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ABSTRACT

Flowering is the primary stage of the plant developmental transition and is tightly regulated by environ-

mental factors such as light and temperature. However, the mechanisms by which temperature signals

are integrated into the photoperiodic flowering pathway are still poorly understood. Here, we demonstrate

that HOS15, which is known as a GI transcriptional repressor in the photoperiodic flowering pathway, con-

trols flowering time in response to low ambient temperature. At 16�C, the hos15 mutant exhibits an early

flowering phenotype, and HOS15 acts upstream of photoperiodic flowering genes (GI, CO, and FT). GI

protein abundance is increased in the hos15 mutant and is insensitive to the proteasome inhibitor

MG132. Furthermore, the hos15mutant has a defect in low ambient temperature–mediated GI degradation,

and HOS15 interacts with COP1, an E3 ubiquitin ligase for GI degradation. Phenotypic analyses of the hos15

cop1 double mutant revealed that repression of flowering by HOS15 is dependent on COP1 at 16�C. How-

ever, the HOS15–COP1 interaction was attenuated at 16�C, and GI protein abundance was additively

increased in the hos15 cop1 double mutant, indicating that HOS15 acts independently of COP1 in GI turn-

over at low ambient temperature. This study proposes that HOS15 controls GI abundance throughmultiple

modes as an E3 ubiquitin ligase and transcriptional repressor to coordinate appropriate flowering time in

response to ambient environmental conditions such as temperature and day length.
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INTRODUCTION

Earth dynamics induce diurnal and seasonal fluctuations in light

and temperature across the planet. Plants sense these environ-

mental input signals, and the accumulated diurnal information in

plant cells drives various developmental outputs, including flower-

ing (Song, 2016). Flowering is a major developmental transition

from the vegetative to reproductive state that determines crop
Plant Co
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production, including that of vegetables and grains (Jung

and M€uller, 2009). Flowering time is delicately determined by

various pathways, including the photoperiodic (day length),
mmunications 4, 100570, July 10 2023 ª 2023 The Author(s).
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thermosensory (temperature), hormonal, autonomous (genetic

makeup), and vernalization (prolonged exposure to cold)

pathways. The genetic pathway regulates expression of floral

integrator genes such as FLOWERING LOCUS T (FT) and SUP-

PRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1),

which activate downstream floral identity genes (such as

APETALA1 and LEAFY) to induce flowering (Kim et al., 2009;

Andrés and Coupland, 2012; Song et al., 2015).

The photoperiodic pathway is responsible for predicting up-

coming environmental changes and precisely aligning flowering

time under favorable conditions (Andrés and Coupland, 2012).

Long-day (LD) conditions accelerate flowering by promoting the

floral activator FT. The diurnal cycles of CONSTANS (CO), a tran-

scriptional activator of FT, are controlled by the complex of

CYCLING DOF FACTOR (CDF), FLAVIN-BINDING KELCH

REPEAT F-BOX 1 (FKF1), and GIGANTEA (GI) proteins

(Imaizumi, 2005; Sawa et al., 2007; Fornara et al., 2009). CDF

proteins are transcriptional repressors of CO during the

morning (Fornara et al., 2009) and are targeted by the E3

ubiquitin ligase FKF1 (Imaizumi, 2005) and a unique plant-

specific protein, GI (Kim et al., 2007). Under LD conditions,

FKF1 and GI proteins form a complex in a blue light-dependent

manner (Sawa et al., 2007) and then degrade CDF proteins to

activate CO transcription in the afternoon (Fornara et al., 2009;

Sawa et al., 2007). CO protein activates SOC1 via FT to

promote flowering (Yoo et al., 2005; Nakamichi et al., 2007).

GI, a nucleocytoplasmic protein, is involved in various biological

processes, including the circadian clock, flowering time, starch

accumulation, chlorophyll accumulation, hypocotyl elongation,

and a wide range of responses to stresses such as drought,

cold, salt, and oxidative stress (Mishra and Panigrahi, 2015). GI

is known to function as a mediator of red light reception

(photoreceptor) and the circadian rhythm (Fowler et al., 1999;

Huq et al., 2000), as well as a floral promoter (Koornneef et al.,

1991). GI transcripts oscillate under the control of the circadian

clock, peaking at 8–10 h after sunrise (Fowler et al., 1999; Park

et al., 1999). CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1), a

core clock component in the morning loop, reduces GI expres-

sion in the morning by directly associating with the CCA1-

binding site of the GI promoter (Lu et al., 2012). GI transcripts

accumulate in the afternoon when CCA1 is repressed by

another core clock component, TIMING OF CAB EXPRESSION

1 (Gendron et al., 2012; Huang et al., 2012; Lu et al., 2012;

Pokhilko et al., 2012). EARLY FLOWERING 3 (ELF3), a GI up-

stream interactor, positively regulates GI transcription because

the rhythm of GI transcripts is disrupted in elf3 mutants under

continuous light (LL) conditions (Fowler et al., 1999). Recently,

we showed that GI is regulated transcriptionally through an

epigenetic mechanism during the regulation of photoperiodic

flowering (Park et al., 2019). The evening complex (EC), which

is composed of ELF3, ELF4, and LUX ARRHYTHMO (LUX), binds

to the LUX binding site (LBS) on the GI promoter with the histone

deacetylase complex consisting of HISTONE DEACETYLASE 9

(HDA9) and HIGH EXPRESSION OF OSMOTICALLY RESPON-

SIVE GENES 15 (HOS15). The repressor complex forms a de-

acetylated heterochromatin structure, leading to decreased GI

expression in the evening and concomitant photoperiodic flower-

ing (Nusinow et al., 2011; Park et al., 2019). By contrast, MUT9P-

LIKE KINASE 4 (MLK4), which phosphorylates histone H2A,
2 Plant Communications 4, 100570, July 10 2023 ª 2023 The Autho
associates with CCA1 and regulates the accumulation of

H2A.Z, a variant form of H2A, and the acetylation of histone 4

at the GI promoter, thereby inducing GI expression (Su et al.,

2017). Recently, ELF3 was shown to directly interact with the

SWI2/SNF2-RELATED 1 (SWR1) complex to control the deposi-

tion of H2A.Z at EC target genes and repress their expression

(Tong et al., 2020).

