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Abstract
Light and temperature are two key environmental factors that coordinately regulate plant growth and development.
Although the mechanisms that integrate signaling mediated by cold and red light have been unraveled, the roles of the
blue light photoreceptors cryptochromes in plant responses to cold remain unclear. In this study, we demonstrate that the
CRYPTOCHROME2 (CRY2)-COP1-HY5-BBX7/8 module regulates blue light-dependent cold acclimation in Arabidopsis
thaliana. We show that phosphorylated forms of CRY2 induced by blue light are stabilized by cold stress and that cold-
stabilized CRY2 competes with the transcription factor HY5 to attenuate the HY5–COP1 interaction, thereby allowing HY5
to accumulate at cold temperatures. Furthermore, our data demonstrate that B-BOX DOMAIN PROTEIN7 (BBX7) and BBX8
function as direct HY5 targets that positively regulate freezing tolerance by modulating the expression of a set of cold-
responsive genes, which mainly occurs independently of the C-repeat-binding factor pathway. Our study uncovers a mech-
anistic framework by which CRY2-mediated blue-light signaling enhances freezing tolerance, shedding light on the molecu-
lar mechanisms underlying the crosstalk between cold and light signaling pathways in plants.

Introduction

Low temperature is a key environmental factor that limits
the growth, development, and geographical distribution of
plants. Over the course of their adaptation to their sur-
roundings, temperate plants have developed the capacity to
increase their freezing tolerance by pre-exposure to low but
nonfreezing temperatures, so-called cold acclimation
(Thomashow, 1999; Shi et al., 2018). C-repeat-binding factors
(CBFs), also known as dehydration-responsive element-

binding protein1s (DREB1s), play an important role in
cold acclimation in Arabidopsis (Arabidopsis thaliana).
Accordingly, the CBF-dependent cold signaling pathway has
been extensively characterized (Jia et al., 2016; Zhao et al.,
2016; Shi et al., 2018; Ding et al., 2020). Transcription of CBF
genes is rapidly induced by cold stress, and the resulting
cold-induced CBF proteins directly modulate a set of down-
stream cold-responsive (COR) genes, which in turn enhance
freezing tolerance (Stockinger et al., 1997; Liu et al., 1998;
Ding et al., 2020). Despite the critical role of CBFs in cold
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acclimation, only 10%–20% of COR genes are regulated by
CBFs (Jia et al., 2016; Zhao et al., 2016), suggesting the in-
volvement of other transcription factors independent of
CBFs. However, little is known about these CBF-independent
pathways and their roles in modulating cold acclimation.

Light serves as another key environmental signal that reg-
ulates plant growth, development, and responses to stress
(Li et al., 2011; Legris et al., 2019; Roeber et al., 2021).
Different wavelengths of light are absorbed by different fami-
lies of photoreceptors. Phytochromes (Phys) are red (R) and
far-red (FR) light photoreceptors that exist in vivo as two in-
terconvertible forms: the inactive red light-absorbing Pr
form and the active far-red light-absorbing Pfr form (Li et
al., 2011; Legris et al., 2019). Phys are synthesized in the Pr
form and localize to the cytoplasm in the dark. When ex-
posed to light, they convert to the Pfr form and translocate
to the nucleus, where they alter the expression of many
light-responsive genes, eventually leading to an adaptive re-
sponse (Klose et al., 2015; Legris et al., 2019). Cryptochromes
(CRYs) are blue light photoreceptors that retain their ability
to perform the light-dependent redox reactions of the
flavin cofactor from photolyases. In the dark, the flavin of
CRYs is in an inactive (FADOX) redox state and exists as
a monomer in the nucleus (Hense et al., 2015). Under
blue light irradiation, an electron is transferred to flavin,
resulting in a neutral free radical FADH� (flavin adenine di-
nucleotide) redox state (Hense et al., 2015). Meanwhile,
CRYs undergo homo-oligomerization and phosphorylation
to become biochemically and physiologically active (Wang
and Lin, 2020). Further exposure to blue light causes a sec-
ond electron to be transferred to the flavin, leading to the
fully reduced (FADH-) inactive redox state (Hense et al.,
2015).

The biological activity of CRYs is determined by the equi-
librium concentration of the active FADH� redox state un-
der continuous illumination (Hammad et al., 2020).
Phytochrome-interacting factors (PIFs) are a subfamily of ba-
sic helix–loop–helix transcription factors that physically in-
teract with both Phys and CRYs (Ni et al., 1998; Leivar and
Quail, 2011; Ma et al., 2016; Pedmale et al., 2016). Upon light
exposure, photo-excited Phys and CRYs interact with PIFs
and alleviate their repressive actions on light signaling path-
ways, either by inducing their rapid phosphorylation and
degradation or by preventing their binding to the promoters
of their target genes (Al-Sady et al., 2006; Leivar and Quail,
2011; Ma et al., 2016; Pedmale et al., 2016). In addition,
photo-excited Phys and CRYs disrupt and inactivate the E3
ubiquitin ligase complexes to which constitutive photomor-
phogenic1 (COP1) and suppressor of phya-105 (SPA) pro-
teins contribute, thus allowing for the accumulation of
photomorphogenesis-promoting factors, such as the tran-
scription factor elongated hypocoty5 (HY5) (Lian et al.,
2011; Liu et al., 2011; Zuo et al., 2011; Park et al., 2012; Lu et
al., 2015; Sheerin et al., 2015).

B-BOX (BBX) domain-containing proteins are zinc-finger
transcription factors that play pivotal roles in regulating

photomorphogenesis (Song et al., 2020; Xu, 2020). The
Arabidopsis genome encodes 32 BBX proteins (Gangappa
and Botto, 2014), several of which are actively involved
in HY5-mediated photomorphogenesis (Xu, 2020). BBX21
directly binds to the T/G-box cis-element in the HY5 pro-
moter to activate its expression and promote photomor-
phogenesis (Xu et al., 2016). BBX21–BBX25 and BBX28 can
also form heterodimers with HY5. BBX21, BBX22, and BBX23
enhance the transcriptional activity of HY5 (Datta et al.,
2008; Zhang et al., 2017; Job et al., 2018), whereas BBX24,
BBX25, and BBX28 repress it (Gangappa et al., 2013; Job et
al., 2018; Lin et al., 2018). HY5 also binds to the BBX22 pro-
moter and positively regulates its expression (Gangappa et
al., 2013). In contrast, HY5 inhibits the expression of BBX30
and BBX31 by directly binding to their promoters (Heng et
al., 2019; Yadav et al., 2019). BBX20, BBX21, and BBX22 act
as rate-limiting cofactors of HY5 to regulate light signaling
(Bursch et al., 2020).

Many key components of light signaling participate in
plant responses to temperature fluctuations. Decreasing
temperatures promote the function of the photoreceptor
phytochrome B (phyB) by increasing the half-life of its Pfr
form, thus acting as a thermosensor to perceive ambient
temperature changes (Jung et al., 2016; Legris et al., 2016). A
recent report showed that the flavin reoxidation rate of
CRYs from the active state to the inactive state is lower at
15�C than at 25�C, suggesting that low temperature
increases the concentrations of the active redox forms of
CRYs, which may have higher biological activity (Pooam et
al., 2021). Besides phyB and CRYs, whose active states
change reversibly at a temperature range of 15–25�C (Legris
et al., 2016; Pooam et al., 2021), the blue light receptor pho-
totropin of the liverwort Marchantia polymorpha perceives
the cold signal (4�C) by regulating the half-life of its phos-
phorylated active form (Fujii et al., 2017).

Moreover, photoperiod and light quality modulate plant
response to cold stress via phytochromes (Franklin and
Whitelam, 2007; Lee and Thomashow, 2012). Key compo-
nents of light signaling, including PIF1, PIF3, PIF4, PIF5, and
PIF7, negatively regulate cold responses in plants (Lee and
Thomashow, 2012; Jiang et al., 2020). The expression of PIF1,
PIF4, and PIF5 and PIF protein stability are repressed by cold
stress (Jiang et al., 2020), whereas PIF3 is stabilized at low
temperature (Jiang et al., 2017, 2020). Furthermore, PIF3
interacts with cold-induced CBF proteins, which attenuate
PIF3-mediated phyB degradation; thus, phyB is stabilized by
cold stress and positively regulates freezing tolerance by
modulating the expression of a set of COR genes (Jiang et
al., 2020). HY5 is degraded by COP1 in the dark at 22�C;
however, cold induces the translocation of COP1 from the
nucleus to the cytoplasm in the dark, thereby stabilizing
HY5 to positively regulate freezing tolerance in plants
(Catala et al., 2011).

