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Plants monitor changes in day length to coordinate their 
flowering time with appropriate seasons. In Arabidopsis, 
the diel and seasonal regulation of CONSTANS (CO) protein 
stability is crucial for the induction of FLOWERING LOCUS 
T (FT) gene in long days. FLAVIN-BINDING, KELCH REPEAT, 
F-BOX 1 (FKF1) and ZEITLUPE (ZTL) proteins control the 
shape of CO expression profile antagonistically, although 
regulation mechanisms remain unknown. In this study, we 
show that GIGANTEA (GI) protein modulates the stability 
and nuclear function of FKF1, which is closely related to 
the stabilization of CO in the afternoon of long days. The 
abundance of FKF1 protein is decreased by the gi mutation, 
but increased by GI overexpression throughout the day. 
Unlike the previous report, the translocation of FKF1 to the 
nucleus was not prevented by ZTL overexpression. In addition, 
the FKF1-ZTL complex formation is higher in the nucleus than 
in the cytosol. GI interacts with ZTL in the nucleus, implicating 
the attenuation of ZTL activity by the GI binding and, in turn, 
the sequestration of FKF1 from ZTL in the nucleus. We also 
found that the CO-ZTL complex presents in the nucleus, and 
CO protein abundance is largely reduced in the afternoon 
by ZTL overexpression, indicating that ZTL promotes CO 
degradation by capturing FKF1 in the nucleus under these 
conditions. Collectively, our findings suggest that GI plays a 

pivotal role in CO stability for the precise control of flowering 
by coordinating balanced functional properties of FKF1 and 
ZTL.
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INTRODUCTION

Many plants transit from the vegetative to reproductive 

phase in the most favorable season to maximize reproduc-

tive fitness (Song et al., 2015). The LOV domain blue light 

photoreceptors, FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 

(FKF1) and ZEITLUPE (ZTL), play important roles in seasonal 

flowering of Arabidopsis, a facultative long-day plant (Imai-

zumi et al., 2005; Kim et al., 2005; 2013; Song et al., 2012; 

2014; Takase et al., 2011). FKF1 acts as the photoperiod 

sensor that positively controls the robust FLOWERING LOCUS 

T (FT) mRNA expression in a day length-dependent manner 

by forming a multiple feed-forward motif (Song et al., 2012). 

FT protein is the mobile floral signal, which is synthesized in 

leaves and translocated to the shoot apical meristem, result-

ing in acceleration of flowering (Corbesier et al., 2007; Jaeger 
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and Wigge, 2007; Mathieu et al., 2007). In contrast to FKF1, 

ZTL negatively regulates FT expression (Kim et al., 2005; 2013; 

Takase et al., 2011).

	 CONSTANS (CO) gene encodes a transcription factor that 

directly binds to the promoter region of FT gene and activates 

its transcription (Hayama et al., 2017; Song et al., 2012; Ti-

wari et al., 2010). The abundance of CO mRNA shows a diel 

expression pattern in long days (Suárez-López et al., 2001). 

The CYCLING DOF FACTORs (CDFs) repress the expression 

of CO gene in the morning, and this repression is relieved 

by the redundant function of FKF1 and ZTL proteins in the 

afternoon, allowing CO gene to be expressed (Fornara et al., 

2009; Goralogia et al., 2017; Imaizumi et al., 2005; Sawa et 

al., 2007). FKF1 and ZTL proteins possess an E3 ubiquitin li-

gase activity that mediates the degradation of CDF repressors 

(Fornara et al., 2009; Han et al., 2004; Imaizumi et al., 2005; 

Ito et al., 2012). The activities of FKF1 and ZTL largely de-

pend on the function of GIGANTEA (GI) protein (Kim et al., 

2007; Sawa et al., 2007). Both FKF1 and ZTL interact with GI 

through their LOV and F-box domains, and these interactions 

are blue light-dependent (Kim et al., 2007; 2013; Krahmer 

et al., 2019; Pudasaini et al., 2017; Sawa et al., 2007). The 

FKF1-GI complex presents in the cytosol and the nucleus, 

while the ZTL-GI interaction is proposed to occur in the cyto-

sol exclusively (Kim et al., 2007; 2013). The GI binding facili-

tates FKF1 function to relieve the transcriptional repression of 

CO whereas inhibits ZTL-mediated degradation of circadian 

clock components (Kim et al., 2007; Sawa et al., 2007). Ad-

ditionally, GI regulates ZTL stability positively and reciprocally 

(Kim et al., 2007; 2013).

