX/
YFP-8e-OX and YFP-8e-OX seedlings were grown in white light for 3 to
4 d and then adapted in darkness for 2 h. For co-IP assays of CRY1in-
hibition of the interactions of HY5 with ATG8a and ATGSe,
HY5-Flag-OX/YFP-8a-0OX, HY5-Flag-OX/YFP-8e-OX, and HY5-Flag-OX/
YFP-8a-OX/cry1 seedlings were grown in white light for 3 to 4 d, and
then adapted in darkness for 2 h. One-half of these genotypes of
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seedlings were exposed to blue light (100 gmol m~ s™%) for 1 h, while
the other half remained in darkness for 1h. The seedlings treated
above were harvested in dim green safe light and homogenized in
the lysis buffer. Total protein concentration was determined by
Bradford assay (Bio-Rad), and equal amounts of total protein in lysis
buffer were incubated with anti-GFP or anti-Flag agarose beads
(Sigma) at 4 °C for 2 h. The IP were washed 3 times with the wash buf-
fer and subjected to Western blot analyses with antibodies against
the CCE domain of CRY1 (Sang et al. 2005) or Flag or GFP.

The construction of the vector expressing Myc-CRY1 and YFP
for co-IP assays in N. benthamiana leaf cells was described previ-
ously (Wang et al. 2018; Xu et al. 2018). YFP, YFP-ATGS8a, and
YFP-ATG8e proteins were co-expressed with Myc-CRY1 or
HY5-Flag in N. benthamiana leaves for anti-GFP IP, respectively.
Equal amounts of total protein in lysis buffer from N. benthamiana
leaf cells were incubated with anti-GFP or anti-Flag agarose at 4 °C
for 2 h. The IPs were washed 3 times with the wash buffer and sub-
jected to Western blot analyses with anti-Myc and anti-GFP
antibodies.

Autophagic protein degradation assays

WT, atg5 atg7, cryl, HY5-GFP-OX, HY5-GFP-OX/atg5 atg7,
HY5-GFP-OX/cryl, and YFP-8e-OX seedlings were grown on MS+C
+N medium in white light (100 zmolm™=s~") or far-red light
(1 gmol m™2s71) for 3 d, and then transferred into liquid MS +C +
N and/or MS—-C-N medium supplemented with or without au-
tophagy inhibitors 3-MA (5 mw) (Selleck), E64d (50 um) (Apexbio),
ConA (5um) (Abcam), and 26S proteasome inhibitor MG132
(50 uM), and then adapted in darkness or exposed to blue light
(90 umol m~2s7%) for 0 or 8 or 12 or 24 h. Total protein was ex-
tracted and treated as described previously (Xu et al. 2021), and
the endogenous HYS and HYS5-GFP fusion protein were analyzed
by Western blotting with the antibodies against HY5 (Liu et al.
2022) and GFP, respectively.

Assays for protein localization and co-localization
to the autophagosome and vacuole

WT, atg5 atg7, cryl, CRY1pro:CRY1/cry1, and CRY1pro:CRY1™AM1/
cryl seedlings grown in darkness for 4 d, hypocotyls were cut off
and submerged into the enzyme solution (1% cellulase R-10,
0.25% macerozyme R-10, 0.035% PectolyaseY-23, 0.4 M mannitol,
20 mum KCl, 20 mm MES, 0.5%BSA, 10 mm CaCl,, pH 5.7), incubated
in the dark overnight at 23 °C. After digestion, the mixture was fil-
tered with 70um cell strainer (Falcon REF352340, Corning,
Deeside, UK) and added the same volume of W5 solution (2 mm
MES, 154 mum NaCl, 125 mm CaCly, 5 mm KCl), then centrifuge at
100 g for 3 min. Carefully remove all supernatants. The precipita-
tion was resuspended with 10 mL W5 solution and placed on ice
for 30 min away from light. Finally, centrifuged to remove the
supernatant and then resuspended with an appropriate amount
of MMG (4 mm MES, 0.4 mwm mannitol, 15 mm MgCl,). The cassettes
harboring 35S:HY5-GFP, 35S:HYS5-mCherry, 35S:mCherry-ATG8a,
35S:mCherry-ATG8e, and 35S:H3-YFP were constructed in pA7 vec-
tor (Xu et al. 2018). Hypocotyl protoplasts were transfected with
different combinations of constructs and incubated in W5-C-N
solution in darkness for 7 or 16 h, and then transferred into W5
+C+N (1% sucrose, 20.6 mm NH4NOs, and 18.8 mm KNO3) and/or
W5-C-N solution supplemented with ConA (1 M) and with or
without CHX (50 um) (MCE) and adapted in darkness and/or ex-
posed to blue light for 24 h before subjected to confocal micro-
scopy. GFP, YFP, and mCherry were excited using 489 nm (40%
to 100% intensity, gain: 100 to 250V), 514 nm (10% intensity,