CRYs play important roles in plant responses to high am-
bient temperatures (Blazquez et al., 2003; Ma et al., 2016). In
particular, CRY1 interacts with PIF4 and PIF5 in a blue light-
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dependent manner to regulate hypocotyl elongation at high
ambient temperatures (Ma et al., 2016). However, whether
CRY-mediated blue-light signaling plays a role in regulating
plant cold responses remains largely unknown. In this study,
we demonstrate that CRY2 positively regulates plant cold
acclimation independently of the CBF signaling pathway.
We further show that blue light-induced phosphorylated
CRY2 is stabilized by cold stress and that CRY2 competes
with HY5 to interact with COP1, thereby stabilizing HY5
protein. In addition, HY5 directly targets the promoters of
BBX7 and BBX8 to positively regulate their expression.
Overexpression of BBX7 and BBX8 rescued the cold-sensitive
phenotypes observed in Arabidopsis hy5 mutants. Finally,
we show that BBX7 and BBX8 regulate plant cold tolerance
without affecting the expression of CBFs or their target COR
genes. Our study thus unravels the mechanism by which
the CRY2–COP1–HY5–BBX7/8 module regulates blue-light-
dependent cold acclimation in Arabidopsis.

Results

CRY2 positively regulates cold acclimation in
Arabidopsis
Previous studies have revealed the important role of Phy-
mediated regulation of cold acclimation in plants (Franklin
and Whitelam, 2007; Catala et al., 2011; Lee and
Thomashow, 2012). To assess whether blue-light signaling
also contributes to cold acclimation in plants, we compared
the freezing tolerance of Arabidopsis wild-type (Col-0) seed-
lings after cold acclimation under different light conditions.
Col-0 seedlings were grown in white light (long-day [LD]
conditions) for 13 days and subjected to cold acclimation at
4�C for 2 days in the dark or in white-, blue-, or red light.
Seedlings were then placed into a cold chamber, where tem-
peratures were dropped by 1�C/h from 0�C until –10�C and
remained for an additional 1 h. After freezing treatment, the
seedlings were shifted to 4�C in the dark for 12 h and recov-
ered at 22�C under LD conditions for additional 3 days.
Cold-acclimated Col-0 seedlings under white light displayed
the strongest freezing tolerance of all conditions tested, with
the highest survival rate and lowest ion leakage, followed by
seedlings under blue light, red light, and in the dark
(Figure 1, A–C). As a control, nonacclimated Col-0 seedlings
shifted to the dark for 2 days were all dead after freezing
treatment (Figure 1, A–C). These results indicate that blue
light plays an important role in regulating cold acclimation
in Arabidopsis.

We asked whether the blue light photoreceptors CRY1
and CRY2 are involved in this process. We performed the
freezing tolerance assays using null mutants of cry1, cry2,
and cry1 cry2, as well as lines overexpressing each CRY. The
cry1-104 mutant exhibited a reduced survival rate and in-
creased ion leakage compared with the wild-type, whereas
cry2-1 exhibited impaired freezing tolerance only after cold
acclimation, with a lower survival rate and higher ion leak-
age than the wild-type (Figure 1, D–F). Moreover, the cry1
cry2 double mutant was more sensitive to cold stress than

either cry1-104 or cry2-1 single mutants (Figure 1, D–F). The
cold-sensitive phenotypes of the cry2-1 mutant were fully
rescued by transformation with a CRY2 genomic fragment
including the CRY2 promoter and coding region (Figure 1, G
and H; Supplemental Figure S1, A–C). Conversely, transgenic
seedlings overexpressing Green Fluorescent Protein (GFP)-
CRY1 (Ma et al., 2016) always showed enhanced freezing tol-
erance with or without prior cold acclimation (Figure 2, A
and B; Supplemental Figure S1D), and transgenic seedlings
overexpressing GFP-CRY2 (Yu et al., 2009) and CRY2-GFP
exhibited enhanced freezing tolerance only after cold accli-
mation (Figure 2, C and D; Supplemental Figure S1, A, E,
and F). These data demonstrate that CRY1 regulates both
basal and acquired freezing tolerance and that CRY2 specifi-
cally affects cold acclimation, thus regulating acquired freez-
ing tolerance. Moreover, CRY1 and CRY2 function
redundantly in acquired freezing tolerance.

To assess whether blue light also simulates cold acclima-
tion at 22�C, we exposed wild-type Col-0 and cry2-1 seed-
lings to blue light with different intensities for 24 h at 22�C
and directly subjected them to freezing tolerance assays. The
freezing tolerance of wild-type Col-0 was significantly en-
hanced with increasing in blue light intensity, whereas there
was little change in the cry2-1 mutant (Figure 2, E and F;
Supplemental Figure S1G). These data suggest that the
CRY2-mediated blue-light signaling indeed mimics cold accli-
mation and thus regulate freezing tolerance.

Low temperature enhances the stability of
phosphorylated CRY2
CRY2 is phosphorylated and activated by blue light, but
phosphorylated CRY2 is also rapidly degraded (Shalitin et al.,
2002; Wang and Lin, 2020). This prompted us to investigate
whether cold affects the activation and/or stability of CRY2.
We pretreated 10-day-old etiolated Col-0 seedlings grown at
22�C with the protein biosynthesis inhibitor cycloheximide
(CHX) for 0.5 h and kept the plants at 22�C or shifted them
to 4�C in the dark. Immunoblot analysis revealed only a sin-
gle band of CRY2 protein in etiolated seedlings, which
remained unchanged even after exposure to cold
(Supplemental Figure S2A). However, after CHX-treated etio-
lated seedlings were shifted to constant blue light (20 mmol
m–2 s–1), we readily detected the upper migration of phos-
phorylated CRY2 before its rapid degradation at 22�C
(Figure 3A; Supplemental Figure S2A), which is consistent
with previous findings (Shalitin et al., 2002). In contrast,
more phosphorylated CRY2 was detected after 15 min, 30
min, and 45 min of cold treatment (Figure 3A). Thus, blue
light-induced degradation of phosphorylated CRY2 is sup-
pressed by cold stress.

To further examine the regulation of phosphorylated
CRY2 by low temperature, we transferred 13-day-old wild-
type seedlings grown in LD conditions to the dark at 22�C
for 24 h, followed by a return to 22�C or exposure to 4�C in
constant blue light (20 mmol m–2 s–1). The degradation of
CRY2 after this pretreatment was similar to that seen in
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etiolated seedlings upon blue light exposure, and under
both conditions, the degradation of phosphorylated CRY2
was dramatically inhibited by cold stress (Figure 3B). We
obtained similar results with transgenic seedlings overex-
pressing GFP-CRY2 that were transferred to the dark at 22�C
for 24 h, followed by white light (20 mmol m–2 s–1) or blue

light (5 mmol m–2 s–1) illumination (Figure 3C;
Supplemental Figure S2B). In addition, we detected both
phosphorylated and nonphosphorylated forms of CRY2 at
22�C in GFP-CRY2 transgenic seedlings under constant white
light, whereas cold treatment significantly promoted the
conversion of nonphosphorylated CRY2 to phosphorylated

Figure 1 CRYs positively regulates freezing tolerance in Arabidopsis. A–C, Effects of light quality on cold acclimation in 13-d-old wild-type
seedlings. Seedlings were grown on half-strength Murashige-Skoog (1/2 MS) plates at 22�C under LD (16-h light/8-h dark photoperiod, 20 mmol
m–2 s–1 white fluorescent light) conditions. For cold acclimation, 13-day-old seedlings were transferred to 4�C for 2 days in the dark or under
white, red or blue light conditions (5 mmol m–2 s–1) and subjected to freezing treatment at –10�C for 1 h. Seedlings were treated at 22�C in the
dark for 2 days as a negative control. Following recovery at 22�C for 3 days, representative photographs (A) were taken and the survival rates (B)
and ion leakage (C) were measured. D–F, Freezing phenotypes (D), survival rates (E), and ion leakage (F) of Col-0, cry1-104, cry2-1, and cry1 cry2
seedlings. G and H, Freezing phenotypes (G) and survival rates (H) of Col-0, the cry2-1 mutant, and two complementation lines (cry2 CRY2#1 and
cry2 CRY2#2). In (B and C), data are means of three independent experiments ± SEM (Standard Error of Mean); each experiment was repeated three
times (n = 50). Different letters represent significant differences at P 5 0.05 (one-way ANOVA and Tukey’s multiple comparison tests). In (D–H),
13-day-old seedlings grown under LD conditions were subjected to freezing at –5�C for 1 h for NA seedlings and –10�C for 1 h for cold-acclimated
seedlings (CA; 2 days at 4�C). In (E, F, and H), data are means of three independent experiments ± SEM; each experiment was repeated three times
(n = 30). Asterisks indicate significant differences compared with Col-0 under the same treatment (*P 5 0.05, **P 5 0.01, Student’s t test).
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CRY2 (Figure 3D). Together with the finding that blue light-
dependent phosphorylation of CRY2 enhances its activity
(Wang and Lin, 2020), these data suggest that low tempera-
ture enhances the stability of CRY2, thereby promoting its
activity and positively modulating cold acclimation.

