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Abstract: This year marks the 100th anniversary of the experiments by Garner and Allard  (Garner and 

Allard, 1920) that showed that plants measure the duration of the night and day (the photoperiod) to 

time flowering. This discovery led to the identification of Flowering Locus T (FT) in Arabidopsis and 

Heading Date 3a (Hd3a) in rice as a mobile signal that promotes flowering in tissues distal to the site of 

cue perception. FT/Hd3a belong to the family of phosphatidylethanolamine binding proteins (PEBPs). 

Collectively, these proteins control plant developmental transitions and plant architecture. Several 

excellent recent reviews have focused on the roles of PEBP proteins in diverse plant species; here we 

will primarily highlight recent advances that enhance our understanding of the mechanism of action of 

PEBP proteins and discuss critical open questions.  
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Introduction 

The discovery of the PEBP proteins as interpreters of seasonal environmental cues has two major 

chapters, physiological-biochemical and molecular-genetic investigations (Fig. 1). In 1920, physiological 

approaches linked dynamic plant flowering responses to the relative length of day and night, also known 

as the photoperiod (Garner and Allard, 1920). In 1934, plant leaves were shown to perceive the 

favourable photoperiod stimulus  (Knott, 1934). Grafting an induced leaf to a unstimulated plant was 

sufficient for flowering, pointing to a mobile floral stimulus able to translocate from leaves to the shoot 

apex where flowers form (Chailakhyan, 1936). The concept of florigen as the mobile stimulus was 

introduced in 1936 (Chailakhyan, 1936) and the florigenic signal was found to be conserved in diverse 

plant species (Zeevaart, 1976). The nature of florigen was proposed to be a balance of phytohormones 

and metabolites (Bernier, 1988; Bernier et al., 1993). Molecular and genetic analyses by many 

laboratories and in many plant species in last 30 years identified the PEBP protein FLOWERING LOCUS T 

(FT) and its homologs as a conserved florigenic signal (Putterill and Varkonyi-Gasic, 2016). They also 

uncovered the components that aid FT long-distance movement (Jackson and Hong, 2012; Liu et al., 

2013) and identified PEBP proteins with roles antagonistic to that of FT (Jin et al., 2020). 

 

A brief summary of PEBP family protein function 

Evolutionarily, PEBP proteins can be grouped into three classes, the ancestral of which is MOTHER OF FT 

AND TFL1 (MFT), see (Jin et al., 2020) and references therein. In Arabidopsis, MFT is strongly expressed 

in seeds and roots and promotes seed dormancy (Vaistij et al., 2013). Two additional classes or PEBP 

proteins comprise FT-like and TERMINAL FLOWER 1 (TFL1)-like proteins, which in Arabidopsis have three 

and two members, respectively (Jin et al., 2020). FT and TFL1 and their homologs are best known for 

their opposite roles in flowering time and inflorescence architecture, which underlie important crop 

traits like day neutrality, determinacy, time to flower formation and number of flowers and seeds 

produced and may contribute to reproductive barrier formation in wild species (Eshed and Lippman, 

2019; Kinoshita and Richter, 2020; Périlleux et al., 2019; Song et al., 2015; Todesco et al., 2020) (Fig. 2 

and Fig. 3A). However, activities of FT-like and TFL1-like genes regulate many other processes, among 

these are tuberization in potato, bulb formation in onion, bud set and flush in trees [reviewed in (Jin et 

al., 2020; Périlleux et al., 2019)]. More recently, TFL1 has been implicated in repression of bud 

outgrowth both in hybrid aspen and in Arabidopsis (Maurya et al., 2020a; Zhu et al., 2020) and in seed 
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development in Arabidopsis(Zhang et al., 2020a) (Fig. 4A). Common to all processes is that they are 

seasonally controlled life history traits. 

 

Identification of targets of TFL1 and FD - a repressive hub for reproductive development 

Although non-nuclear roles have been identified for both TFL1 and FT family proteins (Abelenda et al., 

2019; Sohn et al., 2007; Zhang et al., 2020a), studies in Arabidopsis, rice, and potato tubers have 

suggested nuclear functions of TFL1 and FT as a co-repressor and a co-activator, respectively, by acting 

in a complex with the bZIP transcription factor FD via 14-3-3 proteins (Goretti et al., 2020; Hanano and 

Goto, 2011; Kaneko-Suzuki et al., 2018; Navarro et al., 2011; Taoka et al., 2011; Teo et al., 2016; Zhang 

et al., 2020b; Zhu et al., 2020). FD proteins have a conserved S/TAP motif, phosphorylation of which is 

thought to mediate 14-3-3 interaction. FD phosphorylation is likely of biological importance. While TFL1 

can readily interact with E. coli produced FD via 14-3-3 in vitro (Collani et al., 2019; Kaneko-Suzuki et al., 

2018), FT prefers phosphomimic recombinant FD in vitro and in vivo (Collani et al., 2019; Kawamoto et 

al., 2015) and potato CENTRORADIALIS (StCEN/TFL1), for example, also cannot readily interact with 

phosphomutant FD in vivo (Zhang et al., 2020b). FT binds phosphatidyl choline (PC) and a recent high-

resolution crystal structure reveals how PC associates with FT (Nakamura et al., 2019). 

 

The nuclear roles of TFL1-FD and FT-FD complexes in vivo have remained poorly understood because of 

low protein abundance and presence in only very few cell types. Recently, three labs including our own 

reported identification of FD and/or TFL1 bound loci by ChIP-seq (Collani et al., 2019; Goretti et al., 

2020; Romera-Branchat et al., 2020; Zhu et al., 2020). Despite having been conducted at different stages 

of development and in different photoperiod regimes, there is a strong overlap of binding peaks and 

target genes between all studies, when using one data analysis pipeline (Zhu et al., 2020) on all datasets 

(Fig. 5). In the following discussions we will focus on (Zhu et al., 2020), which uncovered 604 immediate 

early TFL1-FD repressed targets. These targets identify TFL1-FD as a repressive hub for onset of 

reproduction and inflorescence architecture (Fig. 3B). TFL1-FD repress expression of key flowering time 

regulators that promote entry into the reproductive phase including CONSTANS (CO), and GIGANTEA 

(GI), and of meristem identity regulators that cause the switch from branch to flower fate in axillary 

meristems like FRUITFULL (FUL), LEAFY (LFY), APETALA1 (AP1) and LATE MERISTEM IDENTITY 1 (LMI1) 

(Collani et al., 2019; Fornara et al., 2010; Wagner, 2017; Zhu et al., 2020). LFY in particular had not been 
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expected to be a PEBP/FD target based on promoter:reporter studies, however the critical regulatory 

element for photoperiod regulation of LFY reside in its second exon (Blázquez and Weigel, 2000; Zhu et 

al., 2020). The link between TFL1-FD and FT-FD and their direct targets AP1 and LFY is conserved during 

short-day triggered growth cessation in hybrid aspen (Tylewicz et al., 2015), long-day photoperiod 

induced opening of guard cells (Kinoshita et al., 2011) and possibly onion bulb formation (Rashid et al., 

2019); while that between TFL1-FD and FT-FD and FUL is conserved during secondary growth in tomato 

(Shalit-Kaneh et al., 2019). 

 

Other critical regulators of reproductive competency and the switch from branch to flower identity are 

members of SQUAMOSA PROMOTER BINDING PROTEIN LIKE (SPL) family of proteins (Hyun et al., 2016; 

Wang et al., 2009; Yamaguchi et al., 2009; Yamaguchi et al., 2014) which also act upstream of the 

AP1/FUL family of MADS box genes. The combined recent FD and TFL1 ChIP-seq datasets, which 

collectively sampled diverse developmental stages and growth conditions (Collani et al., 2019; Goretti et 

al., 2020; Romera-Branchat et al., 2020; Zhu et al., 2020), reveal that the SPL genes are not immediately 

downstream targets of TFL1-FD, in agreement with prior genetic investigations (Wang et al., 2009; 

Yamaguchi et al., 2009; Yamaguchi et al., 2014). 

 

A role for PEBP proteins in transcriptional control of hormone signalling and response? 

In addition, the 604 identified immediate early TFL1-FD repressed genes link to diverse hormonal 

pathways, including the strigolactone, cytokinin, auxin, brassinosteroid, jasmonic acid and abscisic acid 

pathways (Collani et al., 2019; Goretti et al., 2020; Romera-Branchat et al., 2020; Zhu et al., 2020) (Fig. 