	 In contrast to the functional redundancy in the transcrip-

tional regulation of CO, FKF1 and ZTL proteins depict an 

antagonistic role in the posttranslational regulation of CO 

(Song et al., 2014). FKF1 interacts with CO by using the LOV 

domain that absorbs blue light (Imaizumi et al., 2003; Ito et 

al., 2012; Song et al., 2012). This interaction is enhanced 

by blue light and facilitates the stabilization of CO protein 

in the afternoon, which is closely related to the induction of 

FT expression under these conditions (Song et al., 2012). In 

contrast, ZTL function mediates the degradation of CO earlier 

in the day by binding to it (Song et al., 2014). Like FKF1, GI 

forms a coherent feedforward loop to control the induction 

of FT expression (Alon, 2007; Sawa and Kay, 2011; Sawa et 

al., 2007). However, unlike FKF1, GI negatively influences CO 

stabilization (Song et al., 2014). The diel profile of CO pro-

tein abundance in the gi mutant resembles to that in the ztl 

mutant (Song et al., 2014). Increased CO abundance in the 

gi mutant is offset by the fkf1 mutation, suggesting the com-

plicated inter-relationships among FKF1, GI, and ZTL (Song et 

al., 2014).

	 Although the roles of FKF1, GI, and ZTL in the photoperi-

odic flowering are known (Imaizumi et al., 2003; 2005; Kim 

et al., 2005; Lee et al., 2018; Sawa et al., 2007; Song et al., 

2012; 2014; Takase et al., 2011), their relationships between 

functionalities and biochemical properties associated with the 

regulation of CO stability still remain underexplored. Given 

that the protein expression of FKF1, GI, and ZTL coincides 

in the afternoon (Kim et al., 2007; Sawa et al., 2007), the 

crucial timing for CO stabilization under the same conditions 

(Song et al., 2012; 2014), it is critical to understand how the 

activity of these positive and negative regulators of CO sta-

bility is modulated. Here, we demonstrate that GI influences 

the stability of FKF1 in the cytosol as well as in the nucleus 

in Arabidopsis. The translocation of FKF1 to the nucleus was 

not inhibited by ZTL overexpression, and, inconsistent with 

the previous report (Takase et al., 2011), the tight binding of 

FKF1 to ZTL was observed in the nucleus. In addition, nucle-

ar GI forms a protein complex with ZTL in Arabidopsis. Our 

results indicate that GI function is crucial for the balanced op-

eration of ZTL family members involved in shaping daily CO 

stability.

MATERIALS AND METHODS

Plant materials and growth conditions
All Arabidopsis thaliana plants, wild type, 35S:HA-FKF1 / fkf1 

#10 (Sawa et al., 2007), 35S:HA-FKF / fkf1 gi-2 #10 (Sawa et 

al., 2007), 35S:HA-FKF1 35S:GI-TAP / fkf1 #18 (Sawa et al., 

2007), pFKF1:HA-FKF1 / fkf1 #24 (Sawa et al., 2007), pGI:-

GI-TAP / gi-2 #30 (Sawa et al., 2007), pFKF1:HA-FKF1 35S:-

Myc-ZTL / fkf1, pZTL:HA-ZTL pGI:GI-TAP / gi-2, pZTL:HA-ZTL 

pGI:GI-TAP / fkf1 gi-2, pZTL:3FLAG-ZTL pFKF1:HA-FKF1 / 

fkf1, pZTL:3FLAG-ZTL pFKF1:HA-FKF1 pGI:GI-TAP / fkf1 gi-2, 

35S:3HA-CO #7, #10, #22 (Song et al., 2012), 35S:3HA-CO 

35S:MYC-ZTL, 35S:3HA-CO / ztl-4 #14 (Song et al., 2014), 

and 35S:3HA-CO / ztl-4 fkf1-2 lkp2-1, used in this paper are 

Columbia (Col-0) ecotype.

