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ABSTRACT

The timing of flowering affects the success of sexual reproduction. This developmental event also deter-

mines crop yield, biomass, and longevity. Therefore, this mechanism has been targeted for improvement

along with crop domestication. The underlying mechanisms of flowering are highly conserved in angio-

sperms. Central to thesemechanisms is how environmental and endogenous conditions control transcrip-

tional regulation of the FLOWERING LOCUS T (FT) gene, which initiates floral development under long-day

conditions in Arabidopsis. Since the identification of FT as florigen, efforts have been made to understand

the regulatorymechanisms of FT expression. Althoughmany transcriptional regulators have been shown to

directly influence FT, the question of how they coordinately control the spatiotemporal expression patterns

of FT still requires further investigation. Among FT regulators, CONSTANS (CO) is the primary one

whose protein stability is tightly controlled by phosphorylation and ubiquitination/proteasome-mediated

mechanisms. In addition, various CO interaction partners, some of them previously identified as FT tran-

scriptional regulators, positively or negatively modulate CO protein activity. The FT promoter possesses

several transcriptional regulatory ‘‘blocks,’’ highly conserved regions amongBrassicaceae plants. Different

transcription factors bind to specific blocks and affect FT expression, often causing topological changes in

FT chromatin structure, such as the formation of DNA loops. We discuss the current understanding of the

regulation of FT expression mainly in Arabidopsis and propose future directions related to this topic.
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INTRODUCTION

Plants possess a suite of regulatory mechanisms that optimize

flowering events by coordinating the timing of flowering with sea-

sonal and environmental changes. Precise control of flowering

time is crucial not only in nature but also in modern agricultural

management, in which the induction and timing of flowering

have significant effects on yield. Although efforts have been

made to understand the regulation of flowering for decades, ad-

vances in molecular genetics have dramatically accelerated our

mechanistic understanding of plant flowering. Most significantly,

the FLOWERING LOCUS T (FT) protein was identified in Arabi-

dopsis as florigen, a systemic signal responsible for the induction

of flowering at the shoot apical meristem (SAM) whose existence
Plant C
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had been predicted since the 1930s (for the history of florigen,

see Zhu et al. [2021]). FT protein is transported to the SAM

through the phloem, interacting with the SAM-specific bZIP tran-

scription factor FD (Abe et al., 2005). Formation of the FT–FD

protein complex is crucial for induction of downstream

flowering components such as APETALA 1 (AP1) and

LEAFY (FT downstream events are summarized in recent

reviews: Yamaguchi, 2021; Zhu et al., 2021).
ommunications 4, 100552, May 8 2023 ª 2023 The Author(s).
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The expression profile of FT is controlled through complicated

regulatory networks. The FT gene shows a unique spatiotemporal

expression pattern in Arabidopsis subjected to laboratory long-

day (LD) conditions (16-h light/8-h dark); it is highly expressed

in the phloem companion cells in the distal part of leaves and

peaks at dusk (Yanovsky and Kay, 2002; Takada and Goto,

2003; Song et al., 2018). The amount of FT induced under

longer day-length conditions (longer than 12-h day length) corre-

lates with the timing of flowering (Kinmonth-Schultz et al., 2016).

As the flower-inducing ability of FT showed a dosage-dependent

increase, FT levels have been thought to determine the timing of

flowering under spring LD conditions in Arabidopsis. Because

Arabidopsis is a facultative LD plant, it eventually flowers in

short-day (SD) conditions (8-h light/16-h dark, 22�C) in the

laboratory without the induction of FT (Song et al., 2015; Cao

et al., 2021). The phytohormone gibberellin (GA) pathway is

responsible for the floral transition in SD conditions (Wilson

et al., 1992). Although the GA pathway also contributes to the

floral transition in LD conditions (in part through FT transcription

in leaves as well as the SAM) (Porri et al., 2012), the day-length-

and temperature-dependent robust induction of FT is a crucial

regulatory step for the control of flowering time in spring. Thus,

one of the important research objectives is to understand how

environmental conditions control FT expression in LD conditions.

Among the numerous components that modulate FT expression

in photoperiodic flowering, the B-box (BBX) transcription factor

CONSTANS (CO) is the most important in Arabidopsis. CO is ex-

pressed in leaf phloem tissues, where it binds directly to the FT

promoter, upregulating FT expression. CO protein is stabilized

in LD conditions but degraded in SD conditions (Valverde et al.,

2004). This difference in CO stability has been thought to

largely account for the difference in FT level between LD and

SD conditions in Arabidopsis. Although CO is necessary for FT

induction, many other regulatory components (including

proteins that modulate CO DNA-binding activity and stability)

also affect FT transcriptional levels, mainly in LD conditions.

Recent reviews have summarized broader aspects of flowering-

relatedmechanisms, including circadian clock regulation, FT pro-

tein transport, and FT downstream regulation at the SAM

(Bouché et al., 2016; Shim et al., 2017; Cao et al., 2021;

Kinoshita and Richter, 2021). Here, we highlight recent

advances in our understanding of the regulatory mechanisms

that influence FT transcription by focusing on various

control mechanisms surrounding the LD-specific master regu-

lator CO and also explicitly describing other modulators of FT

transcription, mainly in Arabidopsis.

REGULATIONOFCOACTIVITY AT THREE
DIFFERENT LEVELS: TRANSCRIPTION,
PROTEIN STABILITY, AND
PROTEIN-BINDING PARTNERS

Regulation of CO transcription

CYCLING DOF FACTOR 1 (CDF1) to CDF5 were the first CO

regulators identified, strongly repressing CO transcription by re-

cruiting TOPLESS(TPL)/TPL-RELATED (TPR) co-repressors to

the CO promoter (Figure 1; Supplemental Table 1) (Imaizumi

et al., 2005; Fornara et al., 2009; Goralogia et al., 2017).
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Recent research has revealed that CDF6, a close homolog of

CDF5, also downregulates CO transcription (Krahmer et al.,

2019). Transcription and protein stability of CDFs are

regulated by the circadian clock and light conditions

throughout the day (Imaizumi et al., 2005; Fornara et al.,

2009). Timing of CDF1 protein degradation is controlled by a

light-dependent ubiquitin ligase complex comprised of

FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1) and

GIGANTEA (GI) (Sawa et al., 2007), resulting in release of CO

repression in the LD afternoon.

As transcriptional activators of CO, FLOWERING BHLHs (FBHs),

basic helix–loop–helix (bHLH)-type transcription factors, directly

upregulate CO transcription (Ito et al., 2012). Several

environmental stress conditions influence CO and FT induction

and flowering time, in part through modulation of FBH function.

For instance, nitrogen (N) limitation accelerates flowering, and

this is caused in part by modulation of FBH activity through

phosphorylation (Sanagi et al., 2021). Specifically under ample

N conditions, FBH4 is highly phosphorylated by SNF1-

RELATED KINASE 1 (SnRK1) and accumulates preferentially in

the cytosol (Sanagi et al., 2021). In response to low N

conditions, de-phosphorylated FBH4 changes cellular localiza-

tion from the cytosol to the nucleus and activates CO transcrip-

tion, leading to earlier flowering.

The FBH family members are phosphorylated by other cellular

signaling components, abscisic acid (ABA) and mitogen-

activated protein kinases, which are tied to drought and pathogen

stress-induced responses, respectively (Popescu et al., 2009;

Takahashi et al., 2013). FBH3 (also known as ABA-responsive ki-

nase substrate 1) is phosphorylated by SnRK2.6 in response to

an increase in ABA level. SnRK2.6 phosphorylates different resi-

dues in FBH proteins than SnRK1, and this phosphorylation event

reduces FBH3 DNA binding ability (Takahashi et al., 2016; Sanagi

et al., 2021). These findings suggest that CO transcript levels can

be finely tuned by multi-phosphorylation regulation of FBH

proteins in response to various environmental stress conditions.

Recent studies have also shed light on the mechanism of FBH-

mediated CO transcriptional activation. FBHs enhance CO tran-

scription by recruiting chromatin-remodeling factor JUMANJI

28 (JMJ28), an H3K9 demethylase, to the CO promoter (Hung

et al., 2021). As H3K9 demethylation typically results in

enhancement of gene expression, JMJ28 positively affects CO

gene expression.

In addition to FBHs, class II TEOSINTE BRANCHED 1/CYCLOI-

DEA/PROLIFERATING CELL NUCLEAR ANTIGEN FACTORs

(TCPs) activate CO transcription (Kubota et al., 2017; Liu et al.,

2017). In addition to the previously known role of GI in CDF

degradation, Kubota et al. (2017) found that TCPs required

functional GI for CO upregulation and that loss of GI significantly

decreased TCP4 binding to the CO promoter. TCP4 is also

associated with FBH1 via the mediator PFT1/MED25 (Liu et al.,

2017), suggesting that TCPs and FBHs synergistically upregulate

CO transcription. Curiously, GI forms complexes not only with

TCP4 but also with FBH1 (Kubota et al., 2017), suggesting that

GI may contribute to formation of the large protein complex

consisting of TCP4 and FBH1. Given that GI has previously been

shown to exhibit a molecular chaperone-like function (Cha et al.,
(s).