The diel cyclic patterns of GI protein abundance observed in a

constitutive overexpressor of GI suggest that post-translational

modifications affect the stability and lifetime of GI protein

(David et al., 2006). GI proteins that accumulate in blue light are

degraded by the 26S proteasome in the dark (David et al.,

2006); this process is mediated by ELF3 and CONSTITUTIVE

PHOTOMORPHOGENENIC 1 (COP1), which act as a RING

domain E3 ligase and a negative photomorphogenesis regulator,

respectively (Yu et al., 2008; Lau and Deng, 2012). In addition,

COP1 is stabilized at low ambient temperature and triggers

proteasomal degradation of GI, resulting in delayed flowering at

low ambient temperature, independent of the CO pathway

(Jang et al., 2015). Thus, the amount of GI protein is fine-tuned

to respond to various environmental changes for proper growth

and development.

The major differences between natural and laboratory conditions

for plants are the ratio of red/far-red light and the diel temperature

fluctuation. In particular, the diel temperature fluctuation

under natural conditions is sufficient to mimic natural flowering

regulation by reducing FT expression in the afternoon (Song

et al., 2018). Therefore, low ambient temperature–mediated

repression of flowering is important for synchronizing flowering

time in nature. Here, we report the implications of HOS15-

mediated GI degradation in the low ambient temperature–medi-

ated flowering response. HOS15 can interact with GI and

promote its degradation through the 26S proteasome. Further-

more, HOS15 has a COP1-dependent role in flowering at

low ambient temperature. However, the protein interaction be-

tween HOS15 and COP1 is attenuated at low ambient tempera-

ture, and HOS15 plays a role in low ambient temperature–medi-

ated GI turnover independently of COP1. Taken together, our

results suggest that HOS15 plays a role in flowering repression

by promoting GI degradation in response to low ambient

temperature.
RESULTS

HOS15 is required for flowering repression in response
to low ambient temperature

Flowering is tightly controlled by the integration of external fac-

tors such as temperature and day length with internal factors

such as the circadian clock and phytohormones (Shim et al.,

2017). HOS15 plays an essential role in the regulation of both

photoperiodic flowering and the cold tolerance response

through chromatin remodeling (Zhu et al., 2008a, 2008b; Park

et al., 2019). This suggests that HOS15 may be involved in the

integration of flowering and temperature response. To test this

possibility, the flowering times of a T-DNA insertion line

(hos15-2) and an RNAi line (hos15-i) of HOS15 were measured

under normal (23�C) and low ambient temperature (16�C) condi-
tions (Figure 1A). The flowering times of wild-type (WT) and
r(s).
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Figure 1. HOS15-impaired mutants are insensitive to low ambient temperature–mediated repression of flowering.
(A) Effect of low ambient temperature on flowering of wild-type Col-0 (WT), hos15-2, hos15-i, and proHOS15:HOS15-HA hos15-2 (HOS15HA). Plants

were grown under LDs (16L/8D) at 23�C or 16�C. The photographs were taken when hos15-2 and hos15-imutants bolted. Scale bars correspond to 1 cm.

(B) The numbers of rosette and cauline leaveswere counted at bolting tomeasure flowering time. Data are presented asmeans ±SD of three independent

replicates, each including at least 15 plants. Different letters denote statistically significant differences (ANOVA, Bonferroni post-hoc test, P < 0.05).

(C) Transcript levels of GI, CO, SOC1, and FT at low ambient temperatures. Twelve-day-old plants at 23�C or 16�C in LDs were harvested every 4 h, and

the transcript levels ofGI,CO, SOC1, and FTwere measured by quantitative real-time PCR. Three independent replicates were averaged, and error bars

represent the SD of the mean. Asterisks indicate statistically significant differences between 23�C and 16�C in WT and hos15-2 (Student’s t-test;

***P < 0.001, **P < 0.01, *P < 0.05).
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HOS15-complemented transgenic plants (proHOS15:HOS15-

HA hos15-2, HOS15HA) were delayed at 16�C, with flowering

time ratios (16�C/23�C) of approximately 2.2 and 1.8, respec-

tively. On the other hand, hos15-2 and hos15-i were insensitive

to low ambient temperature–mediated repression of flowering

compared with the WT, with a flowering time ratio of approxi-

mately 1.2–1.3 (Figure 1B), indicating that HOS15 is involved in

low ambient temperature–mediated repression of flowering. To

gain insight into the role of HOS15 in low ambient temperature–

mediated flowering, we examined the transcript and protein

levels of HOS15 at 23�C and 16�C. Protein and transcript levels

of HOS15 did not change at 16�C compared with 23�C during
Plant Co
the day (Supplemental Figures 1A and 2B), indicating that

HOS15 acts as an upstream regulator in thermosensory

flowering.

HOS15 has been shown to function as a transcriptional repressor

of GI, which activates photoperiodic flowering (Park et al., 2019).

Therefore, the regulation of GI transcription by HOS15 may

underlie the functions of HOS15 in thermosensory flowering.

However, the transcript levels of GI in WT and hos15-2 were

not altered at 16�C compared with 23�C, suggesting that tran-

scriptional repression of GI by HOS15 is not a major factor in

the thermosensory flowering response (Figure 1C). In addition,
mmunications 4, 100570, July 10 2023 ª 2023 The Author(s). 3
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the expression of CO, which is known to be independent of

ambient temperature changes (Lee et al., 2012a; Jang et al.,

2015), was not significantly changed at 16�C during the

daytime in WT and hos15-2 (Figure 1C). Low ambient

temperature signals are associated with floral integrators such

as SOC1 and FT (Blazquez et al., 2003). Consistent with the

phenotype results, SOC1 and FT expression levels were

reduced at low ambient temperature in both WT and hos15-2,

and their transcripts in hos15-2 at 16�C were maintained as

much as those in the WT at 23�C, indicating that HOS15 acts up-

stream of SOC1 and FT to prevent the initiation of flowering under

low ambient temperature (Figure 1C).