CRY2 attenuates the interaction of COP1 and HY5
The COP1–HY5 regulatory module is crucial for regulating
cold acclimation in plants (Catala et al., 2011). Interactions
among CRY2, COP1, and SPA inhibit the E3 ubiquitin ligase ac-
tivity of CULLIN4 (CUL4)COP1-SPAs (Wang and Lin, 2020).
Therefore, we wondered whether CRY2 regulates plant cold
responses via the COP1–HY5 complex. To this end, we

performed a co-immunoprecipitation (co-IP) assay to examine
the interaction between CRY2 and COP1 using transgenic lines
overexpressing GFP-CRY2 exposed to 4�C treatment for 1 h,
with seedlings maintained at 22�C used as controls. We immu-
noprecipitated the proteins with GFP agarose beads and
detected them with anti-COP1 antibody, which was verified us-
ing the cop1-4 mutant (Figure 4A). More COP1 co-
immunoprecipitated with GFP-CRY2 in cold-treated seedlings
than in control seedlings (Figure 4A), indicating that the inter-
action between CRY2 and COP1 is enhanced by cold treat-
ment. Consistent with this result, bimolecular fluorescence
complementation (BiFC) assays showed that the CRY2–COP1
interaction in the nucleus was promoted by exposure to 4�C

Figure 2 CRY2 positively regulates cold acclimation in Arabidopsis. A and B, Freezing phenotypes (A) and survival rates (B) of Col-0, the cry1-104
mutant, and GFP-CRY1 overexpressing transgenic plants. C and D, Freezing phenotypes (C) and survival rates (D) of Col-0 and two transgenic
overexpression lines (35S:GFP-CRY2 [GFP-CRY2] or Super:CRY2-GFP [CRY2-GFP]). 13-day-old seedlings grown under LD conditions were subjected
to freezing at –5�C for 1 h for NA seedlings and –10�C for 1 h for CA seedlings (CA; 2 days at 4�C). E and F, Freezing phenotypes (E) and survival
rates (F) of blue light-treated Col-0 and cry2-1 seedlings. 13-day-old seedlings grown under LD conditions were subjected to different intensities of
blue light (20, 10, 5 mmol m–2 s–1) for 24 h, followed by freezing at –8�C for 1 h. In (B, D, and F), data are means of three independent experiments
±SEM; each experiment was repeated three times (n = 30). In (B and D), asterisks indicate significant differences compared with Col-0 under the
same treatment (*P 5 0.05, **P 5 0.01, Student’s t test). In (F), different letters represent significant difference at P 5 0.05 (one-way ANOVA
and Tukey’s multiple comparison tests).
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compared with 22�C, as reflected by the optical density map
across nuclei (Figure 4B).

We then examined whether CRY2 affects the interaction of
COP1 with HY5 by performing firefly luciferase (LUC)

complementation imaging. When COP1-cLUC and HY5-nLUC
were co-infiltrated in Nicotiana benthamiana leaves, we visual-
ized very strong luminescence signals, reflecting the interaction
between COP1 and HY5. However, when CRY2-mCherry was

Figure 3 Cold promotes the stability of phosphorylated CRY2 induced by blue light. A, Effects of cold exposure on CRY2 protein levels in 10-day-
old etiolated wild-type Col-0 seedlings transferred to blue light (20 mmol m–2 s–1) for the indicated time. Seedlings were treated with 300 mM CHX
for 0.5 h, followed by transfer to 4�C or back to 22�C in the dark or in blue light in the presence of CHX. B and C, Effects of cold exposure on
CRY2 protein levels in Col-0 seedlings and GFP-CRY2 transgenic lines. A 13-day-old LD-grown Col-0 and GFP-CRY2 transgenic seedlings were pre-
treated in the dark at 22�C for 24 h, treated with 300 mM CHX for 0.5 h, followed by transfer to 4�C or back to 22�C for the indicated times in
blue light (B) or white light (C) (20 mmol m–2 s–1). D, Effects of cold exposure on GFP-CRY2-P protein levels in GFP-CRY2 transgenic seedlings in
constant white light (20 mmol m–2 s–1). A 13-day-old LD-grown GFP-CRY2 seedlings were treated with 300 mM CHX for 0.5 h at ZT2 (Zeitgeber 2;
2 h after dawn), followed by treatment at 22�C or 4�C for the indicated times in constant white light (20 mmol m–2 s–1). In (A–D), total proteins
were extracted and subjected to immunoblot analysis with anti-CRY2 (A and B) or anti-GFP (C and D) antibodies to detect CRY2 protein. Actin
served as a loading control. Immunoblot results were quantified using ImageJ software. Relative protein levels are shown to the right of the blots,
with relative protein levels at 0 h set to 1.00. Quantitative data are means of three independent experiments ±SD. Asterisks indicate significant dif-
ferences compared with 22�C under the same light conditions (*P 5 0.05, **P 5 0.01, Student’s t test). Open red circle, nonphosphorylated
CRY2; filled red circle, phosphorylated CRY2; asterisk, nonspecific band.
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Figure 4 CRY2 attenuates the interaction between COP1 and HY5 under cold stress. A, co-IP assays showing the interaction between CRY2 and
COP1 in vivo. 13-d-old GFP-CRY2 transgenic seedlings were exposed to cold treatment (4�C, 1 h) or maintained at 22�C under white light.
Transgenic seedlings transformed with 35S:GFP empty vector were used as a negative control. Total protein extracts were immunoprecipitated
with GFP agarose beads. GFP, GFP-CRY2 and COP1 were detected with anti-GFP or anti-COP1 antibodies. cop1-4 was used to verify the specificity
of anti-COP1 antibody. Open red circle, nonphosphorylated CRY2; filled red circle, phosphorylated CRY2; asterisk, nonspecific band. Each bar rep-
resents the means of three independent experiments ± SD (**P 5 0.01, Student’s t test). B, BiFC showing the interaction between COP1 and CRY2
in N. benthamiana epidermal cells. COP1-YFPN or ICE1- YFPN (as a control), CRY2-YFPC and CRY2-mCherry were co-infiltrated in N. benthamiana
leaves. The same cell was imaged under a fluorescence microscope at 22�C and cooled with ice for 10 min. Fluorescence intensity was measured
by ZEN 3.2 software. Scale bars, 10 lm. A representative experiment from three independent experiments is shown. C, Firefly LUC complementa-
tion imaging assay showing that CRY2 attenuates the COP1–HY5 interaction in N. benthamiana leaves. A representative experiment from three
independent experiments is shown. D, Co-IP assays show that CRY2 attenuates the interaction between COP1 and HY5 proteins in vivo.
Arabidopsis mesophyll protoplasts co-transfected with CRY2-mCherry, HF-COP1, and/or HY5-Myc were incubated at 22�C for 16 h in the dark and
exposed to 4�C for 1 h in white light or maintained at 22�C in white light. Total protein extracts were immunoprecipitated with HA Sepharose
beads. Proteins (input) and IP proteins were detected using anti-HA, anti-CRY2, and anti-Myc antibodies. E, Immunoblot analysis of HY5 protein
levels in HA-HY5 seedlings. The 13-day-old LDgrown seedlings were treated with 300 mM CHX for 0.5 h, followed by treatment at 4�C or main-
tained at 22�C in constant white light (20 mmol m–2 s–1). Total proteins (E) were extracted from the samples, and HY5 was detected with anti-
HA antibody. HSP90 was used as a loading control. Immunoblot results were quantified using ImageJ software. F, COP1 protein levels of Col-0 and
COP1 overexpression transgenic lines (HF-COP1#1, HF-COP1#2). COP1 protein was detected with anti-HA antibody. G and H, Immunoblot analysis
of HY5 protein levels in cop1-4, HF-COP1#1 (G), cry2-1, and GFP-CRY2 (H) seedlings. The 13-day-old LD-grown seedlings were treated as described
in (E). Nuclear proteins were extracted and HY5 was detected with anti-HY5 antibodies. hy5-215 mutant was used to verify the specificity of anti-
HY5 antibody. Histone was used as a loading control. Immunoblot results were quantified using ImageJ software. In (E, G, and H), the relative pro-
tein levels of HA-HY5, cop1-4, GFP-CRY2 at 0 h were set to 1.00. In (D, E, G, and H), data are means of three independent experiments ± SD. In (D,
G, and H), different letters represent significant differences at P 5 0.05 (one-way ANOVA and Tukey’s multiple comparison tests). In (E), asterisks
indicate significant differences compared with 22�C under the same light conditions (**P 5 0.01, Student’s t test).
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co-infiltrated with COP1-cLUC and HY5-nLUC, LUC activity dra-
matically decreased (Figure 4C). Co-IP assays further indicated
that the co-transfection of CRY2-mCherry with HA-FLAG-COP1
(HF-COP1) and HY5-Myc in Arabidopsis protoplasts compro-
mised the interaction between COP1 and HY5 at both 22�C
and 4�C (Figure 4D). Therefore, the interaction of COP1 and
HY5 interaction is attenuated by CRY2.