	 To generate the pZTL:HA-ZTL pGI:GI-TAP / gi-2 and pZ-

TL:HA-ZTL pGI:GI-TAP / fkf1 gi-2 lines, the 1.5 kb segment 

of the ZTL promoter region was cloned into pENTR 5’-TOPO 

(Invitrogen, USA) and sequenced. HA-ZTL full-length cDNA 

was amplified using the ZTL forward primer that contains 

the nucleotide sequences encoding a HA epitope tag (5’- 

CACCATGTACCCATACGATGTTCCTGACTATGCGGCCAT-

GGAGTGGGACAGT GGTTCC-3’, the sequences encoding 

the HA epitope tag are underlined) and ZTL reverse primer 

that contains the BamHI restriction enzyme site (5’-GGATC-

CCTAATGAGGAAGAAAGAAGAAGAAGGAC-3’, ZTL specific 

sequences are underlined). The amplified HA-ZTL cDNA 

was cloned into the pENTR/D-TOPO (Invitrogen) vector and 

sequenced. Both the HA-ZTL cDNA and ZTL promoter were 

transferred into the R4pGWB501 vector (Nakagawa et al., 

2008) using multi-Gateway reactions. The R4pGWB501 plas-

mid-carrying the pZTL:HA-ZTL construct was introduced into 

the pGI:GI-TAP / gi-2 #30 and pGI:GI-TAP / fkf1 gi-2 plants 

(Sawa et al., 2007) by conventional Agrobacterium-medi-

ated transformation method. For the pZTL:3FLAG-ZTL pFK-

F1:HA-FKF1 / fkf1 and pZTL:3FLAG-ZTL pFKF1:HA-FKF1 pGI:-

GI-TAP / fkf1 gi-2 plants, we first introduced the nucleotide 

sequences encoding 3xFLAG epitope tags into the pENTR/

D-TOPO vector to generate the pENTR-3xFLAG vector. ZTL 

full-length cDNA was amplified using a primer set (KpnI-ZTL 

forward, 5’-GGTACCAAATGGAGTGGGACAGTGGTTC-3’ 

[ZTL specific sequences are underlined] and BamHI-ZTL re-

verse described above). The amplified ZTL cDNA was digest-

ed by KpnI and BamHI restriction enzymes and then inserted 

to the KpnI-BamHI sites of the pENTR-3xFLAG vector to make 

an in-frame fusion with 3xFLAG. After confirming sequences, 
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together with the ZTL promoter, the ZTL cDNA was trans-

ferred to the R4pGWB501 binary vector. The R4pGWB501 

plasmid-harboring the pZTL:3FLAG-ZTL construct was trans-

formed in the pFKF1:HA-FKF1 / fkf1 #24 and pFKF1:HA-FKF1 

pGI:GI-TAP / fkf1 gi-2 plants (Sawa et al., 2007). To produce 

the 35S:3HA-CO 35S:Myc-ZTL and 35S:3HA-CO / ztl-4 fkf1-

2 lkp2-1 lines, the pH7WG2 vector harboring the 3HA-CO 

overexpression cassette described previously (Song et al., 

2012) was transformed into the 35S:Myc-ZTL (Song et al., 

2014) and the ztl-4 fkf1-2 lkp2-1 mutant plants (Baudry et 

al., 2010).

	 All plants including Nicotiana benthamiana were grown on 

soil or 0.5× Linsmaier and Skoog (LS) media (Caisson, USA) 

containing 1% sucrose or 0.5× Murashige and Skoog (MS) 

medium (Duchefa Biochemie, The Netherlands) containing 

1% sucrose for gene and protein analysis and coimmunopre-

cipitation assays in plant incubators at 22oC under full-spec-

trum white fluorescent light (F017/950/24”, Octron Osram 

Sylvania) or full-spectrum white LED light (4,470 K) with a 

fluence rate of 80-90 μmol m
–2 s

–1 in long days (16-h light/8-h 

dark) and 75-115 μmol m
–2 s

–1 in short days (8-h light/16-h 

dark).

RNA isolation and gene expression analysis
For gene expression analysis, seedlings were grown on LS 

agar plates in long days and collected at every 4 h during the 

daytime from ZT0 on day 10. Ground plant tissues were used 

for RNA extraction using Higene Total RNA Prep Kit (BioFact, 

Korea), and 2 μg of total RNA was reverse-transcribed using 

DiaStar RT kit (SolGent, Korea) to synthesize cDNA. Methods 

for quantitative real-time polymerase chain reaction (qRT-

PCR) and primer information for gene expression analysis 

of IPP2, CO, and FT were described previously (Song et al., 

2012). 

Protein preparation, immunoblot analysis, and protein 
quantification
To analyze protein expression of CO, FKF1, GI, and ZTL, 

10-day-old plants, except the 35S:3HA-CO 35S:Myc-ZTL 

line, grown on LS or MS agar plates under long days were 

harvested at each time point indicated. The 35S:3HA-CO 

35S:Myc-ZTL seedlings were grown in short days and har-

vested at ZT0, 0.5, 4, 8, 12, 16, and 20 on day 14. Protocols 

for extracting cytosolic proteins, isolation of nuclei, and im-

munoblot experiments were previously described (Song et 

al., 2014). Protein amounts were imaged and quantified with 

ChemiDoc Touch Imaging System and Image Lab software 

(Bio-Rad, USA).