Figure 1. Regulation of CO activity through CO transcription, CO protein modification, and CO stability.
CO transcription is upregulated by the positive regulators FBHs and class II TCPs. PFT1 is a mediator that bridges FBH and TCP proteins. JMJ28 relaxes

the structure of the CO promoter in an FBH-dependent manner. CDF proteins are direct and robust repressors of CO. The FKF1–GI complex is formed

when FKF1 absorbs blue light, and this complex destabilizes CDF proteins in the LD afternoon. FKF1 also directly interacts with CO protein to stabilize it

under blue light. TOE proteins compete with FKF1 for CO, and the interaction with TOE protein destabilizes CO due to the lack of access to FKF1. Similar

to FKF1, CRY1/CRY2 also attenuate the activity of TOEs and the COP1–SPA E3 ubiquitin ligase complex under blue light. Far-red light stabilizes CO

proteins in a phyA-dependent manner. Clock components PRRs (TOC1, PRR5, PRR7, and PRR9) also directly bind to CO to stabilize it. In the dark, SK12

phosphorylates CO proteins, and the COP1–SPA ubiquitin E3 ligase complex then ubiquitinates the phosphorylated CO proteins. FKBP12 prevents the

degradation of phosphorylated CO proteins through direct interaction with CO, whereas ELF3 promotes CO degradation, potentially through interaction

with the COP1–SPA complex. Under red light, CO is phosphorylated, potentially through interaction with phyB. PHL represses the function of phyB by an

uncharacterized mechanism. The E3 ubiquitin ligase HOS1 ubiquitinates CO proteins under red light and is primarily responsible for degradation of CO

proteins in the morning.
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2017), GI may facilitate the function of interacting transcription

factors by properly folding these proteins. It should be noted that

not all TCP and FBH binding sites are located within close

proximity on the CO promoter, suggesting that the protein–

protein interaction between TCP4 and FBH1 may play a role only

in particular regions on the CO promoter. Each gene family of

CO transcriptional regulators comprises multiple members with

some overlapping functions. It is possible that multiprotein com-

plexes with various combinations of FBHs and TCPs and their

interaction partners may exist on the CO promoter. Because

each component may be influenced by different environmental

conditions (e.g., low N conditions alter FBH4 intracellular localiza-

tion pattern and transcriptional activity), CO regulation may be a

point of signal crosstalk between environmental information and
Plant C
flowering. Because multiple stress factors exist simultaneously in

the realworld, our next challengemaybe to understand the spatio-

temporal dynamics of interactions among these factors under

these complex conditions.
Regulation of CO protein stability

In addition to CO transcriptional regulation, CO protein stability

mechanisms also play important roles in FT induction and,

in turn, flowering. CO transcripts are expressed in wider

areas of leaf vascular tissues than FT transcripts (Takada

and Goto, 2003; An et al., 2004), and cellular differences in

posttranscriptional regulation of CO protein may account for

this spatial difference between CO and FT expression.
ommunications 4, 100552, May 8 2023 ª 2023 The Author(s). 3
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Phosphorylated CO proteins are preferentially ubiquitinated for

degradation by the E3 ubiquitin ligase complex of

CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and

SUPPRESSOR OF PHYA-105s (SPAs) in the dark (Figure 1;

Supplemental Table 1) (Jang et al., 2008; Sarid-Krebs et al.,

2015). Although the phosphorylation of CO proteins has been

established as the first step in directing CO proteins to the

ubiquitin/proteasome pathway, the molecular components

involved in CO phosphorylation have only recently been

identified. SHAGGY-like kinase 12 (SK12) phosphorylates CO

proteins in the nucleus (Chen et al., 2020). SK12-dependent

phosphorylation of threonine 119 (T119) of the CO protein,

located just after the secondB-box domain, promotesCOprotein

degradation. COP1 binds a separate region of the COprotein, the

C-terminal CCT (CO, CO-LIKE, and TOC1) domain, for degrada-

tion (Jang et al., 2008). It may be worth investigating the

mechanism by which T119 phosphorylation promotes COP1-

dependent CO degradation. SK12 expression levels are higher

in LD than in SD conditions, but whether environmental

signals such as photoperiod and light quality affect the enzymatic

activity of SK12 remains unknown. SK12 is widely expressed

across various tissues, including the leaf vasculature (Chen

et al., 2020), and it is involved in plant growth and stress-

related metabolic regulation (Li et al., 2021). Because

reproductive organs are large sink tissues, plants may

coordinate the timing of flowering with processes related to

growth by controlling CO protein levels through SK12-

dependent phosphorylation.

Conversely, a separate study revealed that the small

protein FK506-binding protein (FKBP12) prevents the degrada-

tion of phosphorylated CO proteins (Serrano-Bueno et al.,

2020). FKBP12 in animals is involved in multiple signaling path-

ways and is the primary target of the immunosuppressive drugs

FK506 and rapamycin (Kang et al., 2008). Overexpression and

knockout mutations of FKBP12 increase and decrease the

proportion of phosphorylated CO proteins, respectively.

Although FKBP proteins possess prolyl isomerase activity that

potentially affects protein structures (Serrano-Bueno et al.,

2020), the molecular mechanisms by which FKBP12 stabilizes

phosphorylated CO protein in Arabidopsis are not yet fully under-

stood. But given that FKBP12 interacts with the CO CCT domain,

the FKBP12–CO interaction may interfere with the interaction of

CO with COP1. These findings shed light on regulatory mecha-

nisms of CO protein phosphorylation that fine-tune its stability

and activity.

Although the COP1–SPA complex is a major player in the degra-

dation of CO in the dark, the cop1 mutation did not affect CO

degradation under either red light (R) or during the morning to

midday (Jang et al., 2008), suggesting the influence of other

proteins that independently ubiquitinate CO under these

conditions. HIGH EXPRESSION OF OSMOTICALLY RESPON-

SIVE GENES 1 (HOS1), for example, is an E3 ubiquitin ligase

that ubiquitinates CO specifically under R and is responsible for

CO degradation from the morning to the afternoon in LD condi-

tions (Lazaro et al., 2012, 2015). Another study showed that

HOS1 also promotes CO degradation under cold environments,

indicating that HOS1 regulates temperature-dependent flowering

in part by controlling CO stability (Jung et al., 2012). HOS1

strongly localizes at the nuclear envelope and forms a protein
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complex with Nucleoporin 96, a component of the nuclear pore

complex, for their mutual stabilization (Lazaro et al., 2012;

Cheng et al., 2020), suggesting that molecular events at the

nuclear pores are important for HOS1 function. It is unclear

whether HOS1 also recognizes the phosphorylation status of

CO as a signal for ubiquitination; however, this is likely the

case, as CO is strongly phosphorylated under R (Sarid-Krebs

et al., 2015). Further evidence supporting this mechanism is the

apparent requirement of the red/far-red light (R/FR)

photoreceptor phytochrome B (phyB) for HOS1-mediated CO

degradation (Lazaro et al., 2015). phyB-mediated phosphoryla-

tion and degradation of PHYTOCHROME-INTERACTING

FACTORs (PIFs) are well described (summarized in Pham et al.,

2018). However, despite the confirmation of direct interactions

between phyB and CO proteins (Lazaro et al., 2015), it remains

unclear whether phyB is directly responsible for R-dependent

phosphorylation of CO. In fact, a recent study describing the

3D structure of phyB claimed that phyB has most likely lost its

function as a histidine kinase because the predicted ATP-

binding pocket shows a closed structure (Li et al., 2022).

Consistent with the crystal structure data, the authors

biochemically confirmed that phyB lacked kinase activity,

placing into question previous results demonstrating the kinase

activity of plant phytochromes. Therefore, it is possible that

phyB may function as a signaling component that promotes CO

ubiquitination rather than phosphorylating CO directly.

PHYTOCHROME-DEPENDENT LATE-FLOWERING (PHL) is a

repressor of phyB in photoperiodic flowering (Endo et al.,

2013). Although its molecular function remains elusive, PHL

attenuates phyB-dependent CO degradation by directly binding

to CO and phyB. The studies described above highlight the nega-

tive effects of phyB on CO stability; however, phyB also recruits

the FT positive regulator TANDEM ZINC-FINGER-PLUS (TZP)

into the nucleus (Kaiserli et al., 2015). Moreover, in the context

of photomorphogenesis, phyB Pfr interferes with formation of

COP1–SPA1 protein complexes under R by binding SPA1,

resulting in accumulation of photomorphogenesis-promoting

proteins such as ELONGATED HYPOCOTYL 5 (Lu et al., 2015;

Sheerin et al., 2015). It is possible that the reduction in COP1–

SPA1 complex formation by phyB may contribute to CO

stabilization around dawn and/or in the LD afternoon when

COP1 is involved in degradation of CO protein (Jang et al., 2008).