We next asked whether the stability of HY5 is mediated
by CRY2 at low temperatures. In the presence of CHX, HY5
protein levels in transgenic plants overexpressing HA-HY5
dramatically decreased at 22�C under white light; however,
HY5 became stabilized after transfer to 4�C (Figure 4E). We
then extracted nuclear proteins and assessed HY5 protein
levels with an anti-HY5 antibody in wild-type Col-0, the
cry2-1 mutant, and transgenic plants overexpressing GFP-
CRY2 before and after cold treatment. The HF-COP1#1 over-
expression line (Figure 4F) and cop1-4 mutant were used as
controls, and the anti-HY5 antibody was verified using hy5-
215 (Figure 4G). As expected, before cold treatment, HY5
protein levels were significantly lower in wild-type Col-0
than in cop1-4 but higher than in the HF-COP1#1 overex-
pression line. After cold treatment, HY5 protein levels were
significantly downregulated in Col-0 and HF-COP1#1 plants
but largely unchanged in cop1-4 (Figure 4G), supporting the
notion that the stability of HY5 is enhanced under cold
stress when COP1 is inactivated (Catala et al., 2011). In con-
trast, before cold treatment, HY5 protein levels were signifi-
cantly higher in Col-0 than in cry2-1 but lower than in GFP-
CRY2 overexpression seedlings. After cold treatment, HY5
protein levels significantly decreased in Col-0 and cry2-1 but
remained stable in GFP-CRY2 seedlings (Figure 4H). These
results indicate that the stability of HY5 is positively regu-
lated by CRY2. Therefore, cold-stabilized CRY2 interacts
with COP1 and competes with HY5 for binding to COP1,
thereby enhancing the stability of HY5 under cold stress.

CRYs act upstream of HY5 and COP1 to regulate
freezing tolerance
To explore the genetic interactions between CRYs and
COP1 in regulating plant responses to cold stress, we exam-
ined the freezing tolerance of weak alleles of cop1 (cop1-4
and cop1-6), HF-COP1 overexpression lines and cop1-4 cry1
cry2 (cop1 cry1 cry2) mutants (Mao et al., 2005). Both cop1-
4 and cop1-6 mutants showed constitutive freezing tolerance
without cold acclimation, with more significant freezing tol-
erance after cold acclimation (Figure 5, A–C). An allelism
test indicated that the F1 progeny of a cross between cop1-4
and cop1-6 exhibited freezing tolerance that was comparable
with that of each cop1 mutant (Figure 5, A–C), validating
the notion that the observed freezing tolerance phenotype
is a consequence of partial inactivation of COP1. Moreover,
compared with the wild-type, two independent HF-COP1
overexpression transgenic lines displayed significantly in-
creased freezing sensitivity only after cold acclimation
(Figure 5, D–F). The triple mutant cop1 cry1 cry2 had a
freezing tolerance phenotype similar to that of cop1-4

(Figure 5, G–I). These data suggest that COP1 acts down-
stream of CRYs to negatively regulate freezing tolerance.

The null mutant hy5-215 displayed a freezing-sensitive phe-
notype, which is consistent with previous findings (Catala et
al., 2011), whereas UBQ10:3�HA-HY5 overexpression (HA-
HY5) lines (Li et al., 2020) showed enhanced acquired freezing
tolerance compared with the wild-type after cold acclimation
(Supplemental Figure S3, A–C). Therefore, we generated cry2-
1 HA-HY5 plants by genetic crossing and discovered that
cry2-1 HA-HY5 seedlings phenocopied HA-HY5 seedlings in
terms of their freezing tolerance specifically after cold acclima-
tion (Supplemental Figure S3, D–F). These results demon-
strate that CRY2 acts genetically upstream of HY5 to
positively regulate cold acclimation.

As CBF genes are critical for cold acclimation in plants (Jia
et al., 2016; Zhao et al., 2016), we investigated whether the
CRY2–COP1–HY5 module regulates cold acclimation via the
CBF pathway. The expression of CBFs and their target genes
(such as COR15B, galactinol synthase3 [GOLS3], and respon-
sive to desiccation 29A [RD29A]) was indistinguishable be-
tween the wild-type, cry2, hy5-215, and GFP-CRY2 and HA-
HY5 overexpression transgenic lines before or after cold
treatment (Supplemental Figure S4, A and B). Moreover, the
expression levels of CBFs and their target genes were signifi-
cantly lower in cop1-4 and higher in HF-COP1#1 overexpres-
sion lines than in the wild-type (Supplemental Figure S4C),
which are the opposite to their freezing phenotypes. These
results suggest that the function of CRY2, COP1, and HY5 in
regulating freezing tolerance is mainly independent of the
CBF signaling pathway.

Cold-induced expression of BBX7 and BBX8 is
regulated by CRY2, COP1, and HY5
To further define the mechanism underlying CRY2-mediated
cold signaling, we analyzed published RNA-Seq data of blue
light-responsive genes regulated by CRYs (Wang et al., 2016)
(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA318638; jlog2j
5 1, adjusted P 5 0.05) and COR genes identified in previous
studies (Song et al., 2021; http://www.ncbi.nlm.nih.gov/sra/
PRJNA732005; jlog2j 5 1, adjusted P 5 0.05). Interestingly,
among the 1,803 CRY-regulated genes, 846 are COR genes, rep-
resenting 46.9% of CRY-regulated genes (Figure 6A;
Supplemental Data Set S1). These data highlight the important
role of CRYs in regulating COR gene expression.

Next, we aimed to identify COR genes that regulate by
CRYs–COP1–HY5 module. Previous studies established a
regulatory network consisting of BBXs and HY5 that con-
trols the expression of a large number of light-responsive
genes (Xu, 2020). Interestingly, in our previous transcrip-
tome, deep sequencing (RNA-seq) data of wild-type Col-0
plants exposed to cold, two BBX-containing transcription
factor genes, BBX7 and BBX8, were among the genes most
significantly upregulated by low temperature (Jia et al., 2016;
Song et al., 2021), prompting us to ask whether BBXs are
regulated by the CRY2–COP1–HY5 module in response to
cold. Quantitative RT-PCR (Real-time polymerase chain
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reaction) analysis revealed that the cold-induced expression
levels of BBX7 and BBX8 were lower in cry2-1 and hy5-215
but higher in GFP-CRY2 and HA-HY5 overexpression lines
than in the wild-type (Figure 6, B and C). Conversely, the in-
duction of BBX7 and BBX8 expression by cold was stronger
in the cop1-4 mutant but weaker in HF-COP1#1 overexpres-
sion plants than in the wild-type (Figure 6D). These results
demonstrate that the cold-induced expression of BBX7 and
BBX8 is positively regulated by CRY2 and HY5, but repressed
by COP1.

HY5 directly binds to the promoters of BBX7 and
BBX8
HY5 positively regulates target gene expression by binding
to the Z-box and other cis-acting elements such as the
ACGT-containing element (ACE) in their promoters (Catala
et al., 2011; Heng et al., 2019). The BBX7 and BBX8 pro-
moters contain two and three ACE elements, respectively.
Chromatin immunoprecipitation (ChIP)-qRT-PCR assays
showed that HY5 was associated with the regions of the
BBX7 and BBX8 promoters containing ACEs in vivo