Coimmunoprecipitation experiments
Procedures for separation of the cytosolic and nuclei-enriched 

fractions and coimmunoprecipitation assays were previously 

described in Song et al. (2014). We performed coimmuno-

precipitation experiments with slight modifications. Briefly, 

Arabidopsis and tobacco tissues were extracted in coimmu-

noprecipitation buffer (50 mM Na-phosphate [pH 7.4], 100 

mM NaCl, 10% [vol/vol] glycerol, 5 mM EDTA, 1 mM DTT, 

50 μM MG-132, 1 mM NaF, 2 mM NaVO3 and protease in-

hibitor tablet [Roche, Switzerland]). After separating by cen-

trifugation, the supernatant was kept at 4oC to use as the cy-

tosolic fraction. Then the pellet was resuspended in the same 

coimmunoprecipitation buffer and sonicated five times for 15 

s with pulse-on 3 s and pulse-off 2 s on ice. After centrifuging 

for 5 min, the supernatant was used as the nuclei-enriched 

fraction.

RESULTS

GI is involved in the stabilization of FKF1
The binding of ZTL to GI contributes to increased cytosolic 

retention of GI in Arabidopsis, thereby preventing the nucle-

ar roles of GI (Kim et al., 2013). The reciprocal regulation of 

GI and ZTL stability is critical to their roles in flowering and 

robust circadian oscillations (Kim et al., 2007; 2013). More-

over, it is proposed that ZTL recruits FKF1 to the cytoplasmic 

speckles through a physical interaction, which, in turn, inhib-

its FKF1-mediated removal of floral repressors in the nucleus 

(Takase et al., 2011). This indicates that balanced nucleocy-

tosolic partitioning of FKF1, GI, and ZTL proteins controlled 

by inter-relationships among them is essential for the proper 

timing of CO stabilization (Song et al., 2014). We investigated 

the effect of GI on FKF1 stability changes to elucidate the reg-

ulatory mechanisms that determine balanced spatial activities 

of the proteins. FKF1 overexpression lines in wild type, the gi 

mutant, and the 35S:GI-TAP overexpression plants, in which 

tandem affinity purification (TAP)-tagged GI was expressed 

by the Cauliflower Mosaic Virus 35S promoter, were used. 

The levels of FKF1 protein were reduced in the gi mutant 

throughout the day in long days, and this reduction is more 

obvious in the nucleus (Fig. 1A). On the contrary, the FKF1 

abundance was greatly increased in the nuclear fraction of 

Arabidopsis transgenic plants overexpressing functional hem-

agglutinin (HA)-tagged FKF1 and GI-TAP in the fkf1 deletion 

mutant (Fig. 1B), indicating that GI controls FKF1 stability. We 

next generated the pFKF1:HA-FKF1 35S:Myc-ZTL / fkf1 plants 

that the expression of HA-FKF1 and Myc-ZTL was controlled 

by the FKF1 promoter and the 35S promoter, respectively, to 

test how ZTL influences the nucleocytoplasmic partitioning of 

FKF1. In contrast to the previous report (Takase et al., 2011), 

the translocation of FKF1 to the nucleus was not hindered 

by ZTL overexpression, at least under our experimental con-

ditions (Figs. 1C and 1D). We also explored whether FKF1 

is involved in the stability and spatial partitioning of GI and 

ZTL. To study this, the pZTL:HA-ZTL pGI:GI-TAP / gi-2 and 

pZTL:HA-ZTL pGI:GI-TAP / fkf1 gi-2 transgenic plants were 

generated. The fkf1 mutation seems to affect the stability 

and localization of GI and ZTL proteins but not strongly (Figs. 

1E and 1F), indicating that FKF1 activity may not be a limiting 

factor for functions of GI and ZTL.

Interactions among FKF1, GI, and ZTL occur in the nucleus
As the FKF1 translocation is not inhibited by ZTL function 

(Figs. 1C and 1D), we attempted to validate the interactions 

among FKF1, GI, and ZTL in planta using a N. benthamiana 

transient expression system. HA-FKF1 was coimmunoprecip-

itated with ZTL-TAP from the cytosolic and nuclei-enriched 

fractions. Interestingly, coimmunoprecipitated HA-FKF1 

protein was mainly observed in the nuclei-enriched fraction 
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(Fig. 2A), indicating that the FKF1-ZTL complex formation 

preferentially occurs in the nucleus. The GI-ZTL interaction 

existed in both the cytosol and the nucleus (Fig. 2A). The 

nuclear specific interaction between FKF1 and ZTL was 

weakened by the presence of GI protein (Figs. 2A and 2B), 

indicating that GI facilitates the release of FKF1 from ZTL in 

the nucleus. Since we only observed the ZTL-FKF1 interaction 

in the nuclei-enriched fraction, this result also indicates that 

a small portion of ZTL, which interacts with FKF1, exists in 

the nucleus. This ZTL nuclear localization could be controlled 

by FKF1, which possesses the nuclear localization sequence 

(NLS) (Figs. 1E and 1F). Together, these data suggest that GI 

may be the key player modulating the functions of FKF1 and 

ZTL in photoperiodic flowering.