HOS15 is an upstream regulator of photoperiodic
flowering genes at low ambient temperature

Photoperiod and temperature are major external signals that

control flowering time. Photoperiodic and thermosensory

flowering pathways communicate with each other to promote

flowering at high ambient temperature and delay flowering at

low ambient temperature (Fernandez et al., 2016; Song, 2016).

To examine the genetic relationship between the HOS15-

mediated thermosensory pathway and the photoperiodic

pathway in the control of flowering time, we generated double

mutants by crossing hos15-2 with the photoperiodic flowering

mutants gi-2, co-1, and ft-1 (Figure 2A). Analysis of flowering

time in these double mutants at 23�C and 16�C showed that

the photoperiodic flowering mutants were completely or mostly

epistatic to hos15-2, indicating that HOS15 acts upstream

of the photoperiodic flowering genes at 23�C and 16�C
(Figure 2B). Thus, HOS15 is involved in low ambient

temperature–mediated repression of flowering through GI–CO–

FT photoperiodic flowering pathways. Although GI transcript

levels were not altered in WT and hos15-2 at 16�C compared

with 23�C (Figure 1C), the flowering time of the gi-2 hos15-2

double mutant was comparable to that of gi-2 under low ambient

temperature (Figure 2B). This suggests the possibility that HOS15

regulates GI in a post-translational manner to control flower-

ing time.

HOS15 participates in 26S proteasome–mediated GI
degradation

To understand how HOS15 regulates GI to control flowering in

response to low ambient temperature, we examined the effect

of HOS15 on GI protein abundance at 16�C (Figure 3A and 3B).

Previous research has shown that GI protein oscillation is

stronger under short-day conditions than under long-day condi-

tions (David et al., 2006). To observe clear changes in GI

abundance at low ambient temperature, we investigated GI

protein levels under a 12-h light/12-h dark (12L/12D) cycle. The

hos15-2 mutants showed an early flowering phenotype at 16�C
under 12L/12D conditions (Supplemental Figure 3), consistent

with the flowering phenotype under long-day conditions

(Figure 1). The abundance of GI decreased at 16�C compared

with 23�C in the WT (Figure 3A); however, the abundance of GI

was higher in hos15-2 than in the WT at 16�C (Figure 3B),

suggesting that HOS15 contributes to the reduction in GI

abundance at low ambient temperature. Previous research has

shown that GI turnover is accelerated by the COP1-mediated

26S proteasome at low ambient temperature (Jang et al., 2015).

HOS15 also functions as a substrate receptor of the 26S
4 Plant Communications 4, 100570, July 10 2023 ª 2023 The Autho
proteasome in the forms of a CULLIN 4 (CUL4)-based E3 ubiqui-

tin ligase complex and an SKP1/CUL1/F-box (SCF) E3 ubiquitin

ligase complex (Park et al., 2018a; Shen et al., 2020).

Therefore, to further test whether lower abundance of GI at low

ambient temperature is mediated by the HOS15-based 26S pro-

teasome, we compared GI protein levels in hos15-2 treated with

the proteasome inhibitor MG132 at 16�C and 23�C. In WT plants,

approximately 72% and 33% of the GI proteins were additionally

stabilized by the proteasome inhibitor treatment at 16�C and

23�C, respectively, indicating preferential degradation of GI at

low temperature by the ubiquitin-proteasome degradation

pathway (Figure 3C and 3E). In the hos15-2 mutant (hos15-2

35S:GI-HA), GI abundance was insensitive to MG132 treatment

at both 23�C and 16�C: the ratios of GI protein levels with and

without MG132 treatment for 24 h were 0.99 ± 0.09 and 1.02 ±

0.08 at 23�C and 16�C, respectively (Figure 3D and 3E).

These results indicate that HOS15 is involved in 26S

proteasome–mediated GI degradation at low and normal

ambient temperature.

HOS15-mediated GI degradation is dependent on low
ambient temperature, not darkness

GI proteins are accumulated during the day and degraded

through dark- and low ambient temperature–induced proteolysis

by the 26S proteasome (David et al., 2006; Jang et al., 2015). To

understand whether HOS15-mediated GI degradation is a

response to dark or low ambient temperature, hos15-2 and

cop1-4 mutants were grown at 23�C under 12L/12D conditions

and treated with the protein synthesis inhibitor cycloheximide at

ZT12 (23�C dark). They were then transferred to different condi-

tions to distinguish the responses to dark and low ambient tem-

perature in GI degradation: 16�C (16�C dark), subjective night

at 23�C (23�C light), and subjective night at 16�C (16�C
light) (Figure 4A). GI degradation occurred rapidly under 23�C
dark, 16�C light, and 16�C dark conditions compared with the

23�C light condition in the gi-2 35S:HA-GI complementation line

(Figure 4A). GI protein levels under each condition were

compared as a ratio relative to GI protein levels under the 23�C
light condition (Figure 4B). In hos15-2mutants, GI protein degra-

dation was induced by darkness but was insensitive to 16�C, indi-
cating that HOS15-mediated GI turnover responds to low

ambient temperature but not to darkness (Figure 4B).

Consistent with previous studies in which COP1-mediated GI

turnover was accelerated by both darkness and low ambient

temperature (Yu et al., 2008; Jang et al., 2015), GI protein levels

in cop1-4mutants were insensitive to both dark and 16�C condi-

tions (Figure 4B). Taken together, our results suggest that HOS15

and COP1 facilitate GI degradation at low ambient temperature.

However, HOS15 does not contribute to dark-induced GI degra-

dation, unlike COP1.