3B). The combined data suggest that – perhaps in a manner analogous to hormonal regulation of bud 

outgrowth (Barbier et al., 2019) – multiple hormonal signals and response pathways together provide 

permissive or prohibitive environments for given developmental trajectories in the axillary meristems.  

 

A direct link between PEBP proteins and the above-mentioned hormone signalling pathways is in 

agreement with independent investigations. Strigolactone sensitive SUPPRESSOR OF MAX2-LIKE 6, 7 and 

8 (SMXL6-8) proteins enhance shoot branching by promoting axillary bud outgrowth (Wang et al., 2015). 

Interestingly, SMXL6 and SMXL8 are not only among the immediate early TFL1-FD repressed targets 
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identified, but wild type plants and tfl1 mutants also display enhanced branch outgrowth in response to 

photoperiod-mediated upregulation of FT in Arabidopsis (Zhu et al., 2020). The combined data suggest a 

role for TFL1 in preventing bud outgrowth (Fig. 3B and Fig. 4A). Likewise, in aspen, bud outgrowth is 

blocked by TFL1 and promoted by the aspen AP1/CAL/FUL homolog Like-AP1 (LAP1), which acts 

genetically downstream of TFL1 (Maurya et al., 2020a) (Fig. 4A). This block of bud outgrowth occurs at 

the end of the growing season in response to low temperature or short day which trigger elevated TFL1 

and reduced FT2 accumulation (Maurya et al., 2020a; Maurya et al., 2020b). Analyses of direct and 

indirect TFL-FD repressed targets also revealed that TFL1 represses cytokinin response (Zhu et al., 2020) 

(Fig. 3B). Like SMXL6 and 8, cytokinin promotes branch outgrowth (Barbier et al., 2019; Zhu and Wagner, 

2020). 

 

Likewise, direct and indirect targets of TFL1-FD in Arabidopsis suggest that TFL1-FD blocks auxin 

signalling and response (Zhu et al., 2020) (Fig. 3B). Prior studies have implicated auxin in promotion of 

flower fate in axillary meristems of the Arabidopsis inflorescence (Yamaguchi et al., 2013). In tomato, 

loss-of-function mutants of the ortholog of TFL1 in tomato, SELF PRUNING (SP), cause pleiotropic 

changes, such as shoot determinacy, early flowering and simultaneous fruit ripening (Pnueli et al., 1998). 

Polar auxin transport and auxin responses are altered in sp mutants, suggesting that SP may act -at least 

in part- via auxin (Silva et al., 2018). Finally, DNA affinity purification sequencing (DAP-seq) and 

expression analysis in mutants linked rice FD homologs to the OsARF19 auxin responsive transcription 

factor, supporting the link from PEBP proteins to auxin response (Cerise et al., 2020). 

 

Another group of TFL1-FD repressed genes are components of brassinosteroid (BR) signaling (Zhu 2020) 

(Fig. 3B). In agreement with the genomic studies, BR biosynthesis mutants in Setaria cause formation of 

additional spikelets, suggesting BR blocks inflorescence branching (Yang et al., 2018). The BR steroid 

hormone has also been linked to onset of reproductive development (Nolan et al., 2020). In blue light, 

the BR early response regulator and bHLH transcription factor BR ENHANCED EXPRESSION 1 (BEE1) 

accumulates and promotes flowering by directly upregulating FT expression (Wang et al., 2019). Thus, 

the BR pathway promotes onset of the reproductive phase and inflorescence branching. 
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Multiple genes in the abscisic acid (ABA) pathway have been identified as shared targets of TFL1, FD and 

the FD homolog FDP (Romera-Branchat et al., 2020; Zhu et al., 2020) (Fig. 3B and Fig. 5B). ABA has been 

linked to upregulation of FT accumulation by several studies (Chang et al., 2019; Riboni et al., 2016), yet 

the strongest link to PEBPs is via MFT during seed germination (Vaistij et al., 2018; Vaistij et al., 2013; Xi 

et al., 2010) (Fig. 4C). Loss-of MFT and FD or FDP function reveals ABA dependent phenotypes during 

cotyledon greening and seed germination, respectively (Romera-Branchat et al., 2020; Vaistij et al., 

2018; Vaistij et al., 2013; Xi et al., 2010). In addition, TFL1 promotes endosperm cellularization during 

seed development by stabilizing the ABI5 transcription factor in the cytoplasm surrounding syncytial 

peripheral endosperm (Zhang et al., 2020a) (Fig. 4C). ABA is furthermore known to prevent bud 

outgrowth in Arabidopsis and aspen (Gonzalez-Grandio and Cubas, 2014; Gonzalez-Grandio et al., 2017; 

Tylewicz et al., 2018). Whether and how ABA impacts the axillary meristem identity switch from branch 

to floral fate is not known.  

 

PEBP proteins and sugar transport and signalling 

Sugar is transported from the source (photosynthesis in leaves) to various sink organs including shoot 

apices, flowers,  fruits and seeds as well as roots and storage organs like tubers and bulbs (Baena-

Gonzalez and Lunn, 2020; Martin-Fontecha et al., 2018). Tuberization in potato is promoted by the FT-

like SELF-PRUNING 6A (StSP6A) protein, expression of which is induced by high sucrose concentration 

and closely associated with the number of tubers formed (Abelenda et al., 2019). StSP6A physically 

interacts with the sucrose efflux transporter StSWEET11 at the cell membrane (Fig. 4B). This prevents 

sucrose from leaking to the apoplast and promotes symplastic sugar unloading into the tuber (Abelenda 

et al., 2019). Coordinated expression of StSP6A and StSWEET11 promotes potato tuber formation, 

supporting cross talk between sucrose source-sink partitioning and photoperiodic pathways (Abelenda 

et al., 2019).  

 

Sugar transport is also linked to onset of sexual reproductive development. Overexpressing FT in phloem 

companion cells of minor leaf veins identified the sucrose transporter encoding SWEET10 gene as a 

differentially expressed gene (Andrés et al., 2020). Both overexpression of FT and long-day inductive 

conditions promote SWEET10 mRNA accumulation and 35S:SWEET10 causes early flowering irrespective 

of photoperiod (Andrés et al., 2020). In addition, the trehalose-6-phosphate (T6P) synthase TPS1 
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promotes flowering upstream of FT  (Wahl et al., 2013). T6P is linked to sucrose signaling and 

homeostasis (Baena-Gonzalez and Lunn, 2020). Trehalose-6-phosphatases (TPPs) were identified as 

TFL1-FD repressed targets during the switch from branch to flower fate in axillary meristems (Collani et 

al., 2019; Goretti et al., 2020; Romera-Branchat et al., 2020; Zhu et al., 2020) (Fig. 3B). In agreement 

with this finding, multiple TPPs were recently implicated in suppression of branching in the maize 

inflorescence (Claeys et al., 2019). This role of the TPPs in maize apparently does not rely on their 

enzymatic activity (Claeys et al., 2019).   

 

Antagonistic activities of FT- and TFL1-like proteins 

The relative dose of FT- and TFL1-like activities is critical for flowering and inflorescence traits in many 

species as well as for tuberization in potato (Kim et al., 2013; Krieger et al., 2010; Maurya et al., 2020a; 

Zhang et al., 2020b) (Fig. 3A). A large expansion of the PEBP gene family followed by sub- or neo-

functionalization occurred in many crop species (Jin et al., 2020; Zheng et al., 2016). For example, 

members of the eight-member cotton TFL1 family display diverse and frequently non-overlapping 

expression patterns (Prewitt et al., 2018) and non-overlapping roles were reported for the five TFL1 

homologs in tetraploid Brassica napus, an important oil and biofuel crop (Sriboon et al., 2020). 

Moreover, mutations that change the balance between FT- and TFL1-like activities, such as loss-of-

function of an FT or TFL1 paralog, have been selected for numerous times during domestication 

(Blackman et al., 2010; Comadran et al., 2012; Iwata et al., 2012; Liu et al., 2018; Pin et al., 2010; Zheng 

et al., 2016). Even when acting in concert, the FT or TFL1 paralogs do not contribute equally. For 

example, in Brachypodium -as in Arabidopsis- weak and strong FT activators have been identified, which 

act in different photoperiods (Jin et al., 2020; Lv et al., 2014; Shaw et al., 2019).  