In contrast to the degradation effects of R, FR enhances the sta-

bility of CO proteins in a phyA-dependent manner (Valverde et al.,

2004). Although FT expression peaks at dusk under typical

laboratory conditions (R/FR ratio > 2.0), a recent study revealed

that supplementation with FR, mimicking the R/FR ratio of

natural sunlight (R/FR = approximately 1.0), induces an

additional FT peak in the morning that accelerates flowering

time (Figure 2) (Song et al., 2018). This morning FT expression

is relevant to flowering time determination, as the phyA mutant

that largely lacks the FT morning peak shows late flowering,

whereas the fkf1 and CRYPTOCHROME 2 (cry2) mutants that

possess only the morning FT peak flower at almost the same

time as wild-type plants under LD conditions with supplemental

FR (Song et al., 2018). This morning FT peak is mediated

through enhanced CO stabilization and phyA function, although

the detailed mechanisms of phyA-mediated enhancement of

CO stability remain unknown. The circadian clock component
(s).



Figure 2. A model for FT transcriptional regulation under
natural LD conditions.
This model is based on the FT expression profiles of mutants grown in

simulated natural LD conditions (LD + supplemental far-red light + daily

temperature oscillation). FT expression peaks in the morning and evening

in natural LD conditions. The far-red light photoreceptor phyA is necessary

for FT induction in the morning. In part, phyA directly attenuates ELF3-

dependent CO degradation, whereas the phyB-interacting ubiquitin

ligase HOS1 degrades CO in a red light-dependent manner. It is likely that

phyA may have different mechanisms (currently unknown) to affect FT

levels in the morning. The blue-light photoreceptors CRYs and FKF1

contribute to the evening induction of FT, but their contributions are

relatively weak in the morning. Triple mutations of the temperature-

sensitive MADS-box FT repressors SVP, FLM (MAF1), and FLC result in

augmented FT morning and evening peaks, although the single mutation

of SVP only enhances FT levels in the morning. These MAD-box tran-

scription factors can form heterodimers (possibly heterotetramers like

other MAD-box transcription factors). CO is degraded by the COP1–SPA

complex in the dark.
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EARLY FLOWERING 3 (ELF3) directly interacts with CO and pro-

motes CO degradation under laboratory conditions with relatively

low FR irradiance (R/FR > 2.0) (Song et al., 2018). A previous

study showed that ELF3 forms a complex with COP1, and the

ELF3–COP1 complex suppresses FT expression through the

degradation of GI (Yu et al., 2008). Therefore, ELF3 may

enhance degradation of CO by interacting with E3 ubiquitin

ligases such as COP1. Another recent analysis revealed that

ELF3 forms a protein complex with COP1, SPAs, and phyA

in vivo (Huang et al., 2016), suggesting that phyA may affect the

ubiquitin ligase activity of COP1–SPA through an interaction

with the ELF3 complex.

Like FR, blue light (B) has been shown to enhance the stability of

CO proteins (Valverde et al., 2004), but in contrast to the largely-

unexplored mechanisms of FR-mediated CO stability, the mech-

anisms of B-mediated CO stability are more thoroughly under-

stood. FKF1 was initially identified as a CDF-destabilizing B

photoreceptor but was later found to interact directly with CO

proteins, enhancing their stability (Figure 1) (Song et al., 2012b).

Moreover, FKF1 prevents the formation of COP1 homodimers

through direct interaction with COP1, resulting in attenuation of

COP1-dependent CO degradation (Lee et al., 2017). The AP2-

like proteins TARGET OF EAT1 (TOE1), TOE2, and TOE3—well-

known FT repressors—compete with FKF1 for CO, resulting in
Plant C
CO destabilization due to a lack of access to FKF1 proteins

(Zhang et al., 2015). As reviewed in Song et al. (2015), the dual

functions of B-exposed FKF1—in CDF degradation to de-

repress CO and CO protein stabilization—play a critical role in

photoperiodic sensitivity. Similar to FKF1, the B photoreceptor

proteins CRY1 and CRY2 physically impair TOE1 and TOE2 (Du

et al., 2020) and the COP1–SPA complex in a B-dependent

manner (Liu et al., 2011; Zuo et al., 2011; Holtkotte et al., 2017).

CRY2 plays a major role in flowering regulation, whereas CRY1

mediates B-dependent de-etiolation responses (Ahmad and

Cashmore, 1993; Guo et al., 1998). Although B signals generally

stabilize CO proteins, the direct binding of ZEITLUPE (ZTL),

another B photoreceptor closely related to FKF1, results in CO

degradation (Song et al., 2014). Although the mechanism by

which ZTL negatively controls CO protein abundance remains

unknown, the time-dependent tripartite interactions among

ZTL, FKF1, and GI, which occur differently in the cytosol and nu-

cleus (Hwang et al., 2019), appear to be important mechanisms

for regulation of plant development.

The circadian clock components PSEUDO RESPONSE REGU-

LATOR (PRR) proteins, including TIMING OF CAB2

EXPRESSION 1 (TOC1), PRR5, PRR7, and PRR9, also directly

stabilize CO proteins (Figure 1) (Hayama et al., 2017). Because

the expression of these clock components exhibits rhythmic

patterns, the authors concluded that PRR9 contributes to CO

accumulation in the morning, whereas PRR5, PRR7, and TOC1

function in the evening. Interestingly, expression of both FKF1

and PRR5 proteins peaks at the end of the day in LD conditions,

when CO is most stabilized, and these proteins physically

interact (Kiba et al., 2007; Baudry et al., 2010), suggesting that

PRRs and FKF1 may form a CO-stabilizing protein complex.

Recent studies have shown that CDFs are highly expressed

when the expression of PRRs is low, also suggesting that PRRs

may repress the transcription of CDFs (Toda et al., 2019).
Positive regulation of CO activity by interaction partners

CO function can be modulated by interacting proteins. The CO

protein comprises two major domains: the N-terminal tandem

B-box and C-terminal CCT domains. Although CO itself

forms oligomers through B-box domains to enhance its transcrip-

tional activation (Lv et al., 2021; Zeng et al., 2022), it also binds to a

number of transcription factors and chromatin remodelers. These

interactions either enhanceor repressCODNA-binding activity on

the FT promoter (Figure 3; Supplemental Table 1). CO protein by

itself is capable of binding to specific sequences called CO-

responsive elements (COREs) (TGTG(N2–3)ATG) located prox-

imal to the transcription start site (TSS) of FT (Tiwari et al., 2010).

However, formation of a complex with the pioneer transcription

factors Nuclear Factor-YBs (NF-YBs) and NF-YCs through the

C-terminal CCT domain enhances CO’s binding affinity to CORE

sequences (Wenkel et al., 2006; Kumimoto et al., 2010;

Gnesutta et al., 2017; Lv et al., 2021). The flowering phenotypes

of both nf-yb double and nf-yc triple mutants resembled those

of co mutants, and CO requires NF-Ys to induce flowering, sug-

gesting thatCO andNF-YB/NY-YC function in the same flowering

pathway (Kumimoto et al., 2008, 2010). Because B-box and CCT

domains are required for CO oligomerization and interaction with

NF-Ys, respectively, NF-Ys are most likely interacting with oligo-

merized CO (Lv et al., 2021). The CO/NF-YB/NF-YC trimer
ommunications 4, 100552, May 8 2023 ª 2023 The Author(s). 5
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Figure 3. Interactomes of CO proteins with positive and
negative transcriptional regulators.
CO protein directly forms protein complexes with groups of proteins that

act together with CO to enhance FT transcription (A) and attenuate CO

activity on the FT promoter (B). Positive regulators are shown in red circles

(A), and negative regulators are in blue circles (B). These interactomes do

not contain the factors that modify CO protein or control CO protein

stability shown in Figure 1. Among these interactors, NF-YB–NF-YC

interaction is essential to form a basic functional unit of CO, the CO/NF-

YB/NF-YC tripartite complex. The rest of the interactors can work

together or independently with CO. CO is stabilized in the LD afternoon,

and most of these interactions therefore happen in the LD afternoon when

FT is expressed. It is proposed that the interaction of CO with morning-

expressed negative BBX regulators attenuates CO transcriptional activ-

ity in the morning.
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complex alsobinds toCCACAsequences in the regulatoryFTpro-

moter regions called P1 and P2 near the TSS (Adrian et al., 2010;

Gnesutta et al., 2017;Chaves-Sanjuan et al., 2021; Lv et al., 2021).

However, it should be noted that NF-YBs do not always act as

positive regulators of FT. Wenkel et al. (2006) showed that NF-

YB1 interacted with CO, and its overexpression resulted in a

late-flowering phenotype.

TheMYB domain protein ASYMMETRIC LEAVES 1 (AS1) was the

first transcription factor identified as a CO interaction partner

other than the NF-Ys (Song et al., 2012a). Although the role of

AS1 in leaf patterning has been reported previously (Byrne

et al., 2000), it was also shown to bind to the B-box domains of

CO. AS1 is a CO-interactor but itself binds to the FT promoter

as a positive regulator (Song et al., 2012a).

VASCULAR PLANT ONE-ZINC FINGER 1/2 (VOZ1/2), which

physically interact with phyB, are known as positive regulators

of flowering in Arabidopsis (Yasui et al., 2012). Celesnik et al.