	 FKF1 and ZTL bind to GI at similar times in the day (Kim et 

al., 2007; Sawa et al., 2007). As the GI binding is critical to 

the functional activities of FKF1 and ZTL, we further analyzed 

the spatial distribution and relative abundance of protein 

complexes in transgenic Arabidopsis plants that HA-FKF1, GI-

TAP, and 3xFLAG-tagged ZTL (3FLAG-ZTL) were expressed 

by the FKF1, GI, and ZTL promoters, respectively. The pGI:-

GI-TAP / gi-2 #30, pZTL:3FLAG-ZTL pFKF1:HA-FKF1 / fkf1, 

and pZTL:3FLAG-ZTL pFKF1:HA-FKF1 pGI:GI-TAP / fkf1 gi-2 

plants were grown in long days and harvested at zeitgeber 

time ZT13 (i.e., 13 hours after light onset on a given day), 

when all three proteins are highly expressed. The levels of 

all three proteins in the cytosol were higher than those in 

the nucleus (Fig. 2C). HA-FKF1 and 3LAG-ZTL proteins were 

coimmunoprecipitated with GI-TAP protein in the cytosol as 

well as the nucleus, although the cytosolic interactions were 

much higher than the nuclear interactions (Figs. 2D and 2E). 

In addition, the amount of coimmunoprecipitated 3FLAG-ZTL 

protein was greater than HA-FKF1 protein in both the cytosol 

and the nucleus (Figs. 2D and 2E), indicating that GI favor-

ably interacts with ZTL in Arabidopsis. These results could 

account for the reduction in the nuclear interaction between 

FKF1 and ZTL in the presence of GI (Fig. 2A).

Day length-dependent regulation of CO protein by FKF1, 
GI, and ZTL
CO is the main transcriptional activator of FT gene (Samach et 

al., 2000). During long days, CO protein expression fluctuates 

throughout the day (Song et al., 2012; 2018; Valverde et al., 

2004). Since FKF1 and ZTL directly bind to CO and modulate 

its daily abundance in the nucleus (Song et al., 2012; 2014), 

we therefore examined their relationship to the CO binding. 

CO-TAP, HA-FKF1, and 3FLAG-ZTL were coexpressed as 

appropriate combinations in N. benthamiana leaves. Both 

HA-FKF1 and 3FLAG-ZTL proteins interacted with CO in the 

nuclei-enriched fraction (Fig. 3A). In addition, the CO-ZTL 

complex formation was not affected in the nucleus when 

FKF1 was expressed together, and vice versa. The amount of 

CO-ZTL complex was reduced in the cytosol but not in the 

nucleus by the presence of FKF1 (Fig. 3A), indicating that 

FKF1 competes with ZTL for binding to CO in the cytosol, al-

though the biological relevance needs to be addressed.

	 FKF1 stabilizes CO whereas ZTL destabilizes it (Song et al., 

2012; 2014). In long days, the protein abundance of FKF1 

and ZTL peaks in the afternoon, when the CO protein level is 

Fig. 1. GI regulates FKF1 protein abundance in long days. (A 

and B) Immunoblot assays for daily expression profiles of FKF1 

protein in the cytosol and the nucleus. The 35S:HA-FKF1 #10, 

35S:HA-FKF1 / fkf1 gi-2 #10, and 35S:HA-FKF1 35S:GI-TAP / fkf1 

#18 plants were grown for 10 days in long days. Effects of the gi 

mutation (A) and the GI overexpression (B) on FKF1 stability and 

translocation. Similar results were observed from two biological 

replicates. White and black bars represent the light and dark 

conditions, respectively. (C) FKF1 proteins in the cytosolic and 

nuclei fractions of the pFKF1:HA-FKF1 / fkf1 #24 and pFKF1:HA-

FKF1 35S:Myc-ZTL / fkf1 plants grown for 10 days in long days 

and collected in the afternoon (ZT13). Rep., replication. (D) 

Quantification for the amounts of HA-FKF1 protein in the cytosol 

(abbreviated as Cyto.) and the nucleus with or without Myc-ZTL 

overproduction. (E) The effect of the fkf1 mutation on changes 

in the stability of GI and ZTL proteins between the cytosol and 

the nucleus. The pZTL:HA-ZTL pGI:GI-TAP / gi-2 and pZTL:HA-ZTL 

pGI:GI-TAP / fkf1 gi-2 plants grown in long days were harvested 

at ZT13 on day 10. (F) Quantification for the amounts of GI-TAP 

and HA-ZTL in the cytosol and the nucleus with or without the 

fkf1 mutation. Numbers in (C) and (E) represent each protein 

extract from three biological replicates. (D) and (F) Quantification 

data was calculated from the results of (C) and (E), respectively. 