 

In most species one ‘central’ TFL1- and FT-like factor dominates, and null mutations in these have 

pleiotropic and often deleterious effects (Kim et al., 2013; Krieger et al., 2010) (Fig. 3C). Thus, subtle 

modulation of the relative dose of the opposing ‘central’ FT- and TFL1-like activities are generally most 

beneficial for yield and other desirable crop traits; these can be caused by weak loss-of-function 

mutations or by cis motif variation (Eshed and Lippman, 2019; Jiang et al., 2013; Park et al., 2014; Soyk 

et al., 2017). Indeed, modulation of the relative PEBP activity is being exploited by CRISPR-Cas9-

mediated rapid breeding of desirable inflorescence architectures and for flowering on demand; this can 
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be applied to leaf crops to block flowering or to tree crops to accelerate flowering/breeding, it can be 

used to expand the geographic growth range (day neutrality) or to enhance crop harvestability 

(determinate cultivars) in addition to yield (Eguen et al., 2020; Eshed and Lippman, 2019; Kwon et al., 

2020; Okada et al., 2017). 

 

Underpinning the relative dose of FT- and TFL1-like activities are spatiotemporal control of mRNA and 

protein accumulation, as well as protein movement. The former includes seasonally controlled 

transcriptional upregulation of FT and increases in TFL1 expression in inductive long-day photoperiod in 

Arabidopsis (Luccioni et al., 2019; Moraes et al., 2019; Périlleux et al., 2019; Zhu et al., 2020) and of FT 

homologs like Hd3a and RFT1 in inductive short day photoperiod in rice (Shen et al., 2020; Tsuji et al., 

2011). Fine tuning of the Arabidopsis FT gene expression occurs, as recently uncovered via elegant 

approaches, through redundantly acting enhancers at the FT locus (Zicola et al., 2019). FT accumulation 

in short days is prevented, at least in part, by a DELLA-MYC3 repressor complex (Bao et al., 2019). This 

explains the promotion of flowering in short days by gibberellin treatment. Interestingly the MYC3 

bound element is not present in early flowering ecotypes such as Ler and Ws (Bao et al., 2019).  

 

In addition, cross-regulation between PEBP proteins has been described. In long days, the repressive FT-

like homolog StSP5G of certain potato cultivars represses expression of the tuberization activating FT 

StSP6A in leaves (Abelenda et al., 2016). Cultivated tomato, which displays day-neutral flowering, has 

lost both short-day and long-day control of SINGLE FLOWER TRUSS (SFT) expression by FT-like proteins 

(Song et al., 2020; Soyk et al., 2017). In the wild tomato, SFT expression  is repressed by the repressive 

FT homolog SlSP5G in long-day and activated by FT-LIKE 1 (FTL1) in short-day (Song et al., 2020; Soyk et 

al., 2017). In Brachypodium, wheat and barley, FT1 activates expression of FT2 and both proteins act 

sequentially to promote reproductive development  (Digel et al., 2015; Lv et al., 2014; Shaw et al., 

2019). In contrast to regulation of FT accumulation, that of TFL1 is underexplored (Serrano-Mislata et al., 

2016). Finally, the available FT pool is modulated by interactions with the TCP transcription factor 

BRANCHED1 (BRC1), which blocks FT activity in Arabidopsis and hybrid aspen (Maurya et al., 2020b; 

Niwa et al., 2013). 
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Both FT and TFL1 move from their sites of production to their sites of activity, with FT generally traveling 

longer distances than TFL1 (Goretti et al., 2020; Putterill and Varkonyi-Gasic, 2016). As in Arabidopsis, 

FT1 moves from the leaves to the shoot apex to promote seasonal growth in aspen (Miskolczi et al., 

2019). TFL1, by contrast only moves within the shoot apex (Conti and Bradley, 2007; Goretti et al., 2020; 

Miskolczi et al., 2019), while other TFL1 homologs in Arabidopsis can move long-distance (Huang et al., 

2012). Studies by the Yu group have uncovered proteins that help FT loading from leaf companion cells 

to sieve elements via endosomal vesicles in the leaf vasculature and promote long distance transport 

(Liu et al., 2019; Liu et al., 2012; Zhu et al., 2016). This transport machinery is apparently conserved in 

rice (Song et al., 2017), yet does not operate on the FT homolog in Arabidopsis (Zhu et al., 2016). 

Moreover, in the developing seed, Ras-related nuclear (RAN) GTPases directed TFL1 movement from the 

chalazal endosperm to the syncytial peripheral endosperm; in a manner distinct from the role of RAN 

GTPases in nucleo-cytoplasmic protein transport (Zhang et al., 2020a). In agreement with possible 

different transport mechanisms for FT and TFL1, residues critical for FT movement in Arabidopsis are not 

conserved in TFL1 (Endo et al., 2018).  

 

Competition of FT and TFL1 for chromatin bound FD  

What is the mechanism by which different combined levels of FT- and TFL1-like activities modulate 

biological processes? Zhu et al. recently showed that endogenous TFL1 recruitment to the chromatin 

depends on FD (Zhu et al., 2020) (Fig. 3C). Moreover, a photoperiod-mediated or estradiol-controlled 

inducible increase in the nuclear accumulation of FT resulted in FT recruitment to the genomic locations 

occupied by TFL1 and FD, accompanied by a simultaneous reduction of TFL1 binding to these sites (Zhu 

et al., 2020). This competition was observed at all flowering and meristem identity targets tested and 

suggests that the antagonism between FT and TFL1 relies in large part on competition for FD mediated 

access to shared target loci (Zhu et al., 2020) (Fig. 3C). Further support for this model comes from in 

vitro studies (Collani et al., 2019; Kaneko-Suzuki et al., 2018). This model provides a mechanistic 

explanation for the observed modulation of plant phase transitions and architecture by the relative dose 

of TFL1- and FT-like activities (Eshed and Lippman, 2019; Jiang et al., 2013; Lifschitz et al., 2014).  

 

The above-mentioned model also fits with prior data indicating that TFL1 and FT proteins, which are 

very similar to each other in their primary amino acid sequence, can be converted into the opposite 
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activity by single amino-acid changes, yielding FT-like proteins with TFL1-like activity and vice versa (Ahn 

et al., 2006; Hanzawa et al., 2005; Ho and Weigel, 2014). Of note, such FT mutations can be antimorphic 

or neomorphic (Blackman et al., 2010; Ho and Weigel, 2014; Pin et al., 2010). Neomorphic FT mutations 

likely confer ability to repress gene expression onto FT, as recently ascribed to TFL1 (Zhu et al., 2020). 

Antimorphic mutations, by contrast, likely block activation of gene expression by FT by competing for FD 

binding (Kaneko-Suzuki et al., 2018).  

 

The model suggests a central role of the bZIP transcription factor FD in the FT/TFL1 competition. While 

FD activity is absolutely required for TFL1 recruitment to the chromatin (Zhu et al., 2020), epistasis 

analyses using certain gain-of-FT and loss-of-FD function mutants suggests that other FT interaction 

partners may exist (Jaeger et al., 2013; Romera-Branchat et al., 2020). One candidate for such an 

interactor is FD PARALOGUE (FDP) (Romera-Branchat et al., 2020). Although FDP bound similar target 

loci as FD (Fig. 5), CRISPR alleles of FDP were neither late flowering, nor enhanced the late flowering 

phenotype of fd mutants (Romera-Branchat et al., 2020). However, when expressed in the FD domain, 

FDP partially rescued the fd mutant phenotype (Romera-Branchat et al., 2020), suggesting that FDP is 

able to interact with FD partners such as FT or TFL1, albeit with lower affinity. Of note, FD levels drop in 

the shoot apex after the first flowers develop (Abe et al., 2019), however FD is not completely absent as 

evidenced by FD ChIP-seq conducted several days after the first flowers develop  (Romera-Branchat et 

al., 2020). Likewise, two FD paralogs of hybrid aspen have different function; FD-like 1 (FDL1) but not 

FDL2 upregulates LAP1 together with FT1 to antagonize growth cessation in long-day photoperiod 