(2013) reported that VOZ1/2 suppress FLOWERING LOCUS C

(FLC), a strong repressor of FT, as the voz1 voz2 double mutants

show late-flowering phenotypes with higher expression levels of

FLC and lower levels of FT. Recent studies have further impli-

cated VOZ proteins in the acceleration of flowering, primarily

through formation of CO–VOZ complexes but not by changes in

FLC level (Kumar et al., 2018). Kumar et al. (2018) examined the

impact of the flc mutation with voz1 voz2 and found that the FT

level was still low in the flc voz1 voz2 triple mutant even though

FLC no longer functioned to repress FT in the mutant,

indicating that the increased FLC level in voz1 voz2 was not the

cause of the low FT level. However, they genetically showed

that the voz1 voz2 flowering phenotype and FT levels depend

on functional CO, implying that the CO–VOZ interaction plays

the primary role in VOZ-dependent FT regulation and flowering.

ALTERED PHLOEM DEVELOPMENT (APL) was originally identi-

fied as a transcription factor necessary for phloem development
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(Bonke et al., 2003). Later studies found that the Arabidopsis fe

mutant known for its late-flowering phenotype possesses a

single amino acid substitution in the APL protein (Koornneef

et al., 1991; Abe et al., 2015). APL interacts with CO and NF-

YB, acting as a co-activator of FT expression (Shibuta and Abe,

2017). APL also upregulates the FT protein-transport gene FT-

INTERACTING PROTEIN 1 (FTIP1), suggesting that APL simulta-

neously promotes FT expression and FT transport to accelerate

flowering (Shibuta and Abe, 2017).

In many cases, the DNA-binding ability of transcription factors is

affected by the chromatin structures of their target DNA se-

quences.Although acetylation of histone lysine (K) residues gener-

ally relaxes chromatin structure, leading to transcriptional activa-

tion, methylation can either promote or repress transcription

depending on the K position—methylation of H3K9 or H3K27 typi-

cally leading to gene silencingwhereas methylation of H3K4 or

H3K36 causes transcriptional activation (Peng et al., 2018).

MORF-RELATED GENE 1 (MRG1) and MRG2 are methylated

H3K4 and H3K36 readers but also act as CO interaction partners

to enhance FT levels (Figure 3A; Supplemental Table 1) (Bu et al.,

2014; Xu et al., 2014). The mrg1 mrg2 double mutant exhibits a

reduction in CO binding to the FT promoter, indicating that

MRG1 and MRG2 may play supporting roles in physically

influencing CO DNA-binding activity (Bu et al., 2014). MRGs

promote H4K5 acetylation on the FT promoter through

interaction with HISTONE ACETYLTRANSFERASE OF THE

MYST FAMILY 1 (HAM1) and HAM2 (Xu et al., 2014), suggesting

that MRGs relax and facilitate the shaping of DNA structure,

allowing more CO proteins to bind to the FT promoter.

Recently, two independent studies found new factors that inhibit

the action of MRGs on FT regulation (An et al., 2020; Guo et al.,

2020). The NAP1-related proteins NRP1 and NRP2 are histone

chaperone proteins that preferentially bind to damaged DNA to

relax the DNA structure, most likely contributing to DNA repair

(Zhu et al., 2006; Gao et al., 2012; González-Arzola et al., 2017).

The nrp1 nrp2 double mutant shows altered root morphology

(Zhu et al., 2006, 2017) and accelerated flowering (An et al.,

2020; Wang et al., 2020). Both studies showed that absence of

NRP1/2 decreased the expression of FLC. However, in parallel,

An et al. (2020) found that NRP1 inhibits CO–MRG protein

binding, although NRP1 does not directly bind to CO.

Consistent with this finding, in the nrp1 nrp2 mutant, MRG2

was more enriched on the FT promoter and enhanced H4K5

acetylation of the FT promoter (An et al., 2020).

Similarly, HISTONE DEACETYLASE 2C (HD2C) affects flowering

by modifying chromatin status at the FT locus and CO–MRG inter-

actions (Guo et al., 2020). HD2C binds to FT chromatin in an

MRG-dependent manner. It causes histone deacetylation of the

FT promoter, especially during the night, consistent with the peak

expression ofHD2CmRNA around dusk. In addition to histone de-

acetylase activity, HD2C inhibits the interactions between CO and

MRGs, and mutation ofHD2C causes the retention of CO proteins

on the FT promoter for an extended period, suggesting that HD2C

functions in the removal of CO from the FT promoter (Guo et al.,

2020). Chromatin status affects the accessibility of DNA to

transcription factors. Physical chromatin structures often

influence transcription,which is the case inCO-dependentFT tran-

scriptional regulation.
(s).
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Reminiscent of MRGs, CO requires another chromatin remod-

eler, PICKLE (PKL), for its transcriptional activity on the FT pro-

moter, likely because PKL binding on the FT promoter promotes

H3 acetylation (Jing et al., 2019a). PKL also forms a protein

complex with ARABIDOPSIS TRITHORAX 1 (ATX1), which is

required to overcome FT repression by polycomb group proteins

(Jing et al., 2019b). These results indicate that CO multimers can

act as a scaffold for recruiting transcription factors and chromatin

remodelers near the FT TSS to modify the local chromatin

conditions suitable for induction of FT.
Negative regulation of CO activity by interaction
partners

All the examples of CO interaction partners described above

concern positive regulation of CO activity. However, CO also in-

teracts with proteins that downregulate its activity in FT induction

(Figure 3B; Supplemental Table 1). CO is one of over 30 BBX

proteins and binds to the FT repressor type of BBXs. BBX30

and BBX31 (also known as microprotein 1a [miP1a] and miP1b)

interact with CO through the B-box domains (Graeff et al.,

2016). Both BBX30 and BBX31 peak around dawn in LD

conditions (and at the end of the night in SD conditions), and

their overexpression causes late-flowering phenotypes by

repressing FT expression. BBX30 and BBX31 lack the CCT

domain but bind to the TPL general transcriptional co-repressor

(Graeff et al., 2016). By directly binding to CO, BBX30/31 can

thus recruit the TPL co-repressor into the CO complex to repress

FT, likely during the LDmorning. Similarly, the other BBX proteins

COL12, BBX17, BBX19, BBX28, and BBX29 interfere with CO ac-

tivity through direct interaction (Wang et al., 2014, 2021;

Ordoñez-Herrera et al., 2018; Liu et al., 2020; Xu et al., 2022).

COL5 is a BBX protein that promotes flowering, similar to CO

(Hassidim et al., 2009), but it is unknown whether COL5 forms a

complex with CO to induce flowering.

Although early flowering caused by a shade avoidance response

is believed to reduce future competition with neighboring plants

(Casal, 2012), plants also possess a mechanism to suppress

shade-dependent flowering induction through the modulation of

CO transcriptional activity. HFR1 (LONG HYPOCOTYL IN FAR-

RED) is a non-DNA-binding HLH protein that acts as a repressor

of the shade avoidance response, forming non-DNA-binding het-

erodimers with shade-avoidance-associated DNA-binding

bHLH factors, including PIFs (Sessa et al., 2005; Hornitschek

et al., 2009). Direct interaction with HFR1 attenuates the

transcriptional activity of PIF on shade marker genes. In

addition, a recent study showed that HFR1 represses FT

expression through direct interaction not only with PIFs but also

with CO (Zhang et al., 2019). The transcription of HFR1 is

induced under shade conditions (Sessa et al., 2005),

suggesting that HFR1 may prevent precocious flowering by

suppressing CO transcriptional activity under shade conditions.

Similar to that of HFR1under shade conditions,CO transcriptional

activity is affected by the modulator of ultraviolet light (UV)

responses REPRESSOR OF UV-B PHOTOMORPHOGENESIS 2

(RUP2, also known as EFO2) (Wang et al., 2011; Arongaus et al.,

2018). UV-B perception causes monomerization of the UV-B

photoreceptor UVR8 (UV RESISTANCE LOCUS 8) (Rizzini et al.,

2011). Monomerized UVR8 directly interacts with COP1, leading
Plant C
to activationof downstreamUV-B responses.RUP2wasoriginally

identified as a key player in the negative feedback regulation of

UV-B responses; RUP2 is a UV-B-inducible gene, and its protein

directly prevents monomerization of UVR8 (Gruber et al., 2010;

Heijde and Ulm et al., 2013). However, a later study showed that

RUP2 also directly interacts with CO and suppresses its

transcriptional activity, especially under SD + UV-B conditions,

without affecting CO transcription levels (Arongaus et al., 2018).

CO also integrates with plant hormone signaling components to

modulate its activity. GAs promote flowering in both LD and SD

conditions (Wilson et al., 1992; Porri et al., 2012). DELLA

proteins—major repressors of GA signaling that are degraded af-

ter GA perception—interact with CO (Wang et al., 2016; Xu et al.,

2016). The release of CO protein from DELLA plays a role in GA-

dependent flowering induction, and the co mutation rescued

early-flowering phenotypes of multiple della mutants (gai-t6

rga-t2 rgl1-1 rgl2-1 mutant). BOTRYTIS SUSCEPTIBLE 1

INTERACTOR (BOI) acts as a co-repressor with DELLA (Park

et al., 2013). BOI represses FT expression simultaneously

through interaction with DELLA and attenuation of CO DNA-

binding on the FT promoter (Nguyen et al., 2015). BOI exhibits

E3 ubiquitin ligase activity and may thus affect CO stability.