HOS15 forms a complex with GI and COP1 in vivo

Both HOS15 and COP1 function as substrate receptors of the

CUL4-based E3 ubiquitin ligase complex (Chen et al., 2010; Zhu

et al., 2015; Park et al., 2018a). Because theCUL4-basedE3ubiq-

uitin ligasemakesa tetramer formation (Mohamedet al., 2021),we

hypothesized that HOS15 and COP1 might function together as

substrate receptors to degrade GI proteins at low ambient

temperature. To gain insight into the molecular mechanisms

underlying the functional relationship between HOS15 and
r(s).
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Figure 2. HOS15 is upstream of the photoperiodic flowering-related genes at low ambient temperature.
(A) Effect of low ambient temperature on flowering of double mutants of hos15-2 crossed with mutants of flowering-related genes. Plants were grown

under LDs (16L/8D) at 23�C or 16�C. The photographs were taken when plants bolted. Scale bars correspond to 1 cm.

(B) The numbers of rosette and cauline leaveswere counted at bolting tomeasure flowering time. Data are presented asmeans ±SD of three independent

replicates, each including at least 15 plants. Different letters denote statistically significant differences (ANOVA, Bonferroni post-hoc test; P < 0.05).
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COP1 inGI degradation, we tested the interactions of HOS15with

GI and COP1 in vivo using bimolecular fluorescence

complementation (BiFC) (Figure 5A). Although GI and COP1 are

located in the nucleus and cytosol (Stacey et al., 1999; Kim

et al., 2013; Pacı́n et al., 2013), HOS15 interacted with GI and

COP1 in the nucleus (Figure 5B). To further confirm HOS15

complex formation with GI and COP1 in vivo, we performed a

co-immunoprecipitation (Co-IP) assay using transgenic plants

overexpressing GI-HA and COP1-GFP (gi-2 35S:GI-HA and

cop1-4 35S:COP1-GFP) at ZT12, 18, and 24 (Figure 5C and 5D).

The interaction between GI and HOS15 was highest at ZT12
Plant Co
and decreased over time (Figure 5C) because GI protein levels

are reduced through dark-induced degradation. By contrast,

HOS15 interacted with COP1 at steady-state levels (Figure 5D).

We next investigated the interaction between HOS15 and COP1

in response to low ambient temperature. Unexpectedly, the

interaction between HOS15 and COP1 was weaker at 16�C than

at 23�C (Figure 5E), suggesting that HOS15 and COP1 may

have distinct roles in low ambient temperature responses.

HOS15 acts as a substrate receptor for a CULLIN 4 (CUL4)-based

E3 ubiquitin ligase complex (CUL4HOS15) and an SCF E3 ubiquitin

ligase complex (SCFHOS15) for the proteolysis of target proteins
mmunications 4, 100570, July 10 2023 ª 2023 The Author(s). 5
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tistically significant differences (Student’s t-test; ***P < 0.001, **P < 0.01, *P < 0.05).

(C and D) GI protein abundance in gi-2 35S:GI-HA (C) and hos15-2 35S:GI-HA (D) plants at 23�C and 16�C with or without MG132. Ten-day-old plants

(35S:GI-HA and hos15-2 35S:GI-HA) grown under 12L/12D at 23�C were transferred to 16�C at ZT 0 with or without MG132 (50 mM) treatment and

harvested at the indicated time points. The GI-HA protein levels were normalized to HSP90. Data are presented as means ± SD of three independent

replicates. Numbers below the blots are a ratio of relative GI-HA levels with and without MG132 treatment at ZT24.

(E) The relative GI-HA protein levels with and without MG132 treatment at ZT24, shown in (C) and (D), were statistically analyzed. Different letters denote

statistically significant differences (ANOVA, Bonferroni post-hoc test; P < 0.05).
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Figure 4. hos15-2 has a defect in GI degradation induced by low ambient temperature but not by darkness.
(A)GI protein levels in gi-2 35S:GI-HA, hos15-2 35S:GI-HA, and cop1-4 35S:GI-HA in response to low ambient temperature, darkness, and a combination

of conditions after cycloheximide treatment. Plants were grown for 10 days under 12L/12D conditions at 23�C and then transferred to 16�C, darkness,
and a combination of conditions at ZT12 with cycloheximide treatment. A schematic diagram shows the experimental process.

(B) Quantification of GI amount under each condition relative to the GI amount under continuous light at 23�C. The levels of GI-HA protein under each

condition were normalized to that of HSP90 and compared with the levels under the 23�C light condition. Data are presented as means ± SD of three

independent replicates. Different letters denote statistically significant differences among gi-2 35S:GI-HA, hos15-2 35S:GI-HA, and cop1-4 35S:GI-HA
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Figure 5. HOS15 forms a complex with COP1 in vivo.
(A) BiFC assay for interaction between HOS15 and GI or COP1. The Venus fluorescent protein N terminus (VN) alone or fused to HOS15 (VN-HOS15) and

the Venus fluorescent protein C terminus (VC) alone or fused to GI (GI-VC) and COP1 (VC-COP1) were transiently expressed in tobacco leaves, and the

fluorescence was observed by confocal microscopy with an excitation wavelength of 515 nm for YFP. Scale bar corresponds to 50 mm.

(B) BiFC signal analysis with DAPI staining.

(C and D) Co-immunoprecipitation assay for HOS15 and GI interaction (C) and COP1 and HOS15 interaction (D). Transgenic plants overexpressing GI-

HA (C) or COP1-GFP (D) were grown in 12D/12 L at 23�C for 12 days and harvested at the indicated ZT time points. Total protein was extracted and

immunoprecipitated with a-HOS15 and a-GFP, respectively.

(E) COP1 and HOS15 interaction at low ambient temperature. Ten-day-old 35S:COP1-GFP overexpressing plants were transferred to 16�C for an

additional 2 days and harvested at the indicated ZT time points. Total protein extracts were immunoprecipitated with a-GFP.
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(Park et al., 2018a; Shen et al., 2020). Therefore, one possibility is

that HOS15 forms a COP1-independent E3 ubiquitin ligase com-

plex at low ambient temperature. Sequence-based prediction re-

vealed that HOS15 contains an F-box-like motif and a LisH

domain at the N-terminal region and a WD40 repeat domain at

the C-terminal region (Park et al., 2018a; Shen et al., 2020).