(Tylewicz et al., 2015). Functionally, FDL2 is more divergent from FDL1 than FD is from FDP; since 

overexpression of FDL2, unlike overexpression of FDL1, did not delay growth cessation (Tylewicz et al., 

2015). Both FDP and FD overexpression triggers early flowering in Arabidopsis (Romera-Branchat et al., 

2020). In rice, OsFD1 and OsFD4 promote flowering in short days. Only OsFD1 is expressed in leaves, 

while both OsFD1 and OsFD4 are expressed in the shoot apex (Cerise et al., 2020). On the basis of DAP-

seq, OsFD1 and OsFD4 bind similar DNA regions and both bZIP proteins are required for upregulation of 

MADS box transcription factors from the AP1/FUL clade (OsMADS14) or the SEPALLATA clade 

(OsMADS34) (Cerise et al., 2020). Future studies will reveal whether additional transcription factors 

contribute to chromatin recruitment of PEBP proteins. 
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Conclusion 

In summary, recent years have uncovered both nuclear and non-nuclear interaction partners for FT-like 

and TFL1-like PEBP proteins in diverse plant species. Genomic investigations from different laboratories 

have now linked the plant PEBP proteins, which control plant developmental transitions and 

architecture in response to seasonal cues, to diverse endogenous signalling pathways (Collani et al., 

2019; Goretti et al., 2020; Romera-Branchat et al., 2020; Zhu et al., 2020). Further investigation of these 

pathways may enhance our understanding how these small proteins integrate information across the 

entire plant. These recent findings also bring us back to the beginnings of photoperiod studies, which 

had already invoked the critical importance of hormones and metabolites in mediating photoperiod 

responses (Bernier, 1988; Bernier et al., 1993). Finally, recent and prior studies have uncovered a 

mechanism for the dose-dependent opposite activities PEBP proteins that relies on competition for FD 

bound to shared target loci (Zhu et al., 2020). 

 

Despite these and additional advances (Eshed and Lippman, 2019; Jin et al., 2020; Kinoshita and Richter, 

2020; Moraes et al., 2019; Périlleux et al., 2019) many open questions remain. One concerns the 

mechanism for the TFL1 and FT antagonism in the nucleus. Zhu et al showed that photoperiod 

upregulation of FT can remove TFL1 from shared target loci, while FD apparently remains  bound (Zhu et 

al., 2020) (Fig. 3C). We posit that additional components likely contribute to the replacement of TFL1 by 

FT. This is because overall FT protein levels in the inflorescence are lower than those of TFL1 (Conti and 

Bradley, 2007; Jaeger and Wigge, 2007) and FT - at least in vitro - has lower affinity for 14-3-3/FD 

(Collani et al., 2019; Kaneko-Suzuki et al., 2018).  

 

A second question centers on the mechanism of action of TFL1 and FT. How do complexes that contain 

either of these two opposite acting PEBP proteins activate or repress transcription? Thus far, very few 

proteins have been identified that discriminate between TFL1 and FT (Ho and Weigel, 2014; Li et al., 

2019; Niwa et al., 2013), and none of these explain transcriptional activation and transcription 

repression by the FT and TFL1 co-regulators, respectively.  
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Finally, it is remarkable how conserved the immediate early targets of TFL1-FD and FT-FD are in different 

species and in different developmental pathways (Kinoshita et al., 2011; Shalit-Kaneh et al., 2019; 

Tylewicz et al., 2015; Zhu et al., 2020). This begs the question how the gene regulatory networks 

downstream of PEBP proteins are rewired to control such diverse processes as seed development, 

growth cessation in trees, bud outgrowth and bolting, switch form branch to flower fate, bulb formation 

and tuberization. Some of the gene regulatory interaction uncovered during studies of the onset of 

flower formation might be operational in these different developmental pathways as well, as common 

to many of the above-mentioned phenomena is a switch from growth and carbon production to slow 

growth in carbon sinks (Lifschitz et al., 2014; Martin-Fontecha et al., 2018).  
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Figure legends 

Fig. 1. Identification of PEBP proteins as factors that interpret seasonal cues to promote flowering and 

that modulate additional life history traits in response to environmental signals. See text for details. 

 

Fig. 2. Inflorescence architecture is shaped by alternative fates adopted by the axillary meristems.  

(A) The architecture of the racemose inflorescence of Arabidopsis is shaped by the identity and 

positioning of the lateral organs, such as (i) sessile buds that can be induced to grow out as branches 

and (ii) indeterminate branches and (iii) determinate flowers. Inflorescence stages (I1, I2) based on 

(Ratcliffe et al., 1998). (B) Alternative fates of axillary meristems, adoption of which depends on a 

combination of intrinsic and extrinsic cues. If an axillary branch meristem is converted to flower fate by 

photoperiod shift, the resulting flower is subtended by a cauline leaf (flower node) (Hempel et al., 1998; 

Zhu et al., 2020). (C) Terminal flowers form in tfl1 mutant inflorescences because the FT-FD activation 

complex upregulates expression of the floral initiation and identity genes such as LFY and AP1 in the 

shoot apex when TFL1 activity is absent (Lee et al., 2019; Zhu et al., 2020). Likewise, all branches are 

converted to flowers. (D) I1 phase: Inflorescence meristem and axillary branch meristems prior to 

formation of the first flower. Left: gTFL1-GFP protein accumulation in 42-day-old short-day-grown tfl1 

plants immediately prior to formation of the first flower. Right: Diagram: before FT starts to be produced 

in the rosette leaves, TFL1 accumulates in the axillary meristems but is barely detectable in the 

inflorescence meristem. (E) I2 phase: Inflorescence meristem and axillary branch meristems after 

formation of the first flower. FT protein moves into the inflorescence meristem where TFL1 accumulates 

to prevent inflorescence meristem termination by FT-FD. In the incipient flower meristems, FT-FD 

induce LFY and both LFY and FD-FT induce AP1 (Wagner et al., 1999; Winter et al., 2011; Zhu et al., 

2020). 

 

Fig. 3. Mechanism by which TFL1- and FT-like PEBP proteins antagonistically tune plant architecture. 

(A) Antagonistic roles of FT and TFL1. Top diagram: Inflorescence architecture. Right: Immediate flower 

formation (no branches; TFL1<<FT) reduces the total number of flowers and seeds per plant. It also 

shortens the time to seed set, which is advantageous in geographic regions with a short growing season. 

Middle: A slight delay in onset of flower formation (TFL1 = FT) allows production of branches of more 

flowers and seeds per plant. Time to seed set is delayed. Left: Extremely late onset of flower formation 

(TFL1>>FT) promotes strong branching and can prevent annual plants from completing their life cycle. 

Center diagram: The relative accumulation or balance of TFL1-like (purple triangle) and FT-like (blue 

triangle) PEBP proteins defines not only the inflorescence architecture (above) but also tuber formation 

(below) and other life history traits in response to seasonal cues (Eshed and Lippman, 2019; Jin et al., 

2020; Périlleux et al., 2019; Zhu and Wagner, 2020). Bottom diagram: StSP6A (FT-like protein) and 

StTFL1 in potato promote and antagonize tuberization in inductive photoperiod (Navarro et al., 2011; 

Zhang et al., 2020b). (B) Direct TFL1-FD and FT-FD regulated target genes reveal a prominent role in cell 
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signaling. Immediate early TFL1-FD repressed and FT-FD activated targets include flowering time genes 

(PRR7, CO and GI) and floral identity genes (LFY, AP1, FUL and LMI2) as expected. They also include 

genes linked to phytohormone biosynthesis, signaling and response (auxin, abscisic acid, 

brassinosteroid, cytokinin, jasmonic acid and strigolactone) as well as genes linked to sugar signaling 

(TPPs) (Collani et al., 2019; Goretti et al., 2020; Romera-Branchat et al., 2020; Zhu et al., 2020). (C) 

Molecular mechanism for the antagonistic roles of TFL1- and FT-like proteins (Kaneko-Suzuki et al., 

2018; Zhu et al., 2020). TFL1 (large purple circle) and FT (large orange circle) compete for access to 

shared targets via the FD bZIP transcription factor (orange triangle) and 14-3-3 (orange line). In 

Arabidopsis, FT and TFL1 are the ‘central’ activating and repressive PEBP co-regulators (Kim et al., 2013). 