FKF1 is another E3 ubiquitin ligase that directly binds to DELLA

proteins and regulates their stability through the proteasome

pathway to regulate flowering in LD conditions (Yan et al.,

2020). FKF1 destabilizes DELLA proteins in the LD afternoon,

and this regulation influences the levels of FT but not CO. The

GA pathway also feeds back to regulate FKF1 transcription.

These findings suggest that crosstalk between the photoperiod

and GA flowering pathways plays an important role in FT expres-

sion. DELLA proteins also affect FT expression through direct

interaction with other transcription factors in addition to CO, as

described in the section below.

In addition to GA signaling components, ABI5/ABF-BINDING

PROTEINs (AFPs)—suppressors of ABA responses—also

directly modulate the transcriptional activity of CO (Chang

et al., 2019). AFPs are small proteins homologous to NOVEL

INTERACTOR OF JAZ (NINJA). NINJA is well known for its nega-

tive regulatory role in jasmonic acid (JA) signaling through direct

interaction with JA repressive components, the JASMONATE-

ZIM-DOMAIN PROTEINs (JAZs). The EARmotif of NINJA recruits

the transcriptional co-repressors TPL and TPRs to the MYC–JAZ

protein complex, which results in repression of the MYC-

dependent JA signaling pathway (Pauwels et al., 2010).

Although AFP2 is a homolog of NINJA, AFP2 does not interact

with any JAZ proteins (Pauwels et al., 2010). Instead, it binds

directly to the bZIP transcription factor ABA-INSENSITIVE 5

(ABI5) and attenuates ABI5-dependent ABA responses such as

seed dormancy (Lopez-Molina et al., 2003; Garcia et al., 2008).

Chang et al. (2019) found that AFP2 physically associates

with CO and negatively affects CO’s transcriptional activity.

AFP2 recruits TPR2 through its EAR motif and forms a

CO/AFP2/TPR2 protein complex (Chang et al., 2019).

Recruitment of TPR2 not only weakens CO-dependent FT induc-

tion but also promotes deacetylation of histone H3, most likely

because TPR2 brings histone deacetylase complexes to the FT

promoter (Chang et al., 2019). Although AFP2 interacts with

TPL in yeast (Pauwels et al., 2010), a tpr2 single mutation

is sufficient to cancel the late-flowering effect of AFP
ommunications 4, 100552, May 8 2023 ª 2023 The Author(s). 7
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Figure 4. DNA binding sites of FT-regu-
lating factors and structural changes in
the FT regulatory region.
(A and B) The locations of DNA binding sites of FT

positive (A) and negative (B) regulators on the FT

genomic region. Blocks A, B, C, and E are

important regulatory regions that are highly

conserved in the Brassicaceae family. Black

boxes depict the positions of exons. To simplify

the figure, arrows point to the approximate but

not exact locations of transcription factor binding

sites. Chromatin remodelers that bind to broader

chromatin areas in the FT locus (such as LHP1,

PRC2 complexes, etc.) are not included.

(C) A model of the effect of NF-Y proteins on CO

transcriptional activity and looping structures of

the FT locus. NF-YB and NF-YC physically bind to

the CCT domain of CO, which allows CO to bind

to the P1P2 and CORE regulatory elements. NF-

YA, B, and C form a protein complex and bind

to several regions of the FT promoter. NF-Y pro-

tein complexes change the DNA structure of

Block C and bring this region close to Block A,

where CO–NF-Y protein complexes bind. How-

ever, because CO and NF-YA bind to the same

position of NF-YB–C protein complexes, it is still

unclear how Block A and C can be physically

associated. Block B also forms a loop structure,

but unlike Block C, it is independent of the exis-

tence of NF-Ys, suggesting the presence of an

unknown factor (X) responsible for the loop

structure of Block B. Factor Y represents another

CO-interacting protein.

Plant Communications Complex transcriptional regulation of the florigen FT gene
overexpression, suggesting that TPR2 is the primary partner of

AFP2 in repression of CO activity. In addition to AFP2, AFP3

knockout mutations and overexpression cause early and late

flowering, respectively, likely through the same mechanism as

AFP2 (Chang et al., 2019). These results demonstrate that CO

could also bring repressive chromatin remodelers directly to the

FT locus in LD conditions, emphasizing the need for finer

spatiotemporal resolution in our understanding of CO–FT-

dependent flowering molecular mechanisms.

CO IS THE MASTER REGULATOR OF FT
TRANSCRIPTION, BUT OTHER FACTORS
ALSO CONTRIBUTE TO THIS
REGULATION

DNA looping mediated by NF-Ys

Although shorter promoter sequences are sufficient to induce the

spatial expression patterns of many genes, more than 5 kb of up-
8 Plant Communications 4, 100552, May 8 2023 ª 2023 The Author(s).
stream sequences are required to recreate

the unique leaf-phloem-specific spatial

expression pattern of FT and rescue the

late-flowering phenotype of the ft mutant,

indicating that such a long promoter is

needed to fully induce FT expression in Ara-

bidopsis (Adrian et al., 2010). Three DNA

regions in the long FT promoter sequence

are conserved within Brassicaceae,
referred to as Blocks A, B, and C (Figure 4A and 4B) (Adrian

et al., 2010). In addition to these three blocks, a recent study

identified an additional enhancer region conserved in

Brassicaceae named Block E (Zicola et al., 2019). Although

Block E has only recently been identified, the FT positive

regulator PIF4 and the negative regulators AGAMOUS-

LIKE 15 (AGL15), SCHLAFM€UTZE (SMZ), and LIKE

HETEROCHROMATIN PROTEIN1 (LHP1) have already been re-

ported to bind to a location overlapping with Block E (Mathieu

et al., 2009; Adrian et al., 2010; Fernandez et al., 2014; Galv�ao

et al., 2019).

Block A contains the CO-binding sites CORE and P1P2 (Adrian

et al., 2010; Tiwari et al., 2010; Lv et al., 2021). The most

upstream block, Block C, contains an NF-Y binding site

(CCAAT), indicating that the NF-Y pioneer transcription factors

might be involved in FT transcription from that site (Figure 4A)

(Cao et al., 2014; Siriwardana et al., 2016). NF-Ys not only prevent

the deposition of H3K27 trimethylation on the FT promoter (Liu
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et al., 2018) but also are important for formation of the looping

structure of the FT promoter (Figure 4C) (Cao et al., 2014). The

timing of DNA loop formation matches the timing of FT

induction, suggesting that FT transcription is accompanied by

structural changes in chromatin. It was initially proposed that

CO interacted with the NF-YA/NF-YB/NF-YC tripartite complex

to form the DNA looping structure together (Cao et al., 2014);

however, a recent crystallographic study revealed that NF-YA

and CO interact with the same domain of the NF-YB/NF-YC com-

plex through similar interfaces (Lv et al., 2021). Thus, it is unlikely

that both NF-YA and CO simultaneously bind to the sameNF-YB/

NF-YC complex, and the detailed mechanism by which NF-Ys

bring Block C close to Block A remains to be clarified.

Block B also contains an NF-Y binding site, and this area forms a

DNA loop structure (Cao et al., 2014). However, unlike Block C,

the looping of Block B was not affected by the nf-yb2/3 double

mutations. On the other hand, the co mutation significantly

reduced the loop structure of Block B, suggesting that some

unknown components directly bind to CO to form the loop

structure. Although it is still unknown whether Block E also

forms a similar loop structure, this region contains an NF-Y bind-

ing site. It is tempting to postulate that Block E also forms a similar

DNA loop in an NF-Y-dependent manner to participate in FT tran-

scriptional regulation (Figure 4C).
Evolutionary conservation of CO and NF-Y interaction

NF-YB and NF-YC form a protein complex with CO not only in

Arabidopsis but also in other plant species. The formation of

the tripartite complex of CO homologs with NF-YB and NF-YC

is important for controlling FT homologs for flowering in the SD

crop rice (Oryza sativa) and the LD crop wheat (Triticum

aestivum).

In rice, in contrast toArabidopsis, Heading date 1 (Hd1), a rice ho-

molog of CO, behaves as a flowering repressor under LD

conditions but is converted into an activator under SD conditions

(Yano et al., 2000; Izawa et al., 2002; Hayama et al., 2003).

Because Hd1 acts as a major repressor of the rice FT homolog

Hd3a in a day-length-dependent manner, humans have selected

rice Hd1 mutants for rice cultivation in northern latitudes, as day

length is longer in the north than in the south during summer.

Among such early-heading cultivars, some have a mutation in

the CCT domain of Hd1 that impairs its physical association

with DTH8 (days to heading on chromosome 8; also named

OsNF-YB11/Ghd8/Hd5) and OsNF-YCs (Goretti et al., 2017).

This mutation causes a severe loss of Hd1 DNA-binding activity

on the Hd3a promoter, which results in an early-heading

phenotype under LD conditions. A recent crystallographic study

demonstrated that the interaction with DTH8 and OsNF-YC2

strengthens the DNA-binding activity of Hd1CCT on the Hd3a lo-

cus (Shen et al., 2020). These results indicate that, as in

Arabidopsis, interactions with NF-YB and NF-YC at the CCT

domain are crucial for DNA-binding activity of Hd1 in rice, despite

its mode of action being opposite to that in Arabidopsis. It ap-

pears that the functional switching of Hd1 between LD and SD

conditions is partially explained by its interaction with DTH8.