Actin and Histone H3 antibodies were used for loading controls.
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also high. Because the FKF1-ZTL heterodimerization mainly 

exists in the nucleus (Fig. 2A), we hypothesized that ZTL re-

stricts the FKF1-dependent CO stabilization in the afternoon 

by capturing FKF1 in the nucleus. In such a case, a reduction 

in CO protein levels is expected owing to the ZTL overpro-

duction during the afternoon in long days. To validate this 

hypothesis, we constitutively expressed 3HA-CO cDNA in 

wild type and the 35S:Myc-ZTL transgenic line. As expected, 

the levels of nuclear CO in the 35S:3HA-CO 35S:Myc-ZTL 

plants were decreased dramatically and specifically in the 

afternoon of long days compared to those in the 35S:3HA-

CO #22 plants (Fig. 3B), resembling CO protein profile in the 

fkf1 mutant (Song et al., 2012). We next investigated if the 

effect of ZTL on the stability changes in CO is long day-specif-

ic. In short days, CO protein abundance in the ztl mutant was 

similar to that in the wild type (Fig. 3C), indicating that ZTL 

regulates CO stability in a day length-dependent manner, like 

FKF1 (Song et al., 2012).

	 All the three ZTL family members including FKF1 and LOV 

KELCH PROTEIN 2 (LKP2) interact with CO in yeast and in 

planta (Fukamatsu et al., 2005; Song et al., 2012; 2014). As 

LKP2 synergistically delays flowering with ZTL and is proposed 

to inhibit FKF1 function by the direct interaction (Takase et 

al., 2011), we further examined the changes in CO stability 

using CO overexpression line in the ztl-4 lkp2-1 double mu-

tant background. The daily profile of CO protein in the ztl-4 

lkp2-1 mutant grown in long days was similar to that in the 

ztl mutant, suggesting a marginal function of LKP2 on CO 

stability (Fig. 3D). The ZTL/LKP2/FKF1 proteins bind to GI (Kim 

et al., 2007; Krahmer et al., 2019; Sawa et al., 2007; Song et 

al., 2014). Moreover, FKF1 promotes the timing of flowering 

whereas LKP2 and ZTL delay it (Kim et al., 2005; Imaizumi et 

al., 2003; Takase et al., 2011). We therefore investigated a 

combined effect of these positive and negative regulators on 

CO stabilization and the induction of FT expression, which 

determines flowering in long days. 3HA-CO protein was con-

Fig. 2. GI inhibits the FKF1-ZTL interaction in the nucleus. (A) In planta interactions among FKF1, GI, and ZTL proteins in the cytosolic 

and nuclei-enriched fractions. Proteins were transiently expressed in N. benthamiana for 3 days. FKF1 and GI proteins in the ZTL 

immune complex were probed with anti-HA and anti-protein A antibodies, respectively. Arrow heads indicate non-specific bands. 

(B) Relative amounts of the FKF1-ZTL complex with or without GI as shown in (A) were quantified. Bar graphs represent amounts of 

coimmunoprecipitated HA-FKF1, calculated by (HA-FKF1IP/ZTL-TAPIP)/(FKF1Input/ZTL-TAPInput). **P < 0.01 (one-tailed t-test). (C-E) The GI-

FKF1 and GI-ZTL interactions in Arabidopsis. Ten-day-old pGI:GI-TAP / gi-2 #30, pZTL:3FLAG-ZTL pFKF1:HA-FKF1 / fkf1, and pZTL:3FLAG-

ZTL pFKF1:HA-FKF1 pGI:GI-TAP / fkf1 gi-2 plants grown in long days were harvested at ZT13. Proteins were extracted and fractionated 

for coimmunoprecipitation. (C) Input proteins were loaded to compare relative protein levels between the cytosolic and nuclei-enriched 

fractions. (D) HA-FKF1 and 3FLAG-ZTL proteins in the GI-TAP immune complex. Long exposed immunoblot images for the nuclei-

enriched fractions were used to visualize similar amounts of input proteins for comparing relative amounts of protein complexes between 

the cytosol and the nucleus. An asterisk denotes a non-specific band. (E) Quantification of the interactions of GI with FKF1 and ZTL in the 

cytosolic and nuclei-enriched fractions. Means ± SEM were calculated from three biological replicates.
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stitutively expressed in the ztl-4 fkf1-2 lkp2-1 triple mutant, 

and the amount of CO protein in the mutant was increased 

in the morning (Fig. 3E), resembling the gi or the ztl mutants 

in which the amount of GI protein is low (Kim et al., 2007; 