The final developmental readout depends not only on the balance of these two proteins but also on 

additional ‘minor’ TFL1-like co-repressors and FT-like co-activators. We propose that the ‘minor’ 

repressive PEBPs (which includes neo- or anti-morph FT as well as TFL1 paralogs) assist TFL1 in 

competing FT from genome associated FD. In Arabidopsis, these PEBPs include BROTHER OF FT AND 

TFL1 and ARABIDOPSIS THALIANA (small overlapping purple circles). Likewise, ‘minor’ activating PEBS 

help FT compete TFL1 from FD, such as TWIN SISTER OF FT (TSF) in Arabidopsis (small overlapping blue 

circle). 

 

Fig. 4. New developmental roles for PEBP family proteins.  

(A) Sessile/dormant bud versus outgrowing branch fate in Arabidopsis (left) or aspen (right). In response 

to inductive photoperiod, TFL1-FD opposition of branch outgrowth is overcome by FT-FD perhaps via 

upregulation of SMXL gene expression (Zhu et al., 2020). Cold temperature and short-day mediate 

cessation of growth and onset of dormancy by TFL1 repressing, in opposition to FT2-FDL1, an aspen 

AP1/FUL/CAL homolog called LAP1 (Azeez et al., 2014; Maurya et al., 2020a; Maurya et al., 2020b). (B) 

The tuberigenic mobile FT homolog StSP6A synthesized in leaves promotes symplastic sugar unloading 

into potato tubers (Abelenda et al., 2019). (C) A role for TFL1 and MFT in seed development and seed 

germination, respectively, is linked to abscisic acid pathway response regulator ABI5 (Vaistij et al., 2018; 

Vaistij et al., 2013; Xi et al., 2010; Zhang et al., 2020a). TFL1-RAN, StSP6A-StSWEET11 and FT2-FDL1 are 

direct protein-protein interactions (Abelenda et al., 2019; Maurya et al., 2020a; Zhang et al., 2020a). 

 

Fig. 5. Strong overlap between FD, FDP, and TFL1 ChIP-seq peaks and targets at different 

developmental stages.  

(A) FD, TFL1 and FDP binding peak overlap based on ChIP-seq analyses from three research groups 

(yellow gradient) conducted at different developmental stages: 16-day-old long-day-grown plants 

(Collani et al., 2019; Goretti et al., 2020), 24-day-old long-day-grown plants (Romera-Branchat et al., 

2020) and 42-day-old short-day-grown plants (Zhu et al., 2020). Data analysis as in (Zhu et al., 2020). 

Row shows the peak overlap of the ChIP-seq experiments indicated on the left compared to all other 

ChIP-seq experiments (columns). The rows focus on ChIP-seq datasets reliant on endogenous promoter 

driven transgenes. Green color saturation indicates peak number overlap. For Zhu et al. datasets, two 
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normalizations were conducted: one over mock samples (M; as in (Collani et al., 2019; Goretti et al., 

2020) and one over inputs (I; as in (Romera-Branchat et al., 2020)). (B) Strong overlap between FD, FDP 

and TFL1 regulated targets at different developmental stages. Proportional Venn diagram of FT-

dependent photoperiod induced genes in 42-day-old short-day-grown plants (circle with diagonal green 

stripes (Zhu et al., 2020)), TFL1-FD bound genes at the same stage (pink circle (Zhu et al., 2020)) and 

uniquely FDP bound and regulated genes given gene expression changes in the fdp mutant in three-day-

old long day grown plants (grey circle; identified in (Romera-Branchat et al., 2020)) 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 18 

References 

 

Abe M, Kosaka S, Shibuta M, Nagata K, Uemura T, Nakano A, Kaya H. 2019. Transient 
activity of the florigen complex during the floral transition in Arabidopsis thaliana. Development 
146, dev171504. 
Abelenda JA, Bergonzi S, Oortwijn M, Sonnewald S, Du M, Visser RGF, Sonnewald U, 
Bachem CWB. 2019. Source-Sink Regulation Is Mediated by Interaction of an FT Homolog 
with a SWEET Protein in Potato. Current Biology 29, 1178-1186.e1176. 
Abelenda José A, Cruz-Oró E, Franco-Zorrilla José M, Prat S. 2016. Potato StCONSTANS-
like1 Suppresses Storage Organ Formation by Directly Activating the FT-like StSP5G 
Repressor. Current Biology 26, 872-881. 
Ahn JH, Miller D, Winter VJ, Banfield MJ, Lee JH, Yoo SY, Henz SR, Brady RL, Weigel 
D. 2006. A divergent external loop confers antagonistic activity on floral regulators FT and 
TFL1. The EMBO Journal 25, 605-614. 
Andrés F, Kinoshita A, Kalluri N, Fernández V, Falavigna VS, Cruz TMD, Jang S, Chiba 
Y, Seo M, Mettler-Altmann T, Huettel B, Coupland G. 2020. The sugar transporter 
SWEET10 acts downstream of FLOWERING LOCUS T during floral transition of Arabidopsis 
thaliana. BMC Plant Biology 20, 53. 
Azeez A, Miskolczi P, Tylewicz S, Bhalerao RP. 2014. A tree ortholog of APETALA1 
mediates photoperiodic control of seasonal growth. Current Biology 24, 717-724. 
Baena-Gonzalez E, Lunn JE. 2020. SnRK1 and trehalose 6-phosphate - two ancient pathways 
converge to regulate plant metabolism and growth. Current Opinion in Plant Biology 55, 52-59. 
Bao S, Hua C, Huang G, Cheng P, Gong X, Shen L, Yu H. 2019. Molecular Basis of Natural 
Variation in Photoperiodic Flowering Responses. Developmental Cell 50, 90-101.e103. 
Barbier FF, Dun EA, Kerr SC, Chabikwa TG, Beveridge CA. 2019. An Update on the 
Signals Controlling Shoot Branching. Trends in Plant Science 24, 220-236. 
Bernier G. 1988. The control of floral evocation and morphogenesis. . Annual Review of Plant 
Physiology and  Plant Molecular Biology 39, 175–219. 
Bernier G, Havelange A, Houssa C, Petitjean A, Lejeune P. 1993. Physiological signals that 
induce flowering. Plant Cell 5, 1147– 1155. 
Blackman BK, Strasburg JL, Raduski AR, Michaels SD, Rieseberg LH. 2010. The role of 
recently derived FT paralogs in sunflower domestication. Current Biology 20, 629-635. 
Blázquez MA, Weigel D. 2000. Integration of floral inductive signals in Arabidopsis. Nature 
404, 889-892. 
Cerise M, Giaume F, Galli M, Khahani B, Lucas J, Podico F, Tavakol E, Parcy F, 
Gallavotti A, Brambilla V, Fornara F. 2020. OsFD4 promotes the rice floral transition via 
Florigen Activation Complex formation in the shoot apical meristem. New Phytologist n/a. 
Chailakhyan MK. 1936. New facts in support of the hormonal theory of plant development. 
Comptes Rendus de l'Académie des Sciences de l'U.R.S.S 13, 79–83. . 
Chang G, Yang W, Zhang Q, Huang J, Yang Y, Hu X. 2019. ABI5-BINDING PROTEIN2 
Coordinates CONSTANS to Delay Flowering by Recruiting the Transcriptional Corepressor 
TPR2. Plant Physiology 179, 477-490. 
Claeys H, Vi SL, Xu X, Satoh-Nagasawa N, Eveland AL, Goldshmidt A, Feil R, Beggs GA, 
Sakai H, Brennan RG, Lunn JE, Jackson D. 2019. Control of meristem determinacy by 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 19 