Hd1 enhances the levels of H3K27me3 at the Hd3a locus to

repress gene expression in a DTH8-dependent manner under

LD conditions, whereas Hd1 acts as a positive regulator of
Plant C
Hd3a under SD conditions, regardless of the presence of func-

tional DTH8 (Du et al., 2017). Based on these observations, the

authors speculated that Hd1 alone acted as a positive regulator

of Hd3a, but physical association with DTH8 switched its

function, and that abundance of the Hd1–DTH8 protein

complex might be altered between LD and SD conditions.

Consistent with this idea, a recent study using multiple knockout

mutant lines showed that Hd1 behaves like a positive regulator of

flowering in the absence of DTH8 and another well-known flower-

ing CCT-domain repressor protein, Ghd7. The triple mutation of

Hd1, DTH8, and Ghd7 delayed heading compared with the dou-

ble mutation of DTH8 and Ghd7 (Zong et al., 2021). Because

Ghd7 interacts with Hd1 and DTH8 (Nemoto et al., 2016; Shen

et al., 2020; Zong et al., 2021), it appears that DTH8, together

with Ghd7, converts Hd1’s function to that of a flowering

repressor. Taken together, these results suggest that physical

association with NF-YB and NF-YC may be critical for the rice

CO homolog Hd1 to control SD-induced expression of the rice

florigen Hd3a.

In wheat, the CO/NF-Y complex may be involved in both vernal-

ization and photoperiodic flowering responses (Li et al., 2011).

Winter wheat requires exposure to low temperatures to

facilitate a transition to the reproductive stage, a process tightly

regulated by VERNALIZATION (VRN) genes. The VRN2 locus

consists of two tandemly duplicated genes, ZCCT1 and

ZCCT2. ZCCTs are CCT proteins that strongly repress the

expression of VRN3, an FT homolog in wheat (Yan et al., 2004,

2006). Once the expression of VRN2 genes (especially ZCCT1)

is depleted after vernalization, VRN3 (wheat FT) is derepressed

(Yan et al., 2004, 2006). One of the wheat CO homologs, CO2,

functions as a positive regulator of flowering and physically

interacts with various NF-Ys at the CCT domain (Nemoto et al.,

2003; Li et al., 2011). Li et al. (2011) found that the CCT domain

of ZCCT1 competes with CO2 for NF-Ys. NF-Ys potentially

work as negative transcriptional co-regulators of VRN3 before

vernalization, together with ZCCTs, but they work as positive

co-regulators of CO2 after vernalization, although it is still unclear

whether interaction with NF-Ys is necessary for DNA-binding ac-

tivity of the ZCCTs.

It appears that the protein complex comprised of CO/NF-YB/NF-

YC exists in terrestrial plants and modern chlorophytes. In the

green algae Chlamydomonas reinhardtii, the CO homolog CrCO

forms protein complexes with NF-YB and NF-YC to facilitate its

transcriptional activity (Tokutsu et al., 2019). CrCO targets the

promoters of LHCSR genes encoding light-harvesting complex

proteins in C. reinhardtii (Gabilly et al., 2019; Tokutsu et al.,

2019). Because the interaction with NF-YB is essential for tran-

scriptional activity of CrCO, loss of either CrCO or NF-YB de-

creases LHCSR transcription; as a result, LHCSR-dependent

photoprotection is severely attenuated (Tokutsu et al., 2019).

CrCO was first reported for its positive activity on Arabidopsis

FT gene expression, and the authors claimed that the basic

function of CO originated in ancient chlorophyte species

(Serrano et al., 2009). However, this argument was questioned

based on a detailed phylogenetic analysis of CO homologs

(Ballerini and Kramer, 2011). The phylogenetic analysis showed

that CrCO was more closely related to different CO-like

proteins that control light signaling than to CO and Hd1
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(Ballerini and Kramer, 2011). In addition, Simon et al. (2015)

suggested that CO homologs in photoperiodic flowering in

different flowering plants arose by convergent evolution rather

than evolution from a common ancestor. Although the CO

homologs may not have originated from a single ancestral

gene from chlorophytes to angiosperms, the CO (or COL)/NF-

YB/NF-YC transcriptional unit has been utilized to precisely

respond to surrounding light environments.
DNA-binding patterns of FT regulators

Figure 4A and 4B illustrate the approximate binding sites of FT-

regulating transcription factors (for a list of transcription factors

and specific binding regions, see Supplemental Table 2). These

figures depict most CO binding partners (AS1, CIBs, NF-Ys,

MRG2, BOI, RGA1, and PKL, but not APL) that bind to Block A,

regardless of whether they act as positive or negative regulators

(Li et al., 2008; Song et al., 2012a; Liu et al., 2013; Bu et al., 2014;

Nguyen et al., 2015). If these CO-interacting factors are

expressed in the same cells, they might compete or cooperate

with each other to fine-tune FT expression. Moreover, the CO-

binding chromatin remodeling factor PKL and its partner ATX1

overlap in their binding sites on the FT promoter, consistent

with their physical association (Jing et al., 2019b).

Two related G2-like transcription factors exhibit opposite roles in

FT transcriptional regulation—APL and EARLY FLOWERING

MYB PROTEIN (EFM) (also known as HHO4). APL binds 5.3 kb

(Block C) and 4.5 kb upstream of FT (Shibuta and Abe, 2017). It is

plausible that APL binds to Block C through interaction with NF-

YB. In contrast to APL, EFM is a negative regulator of FT. Both

APL and EFM bind the FT promoter at 4.5 kb upstream (Yan

et al., 2014), and it is therefore possible that they compete for this

locus. EFM physically binds to the H3K36me2 demethylase

JUMONJI30 (JMJ30), indicating that EFM helps to change FT

DNA-folding structures. A chromatin immunoprecipitation assay

confirmed that JMJ30 also binds to the FT promoter; however, its

binding sites are different from that of EFM (Figure 4B) (Yan

et al., 2014).

SHORT VEGETATIVE PHASE (SVP), FLM/MAF1, and FLC are

all MADS-box transcription factors that bind to

specific CArG box sequences to repress FT. They work as heter-

odimers (SVP–FLC, SVP–FLM, FLC–FLM, etc.) or possibly

hetromultimers (Figure 2) (Lee et al., 2007; Li et al., 2008; Gu

et al., 2013; Lee et al., 2013; Posé et al., 2013) and bind to the

first intron of FT (Figure 4B) (Searle et al., 2006; Lee et al., 2007,

2013). The SVP–FLM protein complex function is titrated to regu-

late FT levels under different ambient temperatures through

temperature-dependent alternative splicing of FLM, and the

significance of different FLM splicing isoforms is a topic of active

discussion. Ambient temperature changes alter the splicing pat-

terns of FLM transcripts, resulting in the generation of several

different FLM splicing variants. Among them, FLMb encodes a

full-length protein, whereas FLMd encodes a truncated protein

that lacks a part of the MADS-box DNA-binding domain. FLMd

is preferentially produced in higher-temperature environments.

It was proposed that a high proportion of inactive (non-DNA-

binding) SVP–FLMd formation sequesters SVP from the active

SVP–FLMb complex, thus causing early flowering in high-tem-

perature environments (Posé et al., 2013). The other
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mechanism is that the SVP protein is destabilized under higher

temperatures, contributing to a reduction in the active SVP–

FLMb complex (Lee et al., 2013).

However, as recently reviewed by John et al. (2021), follow-up

studies questioned the importance of FLMd in flowering regula-

tion. Studies using Arabidopsis natural accession lines revealed

that expression levels of FLMb but not FLMd significantly affect

flowering timing (Lutz et al., 2015, 2017). Moreover, a genome-

edited mutant line expressing only FLMd but not FLMb showed

similar flowering timing compared with the flm-3 null mutant, sug-

gesting that FLMd does not play an active role in repressing SVP’s

repressive influence on flowering (Capovilla et al., 2017). In fact,

there are many different FLM splice variants in addition to FLMb

and FLMd (Sureshkumar et al., 2016; Capovilla et al., 2017).

Sureshkumar et al. (2016) showed that many of them contain

early stop codons, and they are induced by high ambient

temperature. Truncated splice variants are preferentially

degraded through nonsense-mediated mRNA decay, resulting

in depletion of total FLMb mRNA levels, and this is potentially

the primary mechanism of temperature-dependent flowering

regulation. In addition to regulation surrounding FLM splicing,

Gu et al. (2013) highlighted the importance of interactions

between FLC and MAF proteins (FLM/MAF1 and MAF2–4). Ac-

cording to this study, FLC and MAF proteins form a protein–

protein network that influences temperature-dependent flower-

ing, supporting the notion that interactions among MADS-box

proteins fine-tune flowering regulation under different tempera-

ture conditions. Under simulated natural LD conditions (LD + sup-

plemental FR + temperature oscillation), the svp single mutation

enhances FT expression in the morning, whereas the svp/flm/flc

triple mutation results in augmented FT expression in both the

morning and evening (Figure 2) (Song et al., 2018). These results

suggest that these MADS-box transcription factors participate

in generating the daily FT expression profile not only under

colder temperatures but also under regular growth temperatures.