Song et al., 2014). In addition, the levels of FT mRNA in the 

35S:3HA-CO / ztl-4 fkf1-2 lkp2-1 line were lower than those 

in wild type plants, although the amount of CO mRNA was 

higher than the plants (Figs. 3F and 3G). These data suggest 

that not only the modulation of the FKF1-ZTL dimerization 

by GI but also GI-independent pathways control the timing 

stabilization of CO and FT expression (Jung et al., 2007; Lee 

et al., 2017; Sawa and Kay, 2011).

DISCUSSION

In order to understand day length-dependent flowering 

regulation, we aimed to determine functional relationships 

among the ZTL/LKP2/FKF1 and GI proteins that positively and 

negatively contribute to CO stability, which is closely relat-

ed to the induction of florigen gene, FT (Song et al., 2012; 

2014; Valverde et al., 2004). We have previously shown that 

the gi mutation causes increased and decreased CO protein 

abundance in the morning and the afternoon in long days, 

respectively (Song et al., 2014). This complicated phenotype 

was similar to the ztl mutant (Song et al., 2014). Given that 

GI promotes flowering but ZTL inhibits it (Jung et al., 2007; 

Sawa et al., 2007; Takase et al., 2011), it would be worth 

investigating molecular mechanisms that finely adjust stoi-

chiometric relationships among the ZTL family proteins and 

GI protein. Our current results suggest that GI interrupts the 

heterodimerization between FKF1 and ZTL proteins in the nu-

cleus by simultaneously interacting with the proteins (Figs. 2A 

and 2B). The GI binding seems to be the process activating 

FKF1 and inactivating ZTL functions (Kim et al., 2007; Sawa 

et al., 2007; Song et al., 2014). Previously, ZTL has been 

proposed to capture FKF1 and GI in the cytosol and prevent 

their translocation to the nucleus, which is important for the 

expression of CO and FT genes (Kim et al., 2013; Takase et 

Fig. 3. GI and the ZTL group members regulate the daytime CO protein stability. (A) Interactions among CO, FKF1, and ZTL in the 

cytosolic and nuclei-enriched fractions. N. benthamiana leaves constantly expressing CO-TAP, HA-FKF1, and 3FLAG-ZTL proteins were 

collected 3 days after infiltration. Asterisks denote non-specific bands. (B-E) Immunoblot assays for diel expression profiles of 3HA-CO 

protein in Arabidopsis transgenic plants. Similar expression patterns were observed in two biological replicates except (E). Nuclear 3HA-

CO protein signals were detected by anti-HA antibody, and histone H3 protein was used for an internal control in the nucleus. (B) Long 

day-grown 35S:3HA-CO #22 and 35S:3HA-CO 35S:Myc-ZTL plants were harvested on day 10 for nuclei isolation. (C) The 35S:3HA-CO 

#7 and 35:3HA-CO / ztl-4 #14 transgenic plants were grown in short days for 14 days. (D) The 35S:3HA-CO #7 and 35S:3HA-CO / ztl-4 

lkp2-1 #3 plants were collected at the time points indicated in long days. (E) The daytime expression of 3HA-CO protein in long days was 

compared between two CO overexpression lines in wild type and the ztl-4 fkf1-2 lkp2-1 mutant background. Immunoblot images (the 

upper panel) and quantified 3HA-CO protein abundance (the lower panel) in whole protein extract are shown. Actin protein was used 

as a loading control for normalization. A direct comparison between two CO transgenic plants is not valid. Means ± SEM were calculated 

from three independent replicates. (F and G) CO (F) and FT (G) mRNA levels in 10-day-old wild type, 35S:3HA-CO #10, and 35S:3HA-

CO / ztl-4 #14 seedlings grown in long days. The mRNA levels were measured by quantitative real-time polymerase chain reaction and 

normalized against IPP2 gene. Daytime gene expression profiles are represented in a logarithmic scale. Means of three biological trials ± 

SEM.
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al., 2011). However, the FKF1-ZTL interaction mainly occurs 

in the nucleus of tobacco leaf tissues, as observed under our 

conditions (Figs. 2A and 2B). In addition, the intracellular lo-

calization of FKF1 was not prevented by ZTL overexpression 

in the Arabidopsis transgenic line (Figs. 1C and 1D). The dis-

crepancy related to the intracellular distribution of FKF1 may 

be due to the use of Arabidopsis whole plants versus Arabi-

dopsis protoplasts isolated from suspension-cultured cells. As 

FKF1 and ZTL proteins are blue light photoreceptors, percep-

tion of light is crucial for their functions in many physiological 

events including daylength-dependent flowering (Ito et al., 

2012). Living plants use light as sources of blue wavelengths 

and photoperiods. In contrast, protoplast-based transient 

expression assays are often performed in darkness, which is 

the same experimental condition as previously employed by 

Takase et al. (2011).