Figure 5 COP1 acts genetically downstream of CRYs to negatively regulate plant freezing tolerance. A–C, Freezing phenotypes (A), survival rates
(B), and ion leakage (C) of Col-0, cop1-4, cop1-6, and cop1-4 � cop1-6 F1 seedlings. D–F, Freezing phenotypes (D), survival rates (E), and ion leak-
age (F) of Col-0 and COP1 overexpression transgenic lines (HF-COP1#1, HF-COP1#2). G–I, Freezing phenotypes (G), survival rates (H), and ion leak-
age (I) of Col-0, cry1 cry2, cop1-4, and cop1 cry1 cry2 seedlings. In (B–I), data are means of three independent experiments ± SEM; each
experiment was repeated three times (n = 30). Asterisks indicate significant differences compared with Col-0 under the same treatment (*P 5
0.05, **P 5 0.01, Student’s t test).
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Figure 6 Cold-induced expression of BBX7 and BBX8 is regulated by CRY2–COP1–HY5. A, Venn diagram indicating the number of CRY-regulated
COR genes by comparing CRY-regulated genes (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA318638; jlog2j5 1, adjusted P 5 0.05) with COR
genes (http://www.ncbi.nlm.nih.gov/sra/PRJNA732005; jlog2j5 1, adjusted P 5 0.05) identified in previous studies. B–D, Relative expression lev-
els of BBX7 and BBX8 under cold treatment in Col-0, cry2-1 and GFP-CRY2 (B), hy5-215 and HA-HY5 (C), and cop1-4 and HF-COP1#1 (D). Total
RNA was extracted from 10-day-old LD-grown seedlings treated at 4�C for the indicated times. ACTIN2/8 was used as a normalization control.
Expression in untreated Col-0 was set to 1.00. E, ChIP assays showing that HY5 binds to the BBX7 and BBX8 promoters in vivo. The 13-day-old HA-
HY5 or WT (Col-0) seedlings grown under LD conditions were harvested for ChIP analysis using HA beads, and the amounts of the indicated DNA
in the immune complex were analyzed by qRT-PCR. The ACTIN fragment was amplified as a control. Relative enrichment was calculated as
Input% (indicated DNA)/Input% (control). F, EMSAs showing that HY5 binds to the promoters of BBX7 (P1) and BBX8 (P3) in vitro. Each biotin-la-
beled DNA fragment was incubated with recombinant GST-HY5 or GST proteins. Competition assays for labeled promoter sequences were per-
formed by adding an excess of unlabeled wild-type or mutated probes. G, Schematic representation of the control, effector, and reporter
constructs used in the dual-LUC assays. The LUC reporter constructs harboring BBX7 and BBX8 promoters were used as reporters. Effector con-
structs harboring the HY5 coding sequences were driven by the Super promoter. The Myc tag sequence driven by the Super promoter was used as
a negative control. H, Transcriptional activation experiments show that HY5 activates the expression of BBX7 and BBX8 in vivo. Construct combi-
nations were co-transfected in Arabidopsis protoplasts. Following incubation in the dark for 16 h, the protoplasts were treated in the light at
22�C (control) or 4�C for 1 h, and the samples were collected for dual-LUC analysis. LUC activity was normalized to Renilla (REN) LUC activity. In
(B–E, and H), data are means of three independent experiments ± SD. In (B–D), asterisks indicate significant differences compared with Col-0 un-
der the same treatment (*P 5 0.05, **P 5 0.01, Student’s t test). In (E), asterisks indicate significant differences compared with ACTIN fragment
in HA-HY5 or WT (**P 5 0.01, Student’s t test). In (H), different letters represent significant differences at P 5 0.05 (one-way ANOVA and
Tukey’s multiple comparison tests).
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(Figure 6E). We then performed electrophoretic mobility
shift assays (EMSAs) to test whether HY5 directly binds to
the promoters of BBX7 and BBX8 in vitro. Recombinant
GST-HY5 bound directly to the ACE-containing fragments
of the BBX7 (P1) and BBX8 promoters (P3) (Figure 6F).
Moreover, increasing amounts of unlabeled wild-type probes
markedly reduced HY5 binding to biotin-labeled probes,
whereas unlabeled mutant probes were unable to compete
for HY5 binding (Figure 6F), indicating that HY5 directly
binds to the ACE motifs in the BBX7 and BBX8 promoters
in vitro.

In addition, we performed a dual-LUC assay in
Arabidopsis protoplasts transfected with Super:HY5-Myc and
ProBBX7/8:LUC to determine whether the expression of
BBX7 and BBX8 is regulated by HY5 (Figure 6G). HY5 pro-
tein levels were much higher at 4�C than at 22�C in
Arabidopsis protoplasts transfected with Super:HY5-Myc and
ProBBX7/8:LUC (Supplemental Figure S5), which is consistent
with earlier results (Figure 4E). Accordingly, the ProBBX7:LUC
and ProBBX8:LUC reporters were activated by HY5 at 22�C,
and this effect was more prominent at 4�C (Figure 6H).
These data indicate that HY5 activates BBX7 and BBX8 ex-
pression by directly binding to their promoters.

BBX7 and BBX8 redundantly function downstream
of HY5 to positively regulate plant freezing
tolerance
To determine the exact role of BBX7 and BBX8 in cold stress
responses, we generated two independent mutant lines
(bbx7-1 and bbx7-2) by CRISPR (clustered regularly inter-
spaced short palindromic repeats)/CRISPR-associated protein
9 (Cas9)-mediated genome editing and produced the bbx7
bbx8 double mutant by crossing the genome-edited bbx7-1
allele with bbx8-1 (SALK_061961) (Supplemental Figure S6,
A–C). The bbx7-1 and bbx7-2 mutants contained 86-bp and
71-bp deletions from –3 relative to the ATG (with the A set
to + 1), respectively, resulting in a complete knockout of
BBX7 (Supplemental Figure S6, A–E). Freezing tolerance
assays revealed that the survival rate and ion leakage of non-
acclimated bbx7-1, bbx7-2 and bbx8-1 single mutants were
not significantly different from those of the wild-type
(Supplemental Figure S7, A–F). Nonacclimated bbx7 bbx8
double mutants displayed mild freezing sensitivity (Figure 7,
A–C; Supplemental Figure S7, D–F). After cold acclimation,
the bbx7-1, bbx7-2, and bbx8-1 single mutants exhibited
freezing sensitivity, and the bbx7 bbx8 double mutant was
more sensitive than the single mutants (Figure 7, A–C;
Supplemental Figure S7, A–F). Transformation with genomic
fragments spanning the BBX7 or BBX8 locus fully rescued
the freezing tolerance seen in nonacclimated bbx7 bbx8
double mutant seedlings and partially rescued the freezing
tolerance in acclimated bbx7 bbx8 double mutant seedlings
(Figure 7, A–C; Supplemental Figure S6, D–G).

We also generated BBX7-Myc and BBX8-Myc overexpres-
sion lines (Supplemental Figure S6, D, E, and G); they
showed significantly enhanced freezing tolerance compared

with the wild-type with or without cold acclimation
(Figure 7, D–F). Moreover, overexpression of BBX7 or BBX8
in the hy5-215 mutant fully suppressed the freezing sensitiv-
ity of the hy5-215 mutant (Figure 7, G–I; Supplemental
Figure S6, D, E, and G). These results demonstrate that BBX7
and BBX8 act downstream of HY5 to redundantly promote
freezing tolerance in plants.

Identification of COR genes regulated by HY5 and
BBX7/8
To further explore the mechanism underlying the roles of
HY5 and BBX7/8 in regulating plant freezing tolerance, we
performed RNA-sequencing (RNA-seq) to analyze the tran-
scriptomes of 10-day-old wild-type Col-0, hy5-215, and bbx7
bbx8 seedlings treated with 4�C for 0 h, 8 h, and 24 h to
identify HY5- and BBX7/8-regulated COR genes. HY5- and
BBX7/8-regulated COR genes were selected based on the fol-
lowing criteria: genes are up- or downregulated by cold stress
(jlog2j 5 1, adjusted P 5 0.05) and are up- or downregu-
lated in the hy5-215 or bbx7 bbx8 mutant compared with
wild-type Col-0 under cold stress. A total of 6,214 genes were
identified in wild-type seedlings after cold treatment
(Supplemental Data Set S2), which were defined as COR
genes. Among these, 729 COR genes (293 upregulated and
436 downregulated) were regulated by BBX7/8, representing
11.7% of all COR genes (Figure 8A; Supplemental Data Set
S3). Meanwhile, 618 COR genes (295 upregulated and 323
downregulated) were regulated by HY5, representing 9.9% of
all COR genes (Figure 8A; Supplemental Data Set S4).

Subsequently, we analyzed COR genes that are regulated by
both BBX7/8 and HY5; 397 COR genes (145 upregulated, 252
downregulated) were identified (Figure 8B; Supplemental
Data Set S5). These data demonstrate that BBX7/8 and HY5
share a large set of common downstream genes. As expected,
when we compared these genes with CBF-dependent COR
genes (http://www.ncbi.nlm.nih.gov/sra/PRJNA732005; jlog2j
5 1, adjusted P 5 0.05), only 49 genes were found to be
commonly regulated by CBFs and the HY5-BBX7/8 module
(Figure 8B), represent only �6.8% of CBF-regulated COR
genes. These data suggest that HY5-BBX7/8 regulate COR
genes, primarily in a CBF-independent manner.