COP1 is composed of RING, coiled-coil, and WD40-repeat do-

mains, and it directly binds to the F-box and KELCH domain of
8 Plant Communications 4, 100570, July 10 2023 ª 2023 The Autho
FKF1 through the RING domain (Lee et al., 2017). Therefore,

HOS15 may directly bind to the RING domain of COP1 through

the F-box-like motif. To identify the interacting domain of

HOS15 and COP1, full-length and truncated COP1 proteins

were transiently expressed in tobacco with full-length HOS15

and analyzed by Co-IP (Supplemental Figure 4). All GFP-tagged

protein bands shifted up by about 15 kDa after immunoprecipita-

tion with GFP antibody. This could be explained by high-affinity
r(s).
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when hos15-2 bolted. Scale bars correspond to 1 cm.

(legend continued on next page)
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molecules such as the light chain of GFP antibody (25 kDa) that

strongly bind to GFP under SDS–PAGE conditions. Thus, the

N-terminal region of HOS15 containing a LisH domain and an

F-box-like motif interacted with the WD40 domain of COP1

(Supplemental Figure 4).
HOS15 repression of flowering depends on COP1 at low
ambient temperature, but HOS15 works independently
of COP1 in GI turnover

To confirm the genetic interaction between HOS15 and COP1 in

low ambient temperature–mediated flowering, we measured the

flowering times of hos15-2, cop1-4, and the hos15-2 cop1-4 dou-

ble mutant under LD conditions at 23�C and 16�C. The cop1-4

mutants flowered earlier than hos15-2 at 23�C and 16�C. The
hos15-2 cop1-4 double mutants exhibited an additive phenotype

at 23�C and a phenotype similar to cop1-4 at 16�C (Figure 6A and

6B), indicating that HOS15 regulation of flowering time is

independent of COP1 at 23�C but dependent on COP1 at 16�C.
To gain insight into the relationship between HOS15 and COP1

in GI turnover, we compared GI protein levels in hos15-2,

cop1-4, and hos15-2 cop1-4 mutants at 23�C and 16�C.
HOS15 and COP1 did not affect each other’s transcript and pro-

tein levels in response to temperature (Supplemental Figures 1B,

2A, and 2B). At 23�C, GI-HA protein levels were higher in hos15-2

cop1-4 mutants than in GI-HA control plants and similar to those

of hos15-2 and cop1-4 (Figure 6C and 6E). At 16�C, GI protein

levels were higher in hos15-2 plants than in cop1-4. Furthermore,

GI protein levels in the hos15-2 cop1-4 double mutant exhibited

an additive increase at 16�C compared with hos15-2 and

cop1-4 at ZT18 and ZT24 (Figure 6D and 6E), indicating that

HOS15-mediated GI turnover is independent of COP1 at low

ambient temperature. To further investigate the relationship

between HOS15 and COP1 in GI degradation, we measured GI

protein levels in the hos15-2 cop1-4 double mutant treated with

cycloheximide under continuous light conditions at 23�C or

16�C (Supplemental Figure 5). GI degradation patterns of the

hos15-2 cop1-4 double mutant at 23�C and 16�C were similar

to those of hos15-2, and there were no statistically significant

differences in GI degradation between the hos15-2 cop1-4

double mutant and each single mutant (Supplemental Figure 6).

Taken together, these results show that HOS15 plays a COP1-

dependent role in low ambient temperature–mediated

flowering but participates in GI turnover independently of COP1

(Figure 7). Our results indicate that the HOS15-based 26S protea-

some plays a role in the control of thermosensory flowering by

regulating the protein abundance of GI, a photoperiodic floral

activator.
DISCUSSION

Flowering is regulated by the integration of complex regulatory

responses to photoperiod, temperature, hormones, and metabo-
(B) The numbers of rosette and cauline leaves were counted at bolting tomeasu

replicates, each including at least 15 plants. Different letters denote statistica

(C and D) GI protein levels in hos15-2, cop1-4, and hos15-2 cop1-4 plants

conditions at 23�C and then transferred to 16�C for an additional 2 days.

(E) Quantification of GI protein levels in hos15-2 35S:GI-HA, cop1-4 35S:GI

normalized to HSP90 and statistically analyzed. Data are presented as means

significant differences (ANOVA, Bonferroni post-hoc test; P < 0.05).
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lites (Andrés and Coupland, 2012). In particular, the red/far-red

light ratio and daily temperature oscillation are key environmental

parameters needed to mimic natural long-day flowering regula-

tion under laboratory growth conditions. Daily temperature fluc-

tuation is required to reduce afternoon FT expression levels and

mimic the natural pattern (Song et al., 2018), and low ambient

temperature-induced daily flowering repression is important for

synchronizing flowering time. In WT plants, GI protein levels

were lower at 16�C (Figure 3A), but transcript levels of GI were

unchanged (Figure 1C). Therefore, low ambient temperature–

mediated GI degradation may be a key mechanism of daily

flowering repression.

Previously, we showed that HOS15 forms a complex with the EC

and HDA9 to repress transcriptional activation of the GI gene

(Park et al., 2019). Plants defective in the HOS15-mediated

histone deacetylase complex exhibit various developmental phe-

notypes, including early flowering, small plant size, and cold

responses (Mizuno et al., 2014; Jang et al., 2015; Park et al.,

2018a, 2019). For example, hos15-2, hda9-1, pwr, elf3-1, and

pcl1-1/lux mutants flower earlier than the WT (Park et al., 2019).