	 Light activating FKF1 facilitates CO stabilization in the 

afternoon by the physical interaction with CO and by the 

formation of a protein complex with CONSTITUTIVE PHO-

TOMORPHOGENIC1 (COP1), resulting in the inhibition of 

COP1 dimerization that targets CO for proteasome-depen-

dent degradation (Lee et al., 2017; Song et al., 2012), albeit 

the involvement of GI in these FKF1 roles is still unknown. In 

contrast, ZTL binds to CO and mediates its degradation (Fig. 

3B) (Song et al., 2014). The mode of action for the morning 

stabilization of CO in the ztl mutant needs to be explored in 

future (Song et al., 2014). As mentioned earlier, CO abun-

dance in the ztl mutant is low in the afternoon. This might be 

explained by the large reduction of GI in the mutant at the 

same time, leading to decreases in FKF1 stability and activity 

(Fig. 1A) (Sawa et al., 2007). Therefore, the attenuation of 

functional FKF1 in the ztl mutant, and the gi mutant, may de-

crease the amount of protein complexes with CO and COP1, 

which are important for CO stabilization in the afternoon of 

long days (Lee et al., 2017; Song et al., 2012).

	 ZTL overexpression increases the cytosolic retention of GI 

(Kim et al., 2013). Our results show that GI preferentially 

binds to ZTL as compared to FKF1, and a substantial amount 

of GI-ZTL complex exists in the nucleus, although the ma-

jority of the complex is present in the cytosol (Figs. 2D and 

2E). The overexpression of ZTL likely leads to a change in the 

ratio of GI-ZTL complex between the cytosol and the nucleus. 

With the depletion of functional FKF1 in the gi mutant, the 

similarity in CO daily profile between the ZTL overexpression 

line and the fkf1 mutant, which CO abundance is dramati-

cally reduced in the afternoon of long days, strongly supports 

the notion that the binding of GI to ZTL in the nucleus plays 

the key role for the timing stabilization of CO by sequestering 

FKF1 from ZTL and by activating FKF1 in a day length-depen-

dent manner (Figs. 1A and 3B) (Sawa et al., 2007; Song et 

al., 2012; 2014).

	 Despite the distinct roles of the ZTL/LKP2/FKF1 family 

members and GI in the regulation of seasonal flowering and 

circadian clock, their diverged functions lead to complicated 

redundancy and antagonistic relationships (Kim et al., 2007; 

Lee et al., 2018; Sawa et al., 2007; Song et al., 2012; 2014; 

Takase et al., 2011). Here we report the evidence that GI con-

veys timing information for CO stabilization in the afternoon 

of long days by altering the ZTL-FKF1 complex in the nucleus 

(Fig. 4). This new regulatory mechanism provides an import-

ant clue to understand the functional complexity. Together 

with possible implications of GI function for the regulation of 

developmental age- and temperature-dependent flowering 

(Balasubramanian et al., 2006; Jung et al., 2007; Mishra and 

Panigrahi, 2015; Sawa and Kay, 2011; Song et al., 2013), the 

roles of GI in photoperiodic flowering comprise sophisticated 

mechanisms that enable plants to represent adaptive plastic 

adjustment for reproductive success.
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Fig. 4. A model for the regulation of CO protein expression 

by relationships among FKF1, GI, and ZTL in long days. The 

temporal expression profile of CO in the nucleus under long-

day conditions, which shows bimodal peaks in the early morning 

and late afternoon. ZTL mediates the degradation of CO in the 

morning by directly binding to it. Once FKF1 and GI proteins are 

expressed in the afternoon, the proteins form an active protein 

complex. GI preferentially interacts with ZTL and inactivates 

its function, leading to sequestration of CO from ZTL. The 

function of FKF1 stabilizes CO in this condition through forming 

a protein complex with it. In addition, ZTL can interact with 

FKF1 and inhibit the FKF1-mediated CO stabilization, resulting 

in destabilization of CO. The preferential binding of GI to ZTL 

also interferes the complex formation between FKF1 and ZTL. 

All together, these multilayered and sophisticated regulatory 

mechanisms allow CO protein to be highly accumulated at the 

late afternoon of long days.
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