trehalose 6-phosphate phosphatases is uncoupled from enzymatic activity. Nature Plants 5, 352-
357. 
Collani S, Neumann M, Yant L, Schmid M. 2019. FT Modulates Genome-Wide DNA-Binding 
of the bZIP Transcription Factor FD. Plant Physiology 180, 367-380. 
Comadran J, Kilian B, Russell J, Ramsay L, Stein N, Ganal M, Shaw P, Bayer M, Thomas 
W, Marshall D, Hedley P, Tondelli A, Pecchioni N, Francia E, Korzun V, Walther A, 
Waugh R. 2012. Natural variation in a homolog of Antirrhinum CENTRORADIALIS 
contributed to spring growth habit and environmental adaptation in cultivated barley. Nature 
Genetics 44, 1388-1392. 
Conti L, Bradley D. 2007. TERMINAL FLOWER1 Is a Mobile Signal Controlling Arabidopsis 
Architecture. The Plant Cell 19, 767-778. 
Digel B, Pankin A, von Korff M. 2015. Global Transcriptome Profiling of Developing Leaf and 
Shoot Apices Reveals Distinct Genetic and Environmental Control of Floral Transition and 
Inflorescence Development in Barley. The Plant Cell 27, 2318-2334. 
Eguen T, Ariza JG, Brambilla V, Sun B, Bhati KK, Fornara F, Wenkel S. 2020. Control of 
flowering in rice through synthetic microProteins. Journal of Integrated Plant Biology 62, 730-
736. 
Endo M, Yoshida M, Sasaki Y, Negishi K, Horikawa K, Daimon Y, Kurotani K-I, 
Notaguchi M, Abe M, Araki T. 2018. Re-Evaluation of Florigen Transport Kinetics with 
Separation of Functions by Mutations That Uncouple Flowering Initiation and Long-Distance 
Transport. Plant and Cell Physiology 59, 1621-1629. 
Eshed Y, Lippman ZB. 2019. Revolutions in agriculture chart a course for targeted breeding of 
old and new crops. Science 366, eaax0025. 
Fornara F, de Montaigu A, Coupland G. 2010. SnapShot: Control of flowering in 
Arabidopsis. Cell 141, 550, 550 e551-552. 
Garner WW, Allard HA. 1920. Effect of the relative length of day and night and other factors 
of the environment on growth and reproduction in plants. Journal of Agricultural Research 18, 
553-606. 
Gonzalez-Grandio E, Cubas P. 2014. Identification of gene functions associated to active and 
dormant buds in Arabidopsis. Plant Signal Behav 9, e27994. 
Gonzalez-Grandio E, Pajoro A, Franco-Zorrilla JM, Tarancon C, Immink RG, Cubas P. 
2017. Abscisic acid signaling is controlled by a BRANCHED1/HD-ZIP I cascade in Arabidopsis 
axillary buds. Proceedings of the National Academy of Sciences 114, E245-E254. 
Goretti D, Silvestre M, Collani S, Langenecker T, Méndez C, Madueño F, Schmid M. 2020. 
TERMINAL FLOWER1 Functions as a Mobile Transcriptional Cofactor in the Shoot Apical 
Meristem. Plant Physiology 182, 2081-2095. 
Hanano S, Goto K. 2011. Arabidopsis TERMINAL FLOWER1 Is Involved in the Regulation of 
Flowering Time and Inflorescence Development through Transcriptional Repression. The Plant 
Cell 23, 3172-3184. 
Hanzawa Y, Money T, Bradley D. 2005. A single amino acid converts a repressor to an 
activator of flowering. Proceedings of the National Academy of Sciences 102, 7748-7753. 
Hempel FD, Zambryski PC, Feldman LJ. 1998. Photoinduction of flower identity in 
vegetatively biased primordia. The Plant Cell 10, 1663-1676. 
Ho WWH, Weigel D. 2014. Structural Features Determining Flower-Promoting Activity of 
Arabidopsis FLOWERING LOCUS T. The Plant Cell 26, 552-564. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 20 

Huang N-C, Jane W-N, Chen J, Yu T-S. 2012. Arabidopsis thaliana CENTRORADIALIS 
homologue (ATC) acts systemically to inhibit floral initiation in Arabidopsis. The Plant Journal 
72, 175-184. 
Hyun Y, Richter R, Vincent C, Martinez-Gallegos R, Porri A, Coupland G. 2016. Multi-
layered Regulation of SPL15 and Cooperation with SOC1 Integrate Endogenous Flowering 
Pathways at the Arabidopsis Shoot Meristem. Developmental Cell 37, 254-266. 
Iwata H, Gaston A, Remay A, Thouroude T, Jeauffre J, Kawamura K, Oyant LH, Araki T, 
Denoyes B, Foucher F. 2012. The TFL1 homologue KSN is a regulator of continuous flowering 
in rose and strawberry. The Plant Journal 69, 116-125. 
Jackson SD, Hong Y. 2012. Systemic movement of FT mRNA and a possible role in floral 
induction. Frontiers in Plant Science 3, 127. 
Jaeger KE, Pullen N, Lamzin S, Morris RJ, Wigge PA. 2013. Interlocking Feedback Loops 
Govern the Dynamic Behavior of the Floral Transition in Arabidopsis. The Plant Cell 25, 820-
833. 
Jaeger KE, Wigge PA. 2007. FT protein acts as a long-range signal in Arabidopsis. Current 
Biology 17, 1050-1054. 
Jiang K, Liberatore KL, Park SJ, Alvarez JP, Lippman ZB. 2013. Tomato Yield Heterosis Is 
Triggered by a Dosage Sensitivity of the Florigen Pathway That Fine-Tunes Shoot Architecture. 
PLOS Genetics 9, e1004043. 
Jin S, Nasim Z, Susila H, Ahn JH. 2020. Evolution and functional diversification of 
FLOWERING LOCUS T/TERMINAL FLOWER 1 family genes in plants. Seminars in Cell & 
Developmental Biology. 
Kaneko-Suzuki M, Kurihara-Ishikawa R, Okushita-Terakawa C, Kojima C, Nagano-
Fujiwara M, Ohki I, Tsuji H, Shimamoto K, Taoka K-I. 2018. TFL1-Like Proteins in Rice 
Antagonize Rice FT-Like Protein in Inflorescence Development by Competition for Complex 
Formation with 14-3-3 and FD. Plant and Cell Physiology 59, 458-468. 
Kawamoto N, Sasabe M, Endo M, Machida Y, Araki T. 2015. Calcium-dependent protein 
kinases responsible for the phosphorylation of a bZIP transcription factor FD crucial for the 
florigen complex formation. Scientific Reports 5, 8341. 
Kim W, Park TI, Yoo SJ, Jun AR, Ahn JH. 2013. Generation and analysis of a complete 
mutant set for the Arabidopsis FT/TFL1 family shows specific effects on thermo-sensitive 
flowering regulation. Journal of Experimental Botany 64, 1715-1729. 
Kinoshita A, Richter R. 2020. Genetic and molecular basis of floral induction in Arabidopsis 
thaliana. Journal of Experimental Botany 71, 2490-2504. 
Kinoshita T, Ono N, Hayashi Y, Morimoto S, Nakamura S, Soda M, Kato Y, Ohnishi M, 
Nakano T, Inoue S-i, Shimazaki K-i. 2011. FLOWERING LOCUS T Regulates Stomatal 
Opening. Current Biology 21, 1232-1238. 
Knott JE. 1934. Effect of localized photoperiod on spinach. Proceedings of the American 
Society for Horticultural Science 31, 152–154. . 
Krieger U, Lippman ZB, Zamir D. 2010. The flowering gene SINGLE FLOWER TRUSS 
drives heterosis for yield in tomato. Nature Genetics 42, 459-463. 
Kwon CT, Heo J, Lemmon ZH, Capua Y, Hutton SF, Van Eck J, Park SJ, Lippman ZB. 
2020. Rapid customization of Solanaceae fruit crops for urban agriculture. Nature Biotechnology 
38, 182-188. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 21 