The transcript levels of the cold-responsive genes CBFs and

DREB are upregulated in hos15-2, lux, and elf3 mutants upon

cold exposure (Keily et al., 2013; Ezer et al., 2017; Park et al.,

2018a). Mutants of the EC components ELF3 and LUX, and

mutants involving target genes such as PSEUDO-RESPONSE

REGULATOR 7 (PRR7), PSEUDO-RESPONSE REGULATOR 9

(PRR9), PHYTOCHROME INTERACTING FACTOR 4 (PIF4), and

PIF5 (prr7, prr9, pif4, and pif5) are insensitive to ambient temper-

ature (Mizuno et al., 2014; Ezer et al., 2017). Based on these

results, we hypothesized that HOS15 might be involved in

thermosensory flowering. Our data showed that the hos15-2

mutant was insensitive to low ambient temperature–mediated

repression of flowering and that HOS15 acted upstream of the

photoperiodic flowering genes at low ambient temperature

(Figures 1 and 2).

HOS15 acts as a substrate receptor of the CUL4-based E3 ubiq-

uitin ligase complex as well as the SCF E3 ubiquitin ligase com-

plex (Park et al., 2018a; Shen et al., 2020). The CUL4 system is

assembled with its linker protein Damage-specific DNA binding

protein 1 (DDB1) and a WD40-containing substrate receptor

(Biedermann and Hellmann, 2011; Iovine et al., 2011). DDB1

directly binds to the substrate receptor, which is known as

DDB1-BINDING WD40 (DWD) protein. HOS15 has a DWD motif

and interacts with DDB1 for protein degradation by associating

with the CUL4-based E3 ligase complex (Lee et al., 2008; Park

et al., 2018a). COP1 and SPAs (SUPPRESSOR OF PHYA-105)

were identified as DDB1-CUL4-associated factors (DCAFs)

because mutations in their WDxR motif impair protein binding

to DDB1 (Chen et al., 2010; Fonseca and Rubio, 2019).

Structural studies using X-ray crystallography have shown that

the WDxR motif of Arabidopsis COP1 is buried and cannot be
re flowering time. Data are presented asmeans ±SD of three independent

lly significant differences (ANOVA, Bonferroni post-hoc test; P < 0.05).

at 23�C (C) or 16�C (D). Plants were grown for 10 days under 12L/12D

-HA, and hos15-2 cop1-4 35S:GI-HA. The levels of GI-HA protein were

± SD of three independent replicates. Different letters denote statistically

r(s).
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induced GI turnover. Therefore, FT expression is reduced and flowering is

delayed under low ambient temperature.
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accessed without a break involving the b propeller domain, unlike

the human COP1 protein (Uljon et al., 2016). In addition, the WD

domain of COP1 is not sufficient for COP1/SPA activity (Kerner

et al., 2021). This may be supported by other domains such as

the helix-loop-helix domain for interactions with DDB1 (Fischer

et al., 2011; Uljon et al., 2016). For example, COP1 could recruit

another WD40 protein into the complex, such as SPA1, which

adds complex stability and serves as a substrate receptor.

(Bosu and Kipreos, 2008; Hua and Vierstra, 2011; Errington

et al., 2012; Yasukawa et al., 2020; Kerner et al., 2021). The

Arabidopsis COP1/SPA1 complex forms via its coiled-coil do-

mains in a light-dependent manner and cooperates to suppress

photomorphogenesis (Hoecker and Quail, 2001; Saijo et al.,

2003; Zhu et al., 2008a, 2008b). Unlike the COP1/SPA1 complex,

HOS15 bound to the WD40 domain of COP1 (Figure 6A).

The interaction between HOS15 and COP1 was attenuated at

16�C compared with 23�C (Figure 5E), suggesting that HOS15

and COP1 work together at 23�C but that their functions

separate at 16�C. GI protein levels were lower in cop1-4 than in

the WT and hos15-2 under continuous light at 23�C, but not at
16�C (Supplemental Figure 6). This phenomenon was

recovered in the hos15-2 cop1-4 double mutant, suggesting
Plant Co
that COP1 contributes to GI protein stabilization in a HOS15-

dependent manner under light conditions at 23�C. Therefore, it
is possible that COP1 can work together with HOS15 in GI stabi-

lization at 23�C under light conditions and dissociate at 16�C for

an independent function. In addition, the functions of COP1 are

regulated by its subcellular partitioning between the nucleus

and cytosol (Stacey et al., 1999). The subcellular behavior of

COP1 proteins may therefore be closely related to the HOS15-

COP1 interaction. For example, warm temperature (28�C)
triggers the nuclear accumulation of COP1 for the regulation of

thermomorphogenesis (Park et al., 2017; Blanco-Touriñán

et al., 2020). Thus, the subcellular localization of COP1 is

closely related to its function in response to temperature. To

investigate the dynamic behaviors of COP1 in response to low

ambient temperature, we observed the subcellular localization

of COP1-GFP at 23�C and 16�C. COP1-GFP formed conden-

sates in the nucleus and cytosol at 23�C, but the cytosolic

condensates of COP1 disappeared in response to low ambient

temperature (Supplemental Figure 7). Protein solubility affects

condensate formation (Riback and Brangwynne, 2020).

Therefore, COP1 protein may be more soluble at low

temperature, allowing COP1-containing condensates to disperse

and COP1 to form other protein complexes. Recently, the

formation of biomolecular condensates was characterized as a

plant thermosensory mechanism (Hahm et al., 2020; Jung

et al., 2020). Therefore, it is tempting to speculate that

condensate formation may affect the interaction between COP1

and HOS15 for temperature responses.

GI is degraded byCOP1 in response to both dark and lowambient

temperature (Yu et al., 2008; Jang et al., 2015; Figure 4). However,

HOS15-mediated GI turnover responds to low ambient

temperature but not to darkness (Figure 4). These findings

suggest that HOS15-mediated proteolysis is involved in regu-

lating flowering in response to temperature, but not photoperiod.