In addition to colder temperatures, warmer temperatures (e.g.,

27�C) also influence the timing of photoperiodic flowering. In

SD conditions (22�C), Arabidopsis plants usually flower later

because FT is not induced. However, when the ambient temper-

ature is high, for example 27�C, even SD-grown plants show early

flowering with induction of FT (Kumar et al., 2012). This is in part

controlled by eviction of the histone variant H2A.Z from the +1

nucleosome located just downstream of the FT TSS (Kumar

et al., 2012), which negatively regulates transcription initiation.

The SWR1 complex (SWR1-C) exchanges histone H2A in

the +1 nucleosome with the histone variant H2A.Z to titrate the

expression of target genes. Although it was known that the Arabi-

dopsis SWR1-C component mutant swc6 shows early flowering

in LD conditions (March-Diaz and Reyes 2009), the mechanism

by which SWR1-C was recruited to the FT locus was not known.

A recent work revealed themolecular mechanism of SWR1-C tar-

geting to the FT TSS. SWR6 (SWR1-C component)-associated

DNA-binding protein SWC4 binds to AT-rich sequences at the

FT TSS region, and binding of SWC4 to the FT TSS facilitates

recruitment of SWR1-C to the FT TSS for H2A.Z deposition

(Gomez-Zambrano et al., 2018). It would be interesting to

investigate how higher temperature regulates H2A.Z eviction

and whether this H2A.Z-related regulation is modulated by day-

length conditions.
(s).
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Environmental responses of protein–protein
interactions of FT regulators

We highlighted the protein–protein interactions between CO and

other proteins in Figures 1 and 3. Here, to enhance our

understanding of the role of protein–protein interactions related to

FT transcriptional regulation,weconstructedan interactionnetwork

model of flowering regulators without the network interacting with

CO (Figure 5; Supplemental Table 3). At first glance, the entire

known interactome is quite complicated (Figure 5A). However,

based mainly on the daily expression patterns of mRNA or protein

and the presence or absence of light signals, proposed models of

time-resolved interaction networks seem to be less complicated

(Figure 5B, 5C, and 5D). In the LD morning, B and R/FR signals

repress COP1–SPA degradation mechanisms, but genes (e.g.,

CDFs, BBXs, and PRR9) that peak in the morning are mainly

repressors that bind to TPL/TPRs (Figure 5B). These repressors

may keep FT levels low during the morning, even though CO

protein is temporarily stabilized at the beginning of the morning

(Valverde et al., 2004). Most of the interactions take place in the

afternoon when FT is induced (Figure 5C). Although they all exist

at the time of FT induction, none of these analyzed genes show

spatial expression patterns similar to that of FT, indicating that

investigating unknown posttranscriptional and translational

regulation and protein activity of these factors where they are

expressed may be important to further understand their

mechanistic contributions to FT regulation. At night, most of the

transcription factors in this diagram become less stable and are

known to interact with the COP1–SPA complex for degradation

(Figure 5D), possibly resetting the entire network for responding to

seasonal information on the next day.

This diagram shows that most protein–protein interactions are

directly or indirectly influenced by B signaling. Of particular

note are CRY1 and CRY2, which appear to influence several

processes from the top of the network. CRY1/2 proteins directly

activate CIBs and BR ENHANCED EXPRESSION 1 (BEE1)

bHLH transcription factors (Liu et al., 2008; Wang et al.,

2019) and deactivate the AP2-like repressors TOE1 and TOE2

(Du et al., 2020) under B conditions, although BEE1 and

TOE1/2 are expressed from the morning, whereas CIBs peak

in the LD afternoon. CRY1/2 proteins also bind to the COP1–

SPA complex when CRY1/2 absorb B, impairing the E3

ubiquitin ligase activity (Liu et al., 2011; Zuo et al., 2011;

Holtkotte et al., 2017). Because GI is a target of the ELF3–

COP1 complex (Yu et al., 2008), activation of CRYs appears

to stabilize GI indirectly. GI forms a complex with another B

photoreceptor, FKF1, regulating CDF and PRR protein

stabilities (Sawa et al., 2007; Baudry et al., 2010). FKF1 also

enhances CIB1–CIB3 heterodimerization under B, which

enhances CIB1–CIB3 activity to increase FT in the LD

afternoon (Zhou et al., 2021). Moreover, GI is required for type

II TCPs to activate CO transcription (Kubota et al., 2017). The

FKF1 homologs LKP2 and ZTL also contribute to CDF/PRR

degradation through their interaction with GI (Fornara et al.,

2009; Krahmer et al., 2019).

Another large interaction hub is related toGA responses, indicating

that GA perception simultaneously affects several different path-

ways, primarily through DELLA degradation (Figure 5). DELLAs

directly inhibit several FT positive regulators such as bHLH48,
Plant C
bHLH60, PIF4, PKL, and WRKY75 (De Lucas et al., 2008; Zhang

et al., 2014, 2018; Li et al., 2017). A recent study revealed another

FT-regulating pathway mediated by DELLAs (Fukazawa et al.,

2021). GAI-ASSOCIATED FACTOR 1 (GAF1) is a DELLA interactor.

After GA perception, GAF1 is released from DELLAs and subse-

quently associates with TPR4. GAF1–TPR4 functions as a tran-

scriptional repressor complex that suppresses expression of the

flowering repressors ELF3, SVP, TEM1, and TEM2. Thus,

DELLAs regulate FT transcription levels in part by controlling levels

of the GAF1–TPR4 protein–protein interaction (Fukazawa et al.,

2014, 2021).DELLAsalsocontribute toseveral repressors’ actions.

MYC3 not only binds to the FT promoter (Figure 4B) but also

prevents the DNA-binding activity of CO through interaction with

DELLA proteins (Bao et al., 2019). Moreover, the CO-interacting

protein BOI binds to the FT promoter with the help of DELLA

(Park et al., 2013). Recent studies demonstrated that CRY1

stabilizes DELLA proteins through direct interaction, whereas

FKF1 degrades DELLA proteins to control diurnal changes in

DELLA protein stability through ubiquitination (Yan et al., 2020,

2021; Xu et al., 2021). DELLA protein levels are low during the night

because of GA-signaling-dependent degradation (Arana et al.,

2011). These results suggest that B perception controls the

photoperiodic flowering pathway in part by modulating the GA-

dependent flowering pathway during the day.

In contrast to well-characterized B- and GA-dependent flowering

activation, Figure 5 shows few examples of FR-dependent

protein–protein interactions, despite the strong effect of FR on

FT expression. This relative lack of understanding may be a

consequence of typical artificial laboratory light conditions, which

often subject plants toR/FR ratios greater than2.Under suchcon-

ditions, the importanceof the FRsignal is easily overlooked simply

because of insufficient FR, although FR is a necessary component

for the morning peak of FT under natural LD conditions (Figure 2)

(Song et al., 2018). Only two direct mechanisms that affect FT

transcription under FR have been characterized to date. First,

CO is stabilized to a greater extent under conditions with

supplemental FR in a phyA-dependent manner (Valverde et al.,

2004; Song et al., 2018), although the detailed mechanism is still

unknown. Second, PIF proteins are stabilized because phyB is

converted from the active Pfr to the inactive Pr form under FR.

phyB physically interacts with and destabilizes the flowering

activators PIF4, 5, and 7 (Huq and Quail, 2002; Lorrain et al.,

2008; Kidokoro et al., 2009), and FR supplementation therefore

results in PIF protein accumulation. Among the PIFs, PIF7 plays

the primary role in shade-induced flowering and is subject to

negative feedback by HFR1 (Zhang et al., 2019).
POST-TRANSCRIPTIONAL AND
POST-TRANSLATIONAL REGULATION
AFFECT FT PROTEIN LEVELS

Although most studies have focused on the mechanism control-

ling FT transcription levels, Seo et al. (2011) reported that the

WD40 protein WEREWOLF (WER) is required for FT transcript

stabilization. WER is known for its role in root hair patterning. It

forms protein complexes with TRANSPARENT TESTA

GLABRA1 (TTG1), GLABRA3 (GL3), and ENHANCER OF

GLABRA3 (EGL3) to suppress the generation of root hairs. How-

ever, null mutation and overexpression of WER cause late and
ommunications 4, 100552, May 8 2023 ª 2023 The Author(s). 11
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Figure 5. Working models for time-dependent protein–protein interactions of FT-regulating factors.
Protein interactomes of CO- and FT-regulating factors without CO and direct CO-interacting factors (Figures 1 and 3) are shown. Protein–protein in-

teractions without functional characterization are not included in this network. Red arrows and blue lines indicate functional activation and repression,

respectively. Black lines indicate the formation of functional units (often having mutual positive interactions). Black, red, blue, and orange circles indicate

photoreceptors, positive regulators of FT, negative regulators of FT, and positive regulators of CO, respectively. Although PRRs are transcriptional re-

pressors that work with TPL/TPRs, because prrmultiple mutants showed late-flowering phenotypes with low FT expression (likely due to destabilization

of CO), PRRs are designated as FT positive regulators in this diagram. Faded circles and lines in (B–D) indicate lower activities due to either lower

expression levels or clear light-dependent control (e.g., light-induced repression of COP1–SPA activity). The activity classification (high or low) proposed

here is a very simplified way to describe the complicated interactome based on the assumption that higher expression levels of mRNA or protein equal

higher activity. For some factors, diurnal expression pattern results or light-dependent regulation results were not available (e.g., these types of results are

lacking for many chromatin remodelers). In that case, their activities were deduced from FT expression changes in their mutants (e.g., FT levels are high in

the clf mutant throughout the entire day and night in LD conditions, and we thus assume that CLF is active in both day and night). We propose these

interactomes as working models (not solid facts) to guide further investigation of their interactions in the future.