Lee C, Kim S-J, Jin S, Susila H, Youn G, Nasim Z, Alavilli H, Chung K-S, Yoo SJ, Ahn JH. 
2019. Genetic interactions reveal the antagonistic roles of FT/TSF and TFL1 in the determination 
of inflorescence meristem identity in Arabidopsis. The Plant Journal 99, 452-464. 
Li D, Zhang H, Mou M, Chen Y, Xiang S, Chen L, Yu D. 2019. Arabidopsis Class II TCP 
Transcription Factors Integrate with the FT–FD Module to Control Flowering. Plant Physiology 
181, 97-111. 
Lifschitz E, Ayre BG, Eshed Y. 2014. Florigen and anti-florigen - a systemic mechanism for 
coordinating growth and termination in flowering plants. Frontiers in Plant Sciences 5, 465. 
Liu H, Li Q, Xing Y. 2018. Genes Contributing to Domestication of Rice Seed Traits and Its 
Global Expansion. Genes (Basel) 9. 
Liu L, Li C, Teo ZWN, Zhang B, Yu H. 2019. The MCTP-SNARE Complex Regulates 
Florigen Transport in Arabidopsis. The Plant Cell 31, 2475-2490. 
Liu L, Liu C, Hou X, Xi W, Shen L, Tao Z, Wang Y, Yu H. 2012. FTIP1 Is an Essential 
Regulator Required for Florigen Transport. PLOS Biology 10, e1001313. 
Liu L, Zhu Y, Shen L, Yu H. 2013. Emerging insights into florigen transport. Current Opinion 
in Plant Biology 16, 607-613. 
Luccioni L, Krzymuski M, Sánchez-Lamas M, Karayekov E, Cerdán PD, Casal JJ. 2019. 
CONSTANS delays Arabidopsis flowering under short days. The Plant Journal 97, 923-932. 
Lv B, Nitcher R, Han X, Wang S, Ni F, Li K, Pearce S, Wu J, Dubcovsky J, Fu D. 2014. 
Characterization of FLOWERING LOCUS T1 (FT1) gene in Brachypodium and wheat. PLoS 
One 9, e94171. 
Martin-Fontecha ES, Tarancon C, Cubas P. 2018. To grow or not to grow, a power-saving 
program induced in dormant buds. Current Opinion in Plant Biology 41, 102-109. 
Maurya JP, Miskolczi PC, Mishra S, Singh RK, Bhalerao RP. 2020a. A genetic framework 
for regulation and seasonal adaptation of shoot architecture in hybrid aspen. Proceedings of the 
National Academy of Sciences 117, 11523-11530. 
Maurya JP, Singh RK, Miskolczi PC, Prasad AN, Jonsson K, Wu F, Bhalerao RP. 2020b. 
Branching Regulator BRC1 Mediates Photoperiodic Control of Seasonal Growth in Hybrid 
Aspen. Current Biology 30, 122-126.e122. 
Miskolczi P, Singh RK, Tylewicz S, Azeez A, Maurya JP, Tarkowská D, Novák O, Jonsson 
K, Bhalerao RP. 2019. Long-range mobile signals mediate seasonal control of shoot growth. 
Proceedings of the National Academy of Sciences 116, 10852-10857. 
Moraes TS, Dornelas MC, Martinelli AP. 2019. FT/TFL1: Calibrating Plant Architecture. 
Frontiers in Plant Science 10, 97. 
Nakamura Y, Lin Y-C, Watanabe S, Liu Y-c, Katsuyama K, Kanehara K, Inaba K. 2019. 
High-Resolution Crystal Structure of Arabidopsis FLOWERING LOCUS T Illuminates Its 
Phospholipid-Binding Site in Flowering. iScience 21, 577-586. 
Navarro C, Abelenda JA, Cruz-Oró E, Cuéllar CA, Tamaki S, Silva J, Shimamoto K, Prat 
S. 2011. Control of flowering and storage organ formation in potato by FLOWERING LOCUS 
T. Nature 478, 119-122. 
Niwa M, Daimon Y, Kurotani K-i, Higo A, Pruneda-Paz JL, Breton G, Mitsuda N, Kay SA, 
Ohme-Takagi M, Endo M, Araki T. 2013. BRANCHED1 Interacts with FLOWERING 
LOCUS T to Repress the Floral Transition of the Axillary Meristems in Arabidopsis. The Plant 
Cell 25, 1228-1242. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 22 

Nolan TM, Vukašinović N, Liu D, Russinova E, Yin Y. 2020. Brassinosteroids: 
Multidimensional Regulators of Plant Growth, Development, and Stress Responses. The Plant 
Cell 32, 295-318. 
Okada R, Nemoto Y, Endo-Higashi N, Izawa T. 2017. Synthetic control of flowering in rice 
independent of the cultivation environment. Nature Plants 3, 17039. 
Park SJ, Jiang K, Tal L, Yichie Y, Gar O, Zamir D, Eshed Y, Lippman ZB. 2014. 
Optimization of crop productivity in tomato using induced mutations in the florigen pathway. 
Nature Genetics 46, 1337-1342. 
Périlleux C, Bouché F, Randoux M, Orman-Ligeza B. 2019. Turning Meristems into 
Fortresses. Trends in Plant Science 24, 431-442. 
Pin PA, Benlloch R, Bonnet D, Wremerth-Weich E, Kraft T, Gielen JJ, Nilsson O. 2010. An 
antagonistic pair of FT homologs mediates the control of flowering time in sugar beet. Science 
330, 1397-1400. 
Pnueli L, Carmel-Goren L, Hareven D, Gutfinger T, Alvarez J, Ganal M, Zamir D, 
Lifschitz E. 1998. The SELF-PRUNING gene of tomato regulates vegetative to reproductive 
switching of sympodial meristems and is the ortholog of CEN and TFL1. Development 125, 
1979-1989. 
Prewitt SF, Ayre BG, McGarry RC. 2018. Cotton CENTRORADIALIS/TERMINAL 
FLOWER 1/SELF-PRUNING genes functionally diverged to differentially impact plant 
architecture. Journal of Experimental Botany 69, 5403-5417. 
Putterill J, Varkonyi-Gasic E. 2016. FT and florigen long-distance flowering control in plants. 
Current Opinion in Plant Biology 33, 77-82. 
Rashid MHA, Cheng W, Thomas B. 2019. Temporal and Spatial Expression of Arabidopsis 
Gene Homologs Control Daylength Adaptation and Bulb Formation in Onion (Allium cepa L.). 
Scientific Reports 9, 14629. 
Ratcliffe OJ, Amaya I, Vincent CA, Rothstein S, Carpenter R, Coen ES, Bradley DJ. 1998. 
A common mechanism controls the life cycle and architecture of plants. Development 125, 
1609-1615. 
Riboni M, Robustelli Test A, Galbiati M, Tonelli C, Conti L. 2016. ABA-dependent control 
of GIGANTEA signalling enables drought escape via up-regulation of FLOWERING LOCUS T 
in Arabidopsis thaliana. Journal of Experimental Botany 67, 6309-6322. 
Romera-Branchat M, Severing E, Pocard C, Ohr H, Vincent C, Née G, Martinez-Gallegos 
R, Jang S, Andrés F, Madrigal P, Coupland G. 2020. Functional Divergence of the 
Arabidopsis Florigen-Interacting bZIP Transcription Factors FD and FDP. Cell Reports 31, 
107717. 
Serrano-Mislata A, Fernandez-Nohales P, Domenech MJ, Hanzawa Y, Bradley D, 
Madueno F. 2016. Separate elements of the TERMINAL FLOWER 1 cis-regulatory region 
integrate pathways to control flowering time and shoot meristem identity. Development 143, 
3315-3327. 
Shalit-Kaneh A, Eviatar-Ribak T, Horev G, Suss N, Aloni R, Eshed Y, Lifschitz E. 2019. 
The flowering hormone florigen accelerates secondary cell wall biogenesis to harmonize 
vascular maturation with reproductive development. Proceedings of the National Academy of 
Sciences 116, 16127-16136. 
Shaw LM, Lyu B, Turner R, Li C, Chen F, Han X, Fu D, Dubcovsky J. 2019. FLOWERING 
LOCUS T2 regulates spike development and fertility in temperate cereals. Journal of 
Experimental Botany 70, 193-204. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 23 