InArabidopsis, FLOWERING LOCUSM (FLM) is a crucial factor in

the regulation of thermosensory flowering. It is alternatively

spliced in response to temperature as two predominant splice

variants: FLM-b (floral repressor) and FLM-d (floral activator)

(Lutz et al., 2015). The relative abundance of FLM-b and FLM-

d changes in response to ambient temperature, and FLM-b and

FLM-d compete with each other for protein interaction with

SHORT VEGETATIVE PHASE (SVP), a floral repressor (Posé

et al., 2013). The transcript expression of FLM-d was less

sensitive to temperature changes than that of FLM-b in 13

ambient temperature–sensitive and –insensitive wild accessions

(Lee et al., 2013). Thus, an additional mechanism for

downregulation of FLM-d protein levels may be required for

rapid activation of flowering repression mediated by the SVP–

FLM-b complex. Therefore, FLM-dmaybe a candidate for a direct

target of HOS15-mediated degradation in response to low

ambient temperature.

GI protein levels were decreased in cop1-4 compared with the

WT and hos15-2 under continuous light conditions at 23�C
(Figure 4 and Supplemental Figure 6A). There are several

potential explanations for this phenomenon. One possibility is

that COP1 stabilizes GI under light conditions at 23�C. For

example, the COP1/SPA1 complex stabilizes PIF3 by preventing

its phosphorylation and degradation, which are controlled by

BIN2 (Ling et al., 2017). Thus, COP1 may stabilize GI by
mmunications 4, 100570, July 10 2023 ª 2023 The Author(s). 11
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interfering with an interaction between GI and factors that cause

its destabilization or degradation. The decreased protein levels of

GI in cop1-4 were recovered in the hos15-2 cop1-4 double

mutant (Supplemental Figure 6), indicating that COP1 stabilizes

GI in an HOS15-dependent manner at 23�C. Taken together,

these results suggest that COP1 may have a role in the inhibition

of HOS15-mediated GI destabilization at 23�C.

How temperature is sensed is a very intriguing question in plant

biology, especially how ambient temperature is merged into

photoperiodic flowering time or plant morphogenesis pathways

from the perspective of plant growth and development. The first

aspect of this question is how plants sense ambient temperature:

a few temperature sensors have been characterized, including

photosensors, phytochrome B and phototropin, the circadian EC

component ELF3, and an RNA switch (Hayes et al., 2021). Even

though COP1 is involved in thermosensory flowering (Yu et al.,

2008; Jang et al., 2015) and hypocotyl thermomorphogenesis

(Park et al., 2017; Nieto et al., 2020), there is also evidence

that ELF3, an interacting partner of COP1, functions as a

thermosensory regulator (Zhang et al., 2021). In particular,

HOS15 interacts with ELF3 and its EC components, LUX and

ELF4, and the HOS15–EC–HDA complex appears to repress

transcription of GI in the evening (Park et al., 2019). This

suggests that COP1 and HOS15 are involved in degradation of

GI protein, and ELF3 might provide complex stability and

ambient temperature sensing in the HOS15–COP1–ELF3

complex. Epigenetic mechanisms have also been implicated in

the transcriptional memory of environmental stresses such as

heat (B€aurle and Trindade, 2020). HOS15, a component of the

histone deacetylase complex in the HOS15–COP1–ELF3

complex, might therefore contribute to another epigenetic

regulatory layer of thermomorphogenesis.

The list of putative HOS15-interacting proteins included compo-

nents of proteasomal degradation, mRNA processing, nuclear

organization (genomic integrity), chromatin remodeling, the cell

cycle (proliferation), DNA repair, and floral development. These

interactors can be identified by affinity chromatography followed

by mass spectrometry to isolate putative targets of HOS15 and

study the molecular function of HOS15 (Park et al., 2018b;

Mayer et al., 2019). In particular, the HOS15-mediated chromatin

remodeling complex is associated with a complex composed of

ATROPOS (ATO) or arginine/serine-rich splicing factor 35

(RSP35), which regulates pre-spliceosome formation and

mRNA splicing (Reddy, 2004; Tanny, 2014; Zhou et al., 2014;

Chen et al., 2015; Park et al., 2018b). Recently, plant COP1

was shown to participate in microRNA biogenesis because

levels of multiple miRNAs are reduced in light-grown cop1

mutants with lower protein levels of HYPONASTIC LEAVES1

(HYL1), a miRNA-processing factor (Cho et al., 2014; Achkar

et al., 2018). Thus, HOS15 and COP1 may be closely related to

various modes of action for the regulation of plant development.

Here, we showed that the WD40 DCAF HOS15 could form a

complex with another WD40 DCAF, COP1, and collaboratively

regulate the protein abundance of GI, a key regulator of photope-

riodic flowering. Thus, HOS15 determines flowering time via

multiple modes, not only as a transcriptional repressor in the

photoperiodic pathway but also as an E3 ubiquitin ligase in the

thermosensory pathway.
12 Plant Communications 4, 100570, July 10 2023 ª 2023 The Autho
METHODS

Plant materials and growth conditions

Mutants and transgenic plants used in this study are included in

Supplemental Table 1. All of the mutants used in this study were in the

Arabidopsis thaliana Columbia (Col) background. The ft-1 (Col) allele,

which is originally from the Landsberg erecta ecotype, was introgressed

seven times into the Col background (Yoo et al., 2005). Plants were

grown in a growth room (16 h light/8 h dark [16L/8D] cycles, 100 mmol

photons m�2 s�1 of white cool fluorescent light) at 23�C or 16�C to

measure flowering time or to check the expression of floral regulators

by quantitative real-time PCR. The total number of rosette and cauline

leaves were counted at bolting (about 3 cm) as an indicator of flowering

time. The 10-day-old seedlings grown at 23�C under 12L/12D were trans-

ferred to 16�C for 2 days to check the abundance of proteins by western

blotting or to test the interaction between proteins by Co-IP as indicated in

the figure legends. For MG132 treatment, 10-day-old plants (35S:GI-HA,

hos15-2 35S:GI-HA, and cop1-4 35S:GI-HA) grown at 23�C under 12L/

12D cycles were transferred to 16�C for 2 days. Plants were vacuum-

infiltrated in liquid medium containing MG132 (50 mM) or DMSO at ZT0

at greater than �0.1 MPa until the liquid was at a good rolling boil for

3 min; the vacuumwas released gently and the plants removed at the indi-

cated time points. To observe protein turnover, 10-day-old plants (35S:GI-

HA, hos15-2 35S:GI-HA, and cop1-4 35S:GI-HA) grown at 23�C under

12L/12D cycles were vacuum-infiltrated in liquid medium containing

cycloheximide (100 mM) or DMSO at ZT12 and transferred to various

conditions.