Gene Ontology (GO) enrichment analysis revealed that the
COR genes that were upregulated by HY5-BBX7/8 were
mainly involved in the biosynthesis and metabolism of antho-
cyanins, flavonoids, aromatic compounds, and amino acid
derivatives and the response to ultraviolet signals. In contrast,
HY5-BBX7/8-downregulated COR genes were mainly enriched
in oxidation–reduction, response to hypoxia, nitrate, and ion
stress and ion transport (Figure 8C). To confirm the changes
in expression of HY5-BBX7/8-downregulated COR genes in
wild-type, bbx7 bbx8, and hy5-215 plants, we performed qRT-
PCR in plants under a time-course of cold treatment. As
expected, several anthocyanin biosynthesis-related genes
(such as TRANSPARENT TESTA4 [TT4], TT5, and TT8) showed
constitutively reduced expression in bbx7 bbx8, hy5-215, and
cry2-1 compared with the wild-type before cold treatment.
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Moreover, their cold-induced expression in these mutants
was significantly suppressed compared with the wild-type
(Figure 8D; Supplemental Data Set S6–S8), suggesting that
these genes are indeed positively regulated by BBX7/8, HY5,
and CRY2 under both normal conditions and cold stress and
that this regulation is more prominent under cold stress. The
expression patterns of these genes in cop1 were opposite to

those in bbx7 bbx8, hy5-215, and cry2-1 mutants, whereas
there were no significant differences in the expression of these
genes between the cbfs mutant and wild-type (Figure 8D).
Taken together, these results suggest that the CRY2–COP1–
HY5–BBX7/8 module regulates cold acclimation by modulat-
ing the expression of a set of COR genes, primarily indepen-
dently of the CBF signaling pathway.

Figure 7 BBX7 and BBX8 redundantly act downstream of HY5 to positively regulate plant freezing tolerance. A–C, Freezing phenotypes (A), sur-
vival rates (B), and ion leakage (C) of Col-0, the bbx7 bbx8 double mutant, and bbx7 bbx8 BBX7#1, bbx7 bbx8 BBX8#1 complementation lines. D–F,
Freezing phenotypes (D), survival rates (E), and ion leakage (F) of Col-0, BBX7-Myc and BBX8-Myc overexpression lines. G–I, Freezing phenotypes
(G), survival rates (H), and ion leakage (I) of Col-0, hy5-215, hy5-215 BBX7-Myc, and hy5-215 BBX8-Myc transgenic lines. In (B, C, E, F, H, and I), data
are means of three independent experiments ± SEM (n = 30). Asterisks indicate significant differences compared with Col-0 under the same treat-
ment (*P 5 0.05, **P 5 0.01, Student’s t test).
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Discussion
Many components that participate in light signaling path-
ways contribute to plant cold tolerance (Franklin and
Whitelam, 2007; Catala et al., 2011; Lee and Thomashow,
2012; Jiang et al., 2017, 2020). However, whether CRY-
mediated blue-light signaling is involved in plant cold
responses remains unclear. In this study, we provide evi-
dence for the important roles of the blue-light receptors
CRYs in regulating plant cold acclimation and freezing toler-
ance. First, phenotypic analyses revealed that CRY1 and
CRY2 positively regulate freezing tolerance, and blue-light
mimics cold acclimation to enhance plant freezing tolerance.
Second, biochemistry analyses demonstrated that cold pro-
motes the stability of blue light-induced phosphorylated
CRY2, thereby enhancing its activity. Third, at low tempera-
tures, the interaction of phosphorylated CRY2 with COP1 is
enhanced, which releases HY5 from COP1, thereby

preventing COP1-mediated HY5 degradation. Fourth, RNA-
seq demonstrated that approximately half of CRY-regulated
genes are COR genes. In addition, BBX7 and BBX8 redun-
dantly function downstream of HY5 to positively regulate
plant freezing tolerance by modulating the expression
of a set of COR genes, which occurs largely independently
of the CBF pathway. These findings thus uncover how
CRY2 governs plant cold acclimation through a CBF-
independent COP1–HY5–BBX7/8–CORs cold signaling path-
way (Figure 9).

The red light photoreceptor phyB functions as a thermo-
sensor that perceives ambient temperature changes (10–
30�C) both during the daytime and at night (Jung et al.,
2016; Legris et al., 2016; Qiu et al., 2019). Moreover, we re-
cently showed that phyB is stabilized by cold, which pro-
motes the degradation of PIF1, PIF4, and PIF5, thus leading
to increased CBF protein accumulation, COR expression, and

Figure 8 Transcriptome profiling analyses identify cold-regulated BBX7/8- and HY5-dependent genes. A, Venn diagrams indicating the numbers
of BBX7/8- and HY5-regulated COR genes. B, Venn diagram indicating the numbers of COR genes regulated by BBX7/8, HY5, and CBFs. C, GO en-
richment analysis of BBX7/8- and HY5-regulated COR genes described in (A). Left panel indicates BBX7/8- and HY5-coactivated COR genes (145),
and right panel indicates BBX7/8- and HY5-corepressed COR genes (252). D, Expression of BBX7/8- and HY5-induced COR genes in Col-0, bbx7
bbx8, hy5-215, cry2-1, cop1-4, and cbfs under cold treatment. Expression in Col-0 at 22�C was set to 1.00. ACTIN2/8 was used as a normalization
control. Data are the means of three independent experiments ± SD. Asterisks indicate significant differences compared with Col-0 under the same
treatment (*P 5 0.05, **P 5 0.01, Student’s t test).
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freezing tolerance in Arabidopsis (Jiang et al., 2020). In this
study, we uncovered the important role of CRY2 in promot-
ing acquired freezing tolerance in a CBF-independent man-
ner. Notably, the enhanced stabilization of phosphorylated
CRY2 upon cold stress only occurs in the presence of blue
light during the daytime. These findings indicate that both
phyB and CRY2 are necessary for the full acquisition of cold
acclimation: phyB enhances plant cold tolerance in both the
light and dark, at least in part through the well-
characterized CBF pathway, whereas CRY2 positively regu-
lates plant cold responses only in the light independently of
the CBF pathway. Consistent with these observations, a re-
cent study showed that the dark reversion rate of the cryp-
tochrome flavin from the active state (FADH�) to the
inactive state (FADOX) was lower at 15�C than at 25�C
(Pooam et al., 2021). A similar scenario was observed in liv-
erwort (M. polymorpha), showing that the conversion of
phototropin from its phosphorylated active form to its non-
phosphorylated inactive form was delayed at low tempera-
ture in a blue light-dependent manner (Fujii et al., 2017).
Further study will be needed to dissect whether CRY2 acts
as a cold sensor to perceive cold signals directly.

Two E3 ligases, the CUL4-based COP1–SPA1 E3 ligase
complex and CUL3-based Bric-a-Brac/Tramtrack/Broad (LRB

1–3) E3 ligases, are known to mediate the blue light-
dependent degradation of CRY2 (Liu et al., 2016; Chen et al.,
2021). CUL3LRBs target photoactivated and phosphorylated
CRY2 for rapid ubiquitination and degradation, whereas
CUL4COP1/SPA is responsible for sustained ubiquitination and
degradation of CRY2 in plants under prolonged exposure to
light (Liu et al., 2016; Chen et al., 2021). The increased stabil-
ity of phosphorylated CRY2 at low temperatures may be
partly due to the reduced activity of proteasomes at low
temperatures (Herbel et al., 2013). Consistently, the blue
light-dependent degradation of CRY2 mediated by COP1
was dramatically suppressed by cold stress (Supplemental
Figure S8). It is also possible that the function of LRBs in
degrading CRY2 is compromised at low temperatures, which
awaits further investigation.

CRY1 and CRY2 compete with COP1 substrates for inter-
action with COP1, repressing the ubiquitin ligase activity of
COP1 and thereby stabilizing COP1 substrates during photo-
morphogenesis (Ponnu et al., 2019). Here, we demonstrated
that cold-stabilized phosphorylated CRY2 interferes with the
association of COP1 and HY5, promoting HY5 accumulation
in the light. In agreement with this finding, HY5 stability de-
creased in the cry2-1 mutant but increased in GFP-CRY2
overexpressing lines compared with the wild-type. The
nucleocytoplasmic partitioning of COP1 is regulated by light
at 22�C, and multiple photoreceptors, including both Phys
and CRYs, mediate the light-induced depletion of COP1
from the nucleus (von Arnim and Deng, 1994; Osterlund
and Deng, 1998). A previous study showed that a YFP–
COP1 fusion protein was barely detectable in the nucleus in
the dark at 4�C (Catala et al., 2011). We propose that cold
induces the nuclear depletion of COP1 in the dark, while
cold-stabilized CRY2 inhibits the interaction of COP1 with
HY5 in blue light; cold thus represses COP1 activity both in
the dark and in blue light.