(A) Shows all interactions described in (B–D), clearly depicting the presence of complicated connections among factors that regulate FT transcription.

(B) In the LD morning, photoreceptor (phyA, phyB, and CRY1/2) signaling represses activity of the COP1–SPA complex. Some FT negative regulators

(e.g., CDFs, BBXs) peak in the morning to repress FT.

(C)Most of the interactions depicted in (A) take place in the LD afternoon. These regulators are expressed and often stabilized in the LD afternoon when

FT is induced.

(D) In the LD night, the amounts of many of these regulators become low, and some are known to be degraded by the COP1–SPA complex.

12 Plant Communications 4, 100552, May 8 2023 ª 2023 The Author(s).
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early flowering, respectively, under LD conditions. Curiously, mu-

tations of the WER binding partners TTG1, GL3, and EGL3 also

caused late flowering. The wer-1 mutation does not change FT

transcription activity as measured by GUS assay; however, it

clearly decreases FT transcript levels. The authors also found

that the wer-1 mutation specifically makes FT transcripts unsta-

ble, but not other transcripts. These results suggest that WER1

somehow selectively stabilizes FT mRNA, despite the fact that

WER appears to show little expression in leaf vascular tissues.

Arabidopsis controls FT protein levels with another layer of regula-

tory mechanisms—post-translational regulation. Like those of

many other protein-coding genes, FT protein levels do not neces-

sarily coincide with FT transcript levels (Kim et al., 2016). FT

protein was stable and present throughout the day in LD

conditions and became less stable once the floral transition had

taken place. This observation suggested that the overall amount

of FT transcript determined the amount of FT protein. The results

demonstrated that the proteasome system targeted FT for

degradation through its C-terminal end, which is important for

its flowering-promoting function, and overexpression of a

C-terminally truncated version of FT caused a dominant late-

flowering phenotype. It would be interesting to know whether FT

protein is destabilized before or after it functions and whether

there are tissue-specific differences in FT stability.

FUTURE PERSPECTIVES

The large number of FT regulators reflects the significance of FT

regulation for plant survival and reproduction. The use of multiple

regulators may enable plants to respond to subtle variations in

their growing environments and to flower under the most appro-

priate conditions. Despite the breadth and depth of current

knowledge regarding FT transcriptional regulation, ongoing in-

vestigations continue to uncover novel modes of FT regulation.

Given the central conserved role of FT in plant seasonal develop-

ment, further exploration of FT-regulating processes in various

plants will yield valuable insights into mechanisms of seasonal

adaptation.

Notably, the influence of FR on the induction of FT in the mornings

remains largely undescribed—aconsequenceof theuseof fluores-

cent and LED light sources that fail to accurately simulate the R/FR

ratio found in natural sunlight, masking its significance in FT induc-

tion. As implied in Figures 3 and 5, which show large B- and GA-

dependent protein–protein networks, detailed mechanisms of

FR-dependent CO stabilization and FT activation remain elusive.

Although phyA is implicated in FR-dependent CO stabilization

(Valverde et al., 2004), recent studies have conversely revealed

that ELF3 negatively affects CO stabilization and the FR-

dependent morning peak of FT (Figure 2) (Song et al., 2018),

suggestinga yet-unrevealedmechanismofphyA-dependentmod-

ulation of ubiquitin ligase activity through its interactions with

COP1–SPA, possibly via ELF3. Investigating the COP1–SPA and

ELF3protein complexmay prove a productive approach to gaining

a more complete understanding of CO stabilization and FT induc-

tion. It may shed light on the different contributions of phyA to in-

duction of the morning and evening FT peaks (Song et al., 2018).

Another mechanism that remains to be fully clarified involves

changes in the physical DNA structure of the FT locus. Many
Plant C
FT-regulating factors appear to affect the topology of genomic

DNA in the FT region critical for gene expression. Notably, the for-

mation of a loop structure by NF-Ys is crucial for FT induction

(Cao et al., 2014). NF-YA, B, and C protein complexes contribute

to the loop formed from Block C to A (Figure 4C), and CO requires

interaction with NF-YB and NF-YC to bind to the region of Block A

(Gnesutta et al., 2017). However, themechanisms by which these

complexes interact to control the DNA loop structure remain

unknown. Recent advances have suggested the involvement of

additional factors bridging the NF-Y complex and CO (Chaves-

Sanjuan et al., 2021; Lv et al., 2021), but the exact nature of

these crucial regulatory elements and contributing transcription

factors for DNA looping remain elusive. Furthermore, Block E

has only recently been identified as a regulatory region

approximately 1 kb downstream of FT (Zicola et al., 2019). Thus

far, a few FT regulators, PIF4, AGL15, SMZ, and LHP1, have

been found to bind to this region (Mathieu et al., 2009; Adrian

et al., 2010; Fernandez et al., 2014; Galv�ao et al., 2019).

Previous studies of DNA–protein interaction (e.g., chromatin

immunoprecipitation assays) have been limited primarily to

investigating the upstream FT promoter to CDS regions; given

the apparent importance of the Block E region, further

exploration of its regulatory influence may yield promising

advances in understanding aspects of the topological

regulation of FT and genomic DNA.

Relatively little attention has been given to FT post-transcriptional

and FT post-translational mechanisms compared with FT tran-

scriptional regulation, despite a total lack of understanding of

detailed mechanisms. For example, Kim et al. (2016) showed

that an unknown protease regulates FT protein degradation,

and the specific mechanism responsible remains to be clarified.

Whether plants change FT transcript and FT protein stability in

an environmentally responsive manner also remains to be

discovered. Because accumulation of FT protein is the driving

force for flowering, such information will be significant for

understanding plant flowering regulation.

A recurring challenge has been clarifying the role of these

regulators in mediating the unique spatial expression patterns

of FT. Generally speaking, the roles of FT regulators have been

investigated by analyzing FT levels during their period of peak

expression (at dusk in LD conditions) or over LD time courses us-

ing whole tissue samples. FT is expressed in specific leaf phloem

companion cells (Chen et al., 2018). Characterization of FT

regulators often includes the use of endogenous promoter-

driven GUS (b-glucuronidase) expression analysis to reveal their

tissue-specific expression patterns. However, whether these reg-

ulators are expressed in the exact same cells where FT is ex-

pressed remains unclear. Therefore, tissue-specific gene expres-

sion analysis may be a powerful approach for obtaining more

mechanistic and spatially appropriate insights into FT gene

expression. Several different tissue-specific transcriptome ap-

proaches have recently been developed. For example, nuclei

isolation methods from companion cells such as isolation of

nuclei tagged in specific cell types and fluorescence-activated

cell sorting have been reported (You et al., 2019; Shi et al.,

2021; Tian et al., 2021). Laser microdissection may also be an

effective avenue for exploring differences in tissue-specific

gene expression (Berkowitz et al., 2021). Because each method

possesses pros and cons (e.g., nuclear sorting typically
ommunications 4, 100552, May 8 2023 ª 2023 The Author(s). 13
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provides very specific but low RNA yields), the use of different

approaches will be necessary to gain a comprehensive

understanding of the often-overlooked mechanisms of tissue-

specific regulation of gene expression.

In addition to isolation of specific cell types, single-cell RNA

sequencing (scRNA-seq) technology has become a powerful

approach for analyzing gene expression in different plant cell

types. The availability of plant tissue-specific gene expression

data is steadily increasing. Although the body of scRNA-seq

data from aerial plant tissues continues to increase, accessible

datasets describing gene expression specific to leaf companion

cells remain scarce—in large part due to the difficulty in isolating

strongly embedded companion cells. Improved methods of pro-

toplast isolation from vascular tissues have recently been opti-

mized (Kim et al., 2021). Although these protocols have

significantly improved the yield of parenchyma and bundle

sheath protoplasts, the yield from companion cells remains

limited. Moreover, the long digestion times and high solution

osmolarity required for protoplasting may be less valuable in

studying FT regulation owing to the time-of-day and environmen-

tally dependent FT expression profiles.

Many regulatory factors are involved in FT regulation of floral initi-

ation and are required to facilitate the optimal timing of flowering

in seasonal environments. Mathematical modeling and bio-

informatic approaches may therefore be helpful for enhancing

our understanding of the complicated, coordinated action of FT

regulators. Through the combination of tissue-specific gene

expression and mathematical modeling, we anticipate a prom-

ising yield of novel insights into the still-elusive processes that un-

derlie the unique spatial and temporal expression patterns of FT.

Although many intriguing questions remain to be answered, our

mechanistic understanding of seasonal flowering has continu-

ously progressed, particularly in Arabidopsis. We hope that the

knowledge obtained from Arabidopsis continues to facilitate our

understanding of flowering mechanisms in other plant species.
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