Quantitative real-time PCR analysis

Total RNA was isolated from 12-day-old seedlings using a Plant RNeasy

kit (QIAGEN, Hilden, Germany), and first-strand cDNA was synthesized

using a cDNA synthesis kit (RevertAid First Strand cDNA synthesis kit,

Thermo Scientific) according to the manufacturer’s instructions. To mea-

sure transcript levels of genes, quantitative PCR was performed using the

QuantiMix SYBR kit (PKT, Philekorea Technology, Seoul, Korea) and a

CFX384 Real-time PCR Detection System and CFX Manager software

(Bio-Rad, Hercules, CA). The program was 50�C for 10 min, 95�C for

10 min, and 40 cycles of 95�C for 15 s, 60�C for 15 s, and 72�C for 15 s.

The primers used for quantitative real-time PCR analysis are listed in

Supplemental Table 2.

Immunoblotting and Co-IP assay

Total proteins from the Arabidopsis plants indicated in the figure legends

were extracted in extraction buffer (100 mM Tris–HCl [pH 7.5], 150 mM

NaCl, 0.5% NP-40, 1 mM EDTA, 3 mM DTT, and protease

inhibitors) and incubated with a-HA cross-linked to protein A Agarose (In-

vitrogen), a-GFP cross-linked to protein A Agarose (Invitrogen), or protein

A agarose fused to a-HOS15 (Lee et al., 2012b; Park et al., 2018a) or

a-COP1 (Lee et al., 2017) at 4�C for 2 h. After SDS–PAGE electrophoresis,

the proteins were transferred onto a polyvinylidene fluoride membrane

(Immobilon-P, Millipore). Immunoblotting was performed using a-HA

(Roche), a-GFP (Abcam), a-HOS15, and a-COP1 antibodies (1:1000 dilu-

tion). The antigen protein was detected by chemiluminescence using an

ECL detection reagent (Thermo Fisher Scientific). Experimental data

were statistically analyzed with GraphPad Prism (GraphPad Software,

San Diego, CA).

Plasmid construction

Fragmented HOS15 (aa 1–243 and 244–613) and COP1 (aa 1–104, 121–

213, 371–675, and 121–675) were amplified from full-length cDNA of

HOS15 and COP1 by PCR. These PCR products were cloned into the

pPCR8/GW/TOPO vector (Invitrogen). HOS15 fragment constructs were

subcloned into a pEarleyGate 201 binary vector, and COP1 fragment con-

structs were subcloned into a pMDC43 binary vector using LR clonase II

(Invitrogen).
r(s).
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BiFC assay and imaging

HOS15 was fused in-frame to Venus aa 1–173, the N-terminal fragment of

the Venus fluorescent protein. GI and COP1 were fused in-frame to Venus

aa 156–239, the C-terminal fragment of Venus (Supplemental Table 3)

(Gehl et al., 2009). For co-expression, Agrobacterium tumefaciens (GV

3101) cells harboring the construct for each protein were infiltrated into

the leaves of 3-week-old Nicotiana benthamiana plants and grown for

2 days (Sparkes et al., 2006). Fluorescence was detected via confocal

laser-scanning microscopy (Olympus FV3000, Olympus, Shinjuku, Tokyo,

Japan) under an excitation wavelength of 515 nm for YFP.
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Blanco-Touriñán, N., Legris, M., Minguet, E.G., Costigliolo-Rojas, C.,

Nohales, M.A., Iniesto, E., Garcı́a-Leόn, M., Pacı́n, M., Heucken, N.,

Blomeier, T., et al. (2020). COP1 destabilizes DELLA proteins in

Arabidopsis. Proc. Natl. Acad. Sci. USA 117:13792–13799.

Blázquez, M.A., Ahn, J.H., and Weigel, D. (2003). A thermosensory

pathway controlling flowering time in Arabidopsis thaliana. Nat.

Genet. 33:168–171.

Bosu, D.R., and Kipreos, E.T. (2008). Cullin-RING ubiquitin ligases:

global regulation and activation cycles. Cell Div. 3:7.

Chen, H., Huang, X., Gusmaroli, G., Terzaghi, W., Lau, O.S.,

Yanagawa, Y., Zhang, Y., Li, J., Lee, J.-H., Zhu, D., et al. (2010).

Arabidopsis CULLIN4-damaged DNA binding protein 1 interacts

with CONSTITUTIVELY PHOTOMORPHOGENIC1-SUPPRESSOR
Plant Co
OF PHYA complexes to regulate photomorphogenesis and

flowering time. Plant Cell 22:108–123.

Chen, T., Cui, P., and Xiong, L. (2015). The RNA-binding protein HOS5

and serine/arginine-rich proteins RS40 and RS41 participate in

miRNA biogenesis in Arabidopsis. Nucleic Acids Res. 43:8283–8298.

Cho, S.K., Ben Chaabane, S., Shah, P., Poulsen, C.P., and Yang, S.W.

(2014). COP1 E3 ligase protects HYL1 to retain microRNA biogenesis.

Nat. Commun. 5:5867.

David, K.M., Armbruster, U., Tama, N., and Putterill, J. (2006).

Arabidopsis GIGANTEA protein is post-transcriptionally regulated by

light and dark. FEBS Lett. 580:1193–1197.

Errington, W.J., Khan, M.Q., Bueler, S.A., Rubinstein, J.L.,
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