CBF transcription factors are classified as “first wave” tran-
scription factors, as they are rapidly and transiently induced
by cold, reaching their expression peak after 2–3 h of cold
treatment before quickly returning to basal levels (Park et
al., 2015). In this study, BBX7 and BBX8 expression reached
its peak after 9 h of cold treatment before decreasing, al-
though these genes remained more highly expressed 24 h
into cold treatment than before exposure to cold. These
data suggest that BBX7 and BBX8 may belong to a “second
wave” of transcription factors (Park et al., 2015). Our genetic
and biochemical evidence demonstrates that BBX7/8 act
downstream of HY5 and commonly regulate a set of COR
genes; among these, only 6.8% are governed by CBFs.
Therefore, HY5-BBX7/8 mediate a cold signaling pathway
that is largely independent of the CBFs. Our RNA-seq data
reveal that a set of HY5-BBX7/8-co-regulated COR genes are
involved in anthocyanin biosynthesis, which is consistent
with the finding that HY5 regulates anthocyanin biosynthe-
sis during cold stress (Catala et al., 2011). Considering that
anthocyanins act as antioxidants to remove reactive oxygen
species (Winkel-Shirley, 2002; Pourcel et al., 2007) and thus

Figure 9 A working model for the CRY2–COP–HY5–BBX7/8-CORs
cold signaling pathway. Under cold stress, phosphorylated CRY2 (in-
duced by blue light) is stabilized and interacts with COP1 to compete
with HY5, thereby inhibiting the degradation of HY5. BBX7 and BBX8
function as direct HY5 targets to positively regulate freezing tolerance
by modulating the expression of a set of COR genes, including antho-
cyanin biosynthetic genes, mainly independently of the CBF pathway.
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contribute to plant freezing tolerance (Li et al., 2017b), the
HY5–BBX7/8 module might promote freezing tolerance (at
least partially) by positively regulating the expression of an-
thocyanin biosynthetic genes.

Materials and methods

Plant materials and growth conditions
The Arabidopsis thaliana Columbia (Col-0) accession was
used as a wild-type. The cry2-1, cop1-4, cop1-6, cry1-104, cry1
cry2, cop1-4 cry1 cry2 (cop1 cry1 cry2) (Mao et al., 2005),
cbfs (Jia et al., 2016), and hy5-215 (Gangappa et al., 2013)
mutants; 35S:GFP-CRY1 (Ma et al., 2016), 35S:GFP-CRY2 (Yu
et al., 2009), and UBQ10:3�HA-HY5 (Li et al., 2020) trans-
genic plants used in this study were described previously.
The T-DNA insertion mutant bbx8-1 (SALK_061961) was
obtained from Arabidopsis Biological Resource Center
(Columbus, OH).

The CRISPR/Cas9 (Clustered Regularly Interspaced Short
Palindromic Repeats/CRISPR associated 9) technique was
performed as previously described (Xing et al., 2014) to gen-
erate the bbx7-1 and bbx7-2 single mutants. We searched
for and identified 23-bp specific target sites (50-N20NGG-30)
within exons of the BBX7 genomic sequence on the website
http://cbi.hzau.edu.cn/cgi-bin/CRISPR. The targets were
cloned into the pHSE401 vector, generating BBX7-pHSE401.
The resulting vectors were transformed into wild-type Col-0
plants by the floral dip method (Clough and Bent, 1998).
Vector construction and mutant identification were per-
formed as described (Xing et al., 2014).

The hy5-215 BBX8-Myc, hy5-215 BBX7-Myc, cry2 HA-HY5,
bbx7 bbx8, and cop1-4 x cop1-6 F1 plants were generated by
crossing, and homozygous lines were genotyped and kept
for further study. Unless otherwise indicated, Arabidopsis
plants were grown at 22�C on 1/2 Murashige and Skoog
(MS) medium (Sigma-Aldrich) containing 0.8% agar and
1.5% sucrose under LD conditions (16-h light/8-h dark).
Plants at 22�C were grown under 80–100 lmol�m–2�s–1

cool-white fluorescent illumination and transferred to 4�C
(for cold acclimation) under 20–25 lmol�m–2�s–1 cool-white
fluorescent illumination. Both the blue and red light sources
used in this study were LED cold light sources with a light
intensity of 5–20 lmol�m–2�s–1.

Plasmid construction and plant transformation
Genomic fragments containing 1.5-, 2.0-, and 1.3-kb DNA
sequences upstream of CRY2, BBX7, and BBX8 were ampli-
fied and cloned into pCAMBIA1300 (containing a GFP tag)
to generate the CRY2:CRY2-GFP, BBX7:BBX7-GFP, and
BBX8:BBX8-GFP constructs, respectively.

The CRY2 coding region was fused with GFP tag in the
pSuper1300 vector (pCAMBIA1300 vector containing a
Super promoter, which consists of three copies of the octo-
pine synthase upstream-activating sequence in front of the
manopine synthase promoter) (Ni et al., 1995) to generate
Super:CRY2-GFP. The COP1 coding region was fused with HA
and FLAG tag in the pCM1307 to generate the 35S:HF-COP1

construct. The HY5, BBX7, and BBX8 coding regions were
fused with MYC tag in the pSuper1300 vector to generate
the Super:HY5-Myc, Super:BBX7-Myc, and Super:BBX8-Myc
constructs, respectively. The CRY2 coding region was fused
with mCherry in the pSuper1300 vector to generate the
Super:CRY2-mCherry construct.

All of the resulting vectors were transformed into
Arabidopsis plants via the floral dip method (Clough and
Bent, 1998). 35S:GFP, Super:CRY2-GFP, Super:BBX7-Myc,
Super:BBX8-Myc, and 35S:HF-COP1 were transformed to
wild-type Col-0. CRY2:CRY2-GFP was transformed into the
cry2-1 mutant. BBX7:BBX7-GFP or BBX8:BBX8-GFP was trans-
formed into the bbx7 bbx8 mutant. T3 homozygous trans-
genic plants were used for analysis. The specific primers
used in this study are listed in Supplemental Data Set S9.

Freezing tolerance and ion leakage assays
Freezing tolerance and ion leakage assays were performed as
described previously (Ding et al., 2015). Arabidopsis seedlings
were grown at 22�C for 13 days on 1/2 MS plates containing
0.8% agar and subjected to the freezing assay conducted in
a freezing chamber (Percival). Compared with noncold accli-
mation (NA), cold acclimation (CA)-treated seedlings were
grown at 4�C under continuous white light for 2 days before
the freezing assay. The freezing assays for both NA and CA
seedlings were conducted as follows: seedlings were main-
tained in the dark at 0�C for 1 h, and the temperature was
then dropped by 1�C/h until the temperature described in
the figure legends was reached. After freezing treatment, the
seedlings were shifted to 4�C and kept in the dark for 12 h
before being transferred to LD conditions at 22�C for 3 days.
The survival rate was then calculated based on the ability of
green growth points to continue to generate new leaves.

After the freezing treatment and recovery for 3 days, the
seedlings were collected in 15-mL tubes containing 10 mL of
deionized water, and the electrical conductivity (EC) was
measured as S0. The samples were gently shaken at 22�C for
30 min, and the resulting EC was measured as S1. The sam-
ples were boiled for 1 h and shaken at 22�C for 30 min, and
the resulting EC was measured as S2. Electrolyte leakage was
calculated using the formula: (S1-S0)/(S2-S0).

RNA extraction and qRT-PCR
Total RNA was extracted from 10-day-old seedlings with
TRIzol Reagent (Invitrogen) and reverse transcribed by M-
MLV reverse transcriptase (Promega). qRT-PCR was per-
formed with a SYBR Green PCR Master Mix kit (Takara,
Kusatsu, Japan). Analysis was performed using the Applied
Biosystems StepOnePlus real-time PCR system. Whole plant
seedlings from wild-type and different genotypes on the
same petri dish were collected separately at the same time.
Three independent experiments were conducted. Relative
transcript levels were normalized to ACTIN2. The reaction
and the calculation of relative expression levels were per-
formed as described previously (Miura et al., 2007). The spe-
cific primers used in this study are listed in Supplemental
Data Set S9.
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Protein extraction and immunoblot analysis
Total proteins were extracted from the samples in immuno-
precipitation (IP) buffer (50 mM Tris–HCl pH 7.5, 150 mM
NaCl, 1% Triton X-100, 1 mM PMSF, 1 mM EDTA, 20 mM
NaF, and 1� Protease inhibitor cocktail). The sample was
centrifuged at 12,000g for 15 min. Total proteins were quan-
tified, separated on 10% SDS/PAGE (Sodium Dodecyl
Sulfate/Polyacrylamide Gel Electropheresis) gels, and trans-
ferred to PVDF membranes (Bio-Rad). Immunoblotting was
performed using anti-CRY2 antibody (polyclonal antibody
produced by Shanghai Youke Biotechnology, using
Arabidopsis CRY2 protein as the antigen) at 1:1,000 (v/v) di-
lution, anti-HA antibody (Abmart, Cat. No: H3663) at
1:5,000 (v/v) dilution, anti-Actin antibody (EASYBIO,
BE0027-100) at 1: 5,000 (v/v) dilution, anti-GFP antibody
(Abmart, Cat. No: M20004) at 1:5,000 (v/v) dilution, and
anti-HY5 antibody (Li et al., 2010) at 1:500 (v/v) dilution.