gain: 30 to 100 V) and 587 nm (40% to 60% intensity, gain: 60 to
140 V) lasers with emission signals collected at 495 to 530 nm
(GFP), 520 to 540nm (YFP) and 590 to 630nm (mcCherry),
respectively.

Protein localization assay for YFP-ATGS8

YFP-8a-i-OX seedlings were grown in white light for 5 d before their
roots were detected by confocal microscopy. YFP and DAPI were
excited using 514 nm (10% to 20% intensity, gain: 80 to 240 V)
and 405 nm (30% intensity, gain: 80 V) with emission signals col-
lected at 519 to 590 and 433 to 475 nm, respectively.

Nuclear and cytoplasmic protein separation
assays

YFP-8¢-OX and YFP-8e-OX/cry1 were grown in white (100 gmol m =2 s™)
for 4 d, and then transferred to liquid MS + C + N and/or MS—C—N me-
dium supplemented with or without CHX (100 xm) and adapted in
darkness or exposed to blue light (90umolm=s™) for 12h.
Cytoplasmic and nuclear fractions were prepared as described previ-
ously with minor modifications (Zhang et al. 2023; Zhao et al. 2023).
Briefly, seedlings were homogenized with lysis buffer, and the homo-
genates were filtered through 2 layers of Miracloth. The flow-through
was centrifuged at 1,500 g at 4 °C for 10 min. Then, the supermatant
was taken as the cytosolic fraction. The nuclear pellet was washed
twice with the nuclear resuspension buffer with and then without
0.5% NP40 sequentially. The supernatant (cytosolic fraction) and pel-
let (nuclear protein) were boiled in SDS-PAGE loading buffer and ana-
lyzed by Western blotting. UGPase and H3 served as cytoplasmic and
nuclear fraction markers, respectively.

GFP-ATG8-labeled autophagosome production
observation

YFP-8a-OX, YFP-8e-OX, YFP-8e-OX/atg5 atg7, YFP-8a-OX/cryl, and
YFP-8e-OX/cryl seedlings were grown on MS+C+N medium in
white light (100 gmol m= s7%) 4 d, and then transferred into liquid
MS-C-N medium supplemented with CHX (100 um) and with or
without ConA (1uM). Then adapted in darkness or exposed to
blue light (90 gmol m=2s~") for 8 h. The autophagosomes pro-
duced in the roots of the indicated genotypes of seedlings were an-
alyzed by confocal microscopy. YFP was excited using 514 nm
(100% and 10% to 20% intensity, gain: 80 to 240 V) with emission
signals collected at 519 to 590nm with or without CHX,
respectively.

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), ATG8a (At4g21980),
ATG8b (At4g04620), ATGS8c (Atlg62040), ATG8d (At2g05630),
ATG8e (At2g45170), ATGSf (At4gl6520), and ATG8g (At3g60640),
ATG8h (At3g06420), ATGS8I (At3g15580), ATG5 (At5g17290), ATG7
(At5g45900), ATG11 (At4g30790), HYS (At5g11260).
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