Bimolecular fluorescence complementation assays
BiFC assays were performed as described (Waadt and Kudla,
2008). The full-length coding sequence of COP1 was cloned
into the pSPYCE vector (CE), resulting in COP1-YCE, while
the full-length coding sequence of CRY2 was cloned into the
pSPYNE vector (NE), resulting in CRY2-YNE. ICE1-YCE was
used as a negative control. The COP1-YCE, CRY2-YNE, and
CRY2-mCherry constructs were co-transformed into N. ben-
thamiana leaves. Three days after infiltration, YFP fluores-
cence signals were observed under a confocal laser-scanning
microscope (LSM710, Carl Zeiss).

Split LUC complementation assay
The split LUC complementation assay was performed as
previously described (Chen et al., 2008). Vectors harboring
COP1-cLUC, CRY2-mCherry, and HY5-nLUC were co-
transformed into N. benthamiana leaves and expressed for
72 h, and the LUC signals were captured by a charge-
coupled device camera (1300B; Roper) at –110�C within 15
minutes of exposure.

Co-immunoprecipitation assays
For co-IP experiments using 35S:CRY2-GFP and 35S:GFP (as a
control), total proteins were extracted from plants in IP
buffer (as mentioned above) after treatment at 22�C or 4�C
for 1 h. The protein extracts were incubated with GFP-trap
agarose beads (Chromotek, Cat. No: GTA-20) at 4�C for 2 h.
The samples were washed four times with ice-cold IP buffer
(without protease inhibitors), and 5� loading buffer was
added before separating the samples on 8% SDS/PAGE gels.
Immunoblotting was performed using anti-GFP antibody at
1:5,000 (v/v) dilution or anti-COP1 antibody (Saijo et al.,
2003) at 1:1,000 (v/v) dilution.

For co-IP experiments, the 35S:HF-COP1, 35S:HF-ICE1 (Ding
et al., 2015), Super:CRY2-mCherry, and Super:HY5-Myc plas-
mids were purified and transformed into Arabidopsis meso-
phyll protoplasts. Total proteins were extracted with IP
buffer, and the protein extracts were incubated with anti-
HA beads (Sigma-Aldrich, Cat. No: A7470) at 4�C for 2 h.

The samples were washed four times with IP buffer and
used for immunoblotting with anti-HA, anti-Myc (Sigma-
Aldrich, Cat. No: M4439), and anti-CRY2 antibodies.

Electrophoretic mobility shift assay
EMSA was performed using biotin-labeled probes and a
Light Shift Chemiluminescent EMSA Kit (Thermo Fisher)
with minor modifications. Purified GST-HY5 protein was
added to the binding reaction; GST protein was used as a
negative control. The binding reactions were incubated at
25�C for 30 min and separated on 8% native polyacrylamide
gels in 0.5�TBE (Tris-Borate-EDTA) buffer. The biotin-
labeled and mutant probes used in this study are shown in
Supplemental Data Set S9.

Chromatin immunoprecipitation assays
ChIP assays were performed as described previously (Li et al.,
2017a) with minor modifications. HA-HY5 or wild-type (Col-
0) seedlings were grown at 22�C on 1/2 MS medium for 2
weeks under LD conditions. A 2 g plant tissue sample was
used in the ChIP experiment. Chromatin was isolated from
the samples and sonicated, and DNA fragments associated
with HA-HY5 protein were coimmunoprecipitated using
anti-HA beads (Sigma-Aldrich). The enrichment of DNA
fragments was quantified by qRT-PCR using the primers
listed in Supplemental Data Set S9.

Dual-LUC assay
For the dual-LUC assay, the BBX7 and BBX8 promoters were
fused to the firefly LUC gene in the pGreenII 0800-LUC plas-
mid (Hellens et al., 2005). The plasmids were purified and
transformed into Arabidopsis mesophyll protoplasts.
Following incubation in the dark for 16 h and treatment in
the light at 22�C or 4�C for 1 h, the protoplasts were col-
lected for the dual-LUC assay. The Promega dual-LUC re-
porter assay system was used for the dual-LUC assays
according to the manufacturer’s instructions. The specific
primers used in this study are listed in Supplemental Data
Set S9.

RNA-seq analysis
Ten-day-old Col-0, hy5-215 and bbx7 bbx8 seedlings grown
under LD conditions were treated at 4�C for 0, 8, or 24 h.
Total RNA was extracted from the plants with TRIzol
Reagent (Invitrogen) for subsequent sequencing analysis.
The libraries were sequenced on the Illumina NovaSeq 6000
platform and 150-bp paired-end reads were generated. Raw
data (raw reads) in fastq format were subjected to quality
control using FastQC (v.0.11.9) (Davis et al., 2013). The reads
were mapped to the Arabidopsis genome (TAIR10) using
HISAT2 (v.2.2.0) (Kim et al., 2019) with default parameters.
The read counts of each gene were obtained by
FeatureCounts (v.2.0.1) (Liao et al., 2014), and the TPM of
each gene was calculated using an in-house R script.
Differential-expression analysis was performed using DESeq2
(v.1.30.0 R package) (Love et al., 2014). P-values were ad-
justed using the Benjamini–Hochberg procedure (Benjamini
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and Hochberg, 1995). Differentially expressed genes were de-
fined based on the following criteria: a DESeq2 adjusted P
50.05 and a twofold-change cut-off in expression compared
with the control samples. Three independent replicates were
performed in this experiment.

Statistical analysis
For statistical tests related to RNA-seq, see the RNA-seq
analysis section. All statistical tests not related to RNA-seq
analysis were conducted in GraphPad PrismTM version 9.
One-way analysis of variance and Tukey’s multiple compari-
son tests or two-tailed Student’s t-test were performed. The
statistical results are shown in Supplemental File S1.

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL libraries under accession numbers CRY2
(AT1G04400), CRY1 (AT4G08920), COP1 (AT2G32950), HY5
(AT5G11260), CBF1 (AT4G25490), CBF2 (AT4G25470), CBF3
(AT4G25480), COR15B (AT2G42530), GOLS3 (AT1G09350),
RD29A (AT5G52310), BBX7 (AT3G07650), BBX8 (AT5G48250),
TT4 (AT5G13930), TT5 (AT3G55120), TT8 (AT4G09820).

RNA-seq data were submitted to the National Center for
Biotechnology Information Sequence Read Archive (http://
www.ncbi.nlm.nih.gov/sra/) under accession number
SRP327295.

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

Supplemental Figure S1. Gene and protein levels of CRYs
in the corresponding transgenic plants, and ion leakage of
cry mutant and CRY-overexpression plants after freezing
treatment.

Supplemental Figure S2. Cold promotes the stability of
blue light-dependent phosphorylation of CRY2.

Supplemental Figure S3. HY5 positively regulates ac-
quired freezing tolerance in Arabidopsis.

Supplemental Figure S4. Expression of CBF genes and
their target genes in CRY2-COP1-HY5-related mutants.

Supplemental Figure S5. Immunoblot analysis of the
HY5 proteins used in the transcriptional activation experi-
ments described in Figure 6I.

Supplemental Figure S6. BBX7 and BBX8 positively regu-
late plant freezing tolerance.

Supplemental Figure S7. Gene and protein levels of
BBX7 and BBX8 in the corresponding transgenic plants.

Supplemental Figure S8. The degradation of CRY2 by
COP1 is attenuated under cold stress.

Supplemental Data Set S1. Cold-responsive (COR) genes
in wild-type plants (Col-8 h/Col-0 h and Col-24 h/Col-0 h).

Supplemental Data Set S2. BBX7/8-regulated COR genes
(Col-8 h/bbx7 bbx8-8 h and Col-24 h/bbx7 bbx8-24 h).

Supplemental Data Set S3. HY5-regulated COR genes
(Col-8 h/hy5-215-8 h and Col-24 h/hy5-215-24 h).

Supplemental Data Set S4. BBX7/8 and HY5 co-regulated
COR gene expression.

Supplemental Data Set S5. BBX7/8-regulated genes at
22�C (Col-0 h/bbx7 bbx8-0 h).

Supplemental Data Set S6. HY5-regulated genes at 22�C
(Col-0 h/hy5-215-0 h).

Supplemental Data Set S7. Differences in COR genes co-
regulated by HY5 and BBX7/8 at 22�C (hy5-215-0 h/Col-0 h
and bbx7 bbx8-0 h/Col-0 h).
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sive genes regulated by CRYs and COR genes.
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