Shen C, Liu H, Guan Z, Junjie Y, Ting Z, Yan W, Wu C, Zhang Q, Yin P, Xing Y. 2020. 
Structural Insight into DNA Recognition by CCT/NF-YB/YC Complexes in Plant Photoperiodic 
Flowering. The Plant Cell 32, 3469-3484. 
Silva WB, Vicente MH, Robledo JM, Reartes DS, Ferrari RC, Bianchetti R, Araújo WL, 
Freschi L, Peres LEP, Zsögön A. 2018. SELF-PRUNING Acts Synergistically with 
DIAGEOTROPICA to Guide Auxin Responses and Proper Growth Form. Plant Physiology 176, 
2904-2916. 
Sohn EJ, Rojas-Pierce M, Pan S, Carter C, Serrano-Mislata A, Madueño F, Rojo E, Surpin 
M, Raikhel NV. 2007. The shoot meristem identity gene TFL1 is involved in flower 
development and trafficking to the protein storage vacuole. Proceedings of the National 
Academy of Sciences 104, 18801-18806. 
Song J, Zhang S, Wang X, Sun S, Liu Z, Wang K, Wan H, Zhou G, Li R, Yu H, Cui X. 
2020. Variations in Both FTL1 and SP5G, Two Tomato FT Paralogs, Control Day-Neutral 
Flowering. Molecular Plant 13, 939-942. 
Song S, Chen Y, Liu L, Wang Y, Bao S, Zhou X, Teo ZW, Mao C, Gan Y, Yu H. 2017. 
OsFTIP1-Mediated Regulation of Florigen Transport in Rice Is Negatively Regulated by the 
Ubiquitin-Like Domain Kinase OsUbDKgamma4. Plant Cell 29, 491-507. 
Song YH, Shim JS, Kinmonth-Schultz HA, Imaizumi T. 2015. Photoperiodic flowering: time 
measurement mechanisms in leaves. Annual Review of Plant Biology 66, 441-464. 
Soyk S, Müller NA, Park SJ, Schmalenbach I, Jiang K, Hayama R, Zhang L, Van Eck J, 
Jiménez-Gómez JM, Lippman ZB. 2017. Variation in the flowering gene SELF PRUNING 5G 
promotes day-neutrality and early yield in tomato. Nature Genetics 49, 162-168. 
Sriboon S, Li H, Guo C, Senkhamwong T, Dai C, Liu K. 2020. Knock-out of TERMINAL 
FLOWER 1 genes altered flowering time and plant architecture in Brassica napus. BMC 
Genetics 21, 52. 
Taoka K-i, Ohki I, Tsuji H, Furuita K, Hayashi K, Yanase T, Yamaguchi M, Nakashima C, 
Purwestri YA, Tamaki S, Ogaki Y, Shimada C, Nakagawa A, Kojima C, Shimamoto K. 
2011. 14-3-3 proteins act as intracellular receptors for rice Hd3a florigen. Nature 476, 332-335. 
Teo C-J, Takahashi K, Shimizu K, Shimamoto K, Taoka K-i. 2016. Potato Tuber Induction is 
Regulated by Interactions Between Components of a Tuberigen Complex. Plant and Cell 
Physiology 58, 365-374. 
Todesco M, Owens GL, Bercovich N, Legare JS, Soudi S, Burge DO, Huang K, Ostevik 
KL, Drummond EBM, Imerovski I, Lande K, Pascual-Robles MA, Nanavati M, Jahani M, 
Cheung W, Staton SE, Munos S, Nielsen R, Donovan LA, Burke JM, Yeaman S, Rieseberg 
LH. 2020. Massive haplotypes underlie ecotypic differentiation in sunflowers. Nature 584, 602-
607. 
Tsuji H, Taoka K, Shimamoto K. 2011. Regulation of flowering in rice: two florigen genes, a 
complex gene network, and natural variation. Current Opinion in Plant Biology 14, 45-52. 
Tylewicz S, Petterle A, Marttila S, Miskolczi P, Azeez A, Singh RK, Immanen J, Mahler N, 
Hvidsten TR, Eklund DM, Bowman JL, Helariutta Y, Bhalerao RP. 2018. Photoperiodic 
control of seasonal growth is mediated by ABA acting on cell-cell communication. Science 360, 
212-215. 
Tylewicz S, Tsuji H, Miskolczi P, Petterle A, Azeez A, Jonsson K, Shimamoto K, Bhalerao 
RP. 2015. Dual role of tree florigen activation complex component FD in photoperiodic growth 
control and adaptive response pathways. Proceedings of the National Academy of Sciences 112, 
3140-3145. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 24 

Vaistij FE, Barros-Galvão T, Cole AF, Gilday AD, He Z, Li Y, Harvey D, Larson TR, 
Graham IA. 2018. MOTHER-OF-FT-AND-TFL1 represses seed germination under far-red 
light by modulating phytohormone responses in Arabidopsis thaliana. Proceedings of the 
National Academy of Sciences 115, 8442-8447. 
Vaistij FE, Gan Y, Penfield S, Gilday AD, Dave A, He Z, Josse E-M, Choi G, Halliday KJ, 
Graham IA. 2013. Differential control of seed primary dormancy in Arabidopsis 
 ecotypes by the transcription factor SPATULA. Proceedings of the National Academy of 
Sciences 110, 10866-10871. 
Wagner D. 2017. Key developmental transitions during flower morphogenesis and their 
regulation. Current Opinion in Genetics and Development 45, 44-50. 
Wagner D, Sablowski RW, Meyerowitz EM. 1999. Transcriptional activation of APETALA1 
by LEAFY. Science 285, 582-584. 
Wahl V, Ponnu J, Schlereth A, Arrivault S, Langenecker T, Franke A, Feil R, Lunn JE, 
Stitt M, Schmid M. 2013. Regulation of Flowering by Trehalose-6-Phosphate Signaling in 
Arabidopsis thaliana. Science 339, 704-707. 
Wang F, Gao Y, Liu Y, Zhang X, Gu X, Ma D, Zhao Z, Yuan Z, Xue H, Liu H. 2019. BES1-
regulated BEE1 controls photoperiodic flowering downstream of blue light signaling pathway in 
Arabidopsis. New Phytologist 223, 1407-1419. 
Wang JW, Czech B, Weigel D. 2009. miR156-regulated SPL transcription factors define an 
endogenous flowering pathway in Arabidopsis thaliana. Cell 138, 738-749. 
Wang L, Wang B, Jiang L, Liu X, Li X, Lu Z, Meng X, Wang Y, Smith SM, Li J. 2015. 
Strigolactone Signaling in Arabidopsis Regulates Shoot Development by Targeting D53-Like 
SMXL Repressor Proteins for Ubiquitination and Degradation. The Plant Cell 27, 3128-3142. 
Winter CM, Austin RS, Blanvillain-Baufume S, Reback MA, Monniaux M, Wu MF, Sang 
Y, Yamaguchi A, Yamaguchi N, Parker JE, Parcy F, Jensen ST, Li H, Wagner D. 2011. 
LEAFY Target Genes Reveal Floral Regulatory Logic, cis Motifs, and a Link to Biotic Stimulus 
Response. Dev Cell 20, 430-443. 
Xi W, Liu C, Hou X, Yu H. 2010. MOTHER OF FT AND TFL1 Regulates Seed Germination 
through a Negative Feedback Loop Modulating ABA Signaling in Arabidopsis. The Plant Cell 
22, 1733-1748. 
Yamaguchi A, Wu M-F, Yang L, Wu G, Poethig RS, Wagner D. 2009. The MicroRNA-
Regulated SBP-Box Transcription Factor SPL3 Is a Direct Upstream Activator of LEAFY, 
FRUITFULL, and APETALA1. Developmental Cell 17, 268-278. 
Yamaguchi N, Winter CM, Wu M-F, Kanno Y, Yamaguchi A, Seo M, Wagner D. 2014. 
Gibberellin Acts Positively Then Negatively to Control Onset of Flower Formation in 
Arabidopsis. Science 344, 638-641. 
Yamaguchi N, Wu MF, Winter CM, Berns MC, Nole-Wilson S, Yamaguchi A, Coupland 
G, Krizek BA, Wagner D. 2013. A molecular framework for auxin-mediated initiation of 
flower primordia. Developmental Cell 24, 271-282. 
Yang J, Thames S, Best NB, Jiang H, Huang P, Dilkes BP, Eveland AL. 2018. 
Brassinosteroids Modulate Meristem Fate and Differentiation of Unique Inflorescence 
Morphology in Setaria viridis. The Plant Cell 30, 48-66. 
Zeevaart JAD. 1976. Physiology of flower formation. Annual Review of Plant Physiology 27, 
321–348. 
Zhang B, Li C, Li Y, Yu H. 2020a. Mobile TERMINAL FLOWER1 determines seed size in 
Arabidopsis. Nature Plants 6, 1146–1157  

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 25 

Zhang X, Campbell R, Ducreux LJM, Morris J, Hedley PE, Mellado-Ortega E, Roberts 
AG, Stephens J, Bryan GJ, Torrance L, Chapman SN, Prat S, Taylor MA. 2020b. 
TERMINAL FLOWER-1/CENTRORADIALIS inhibits tuberisation via protein interaction with 
the tuberigen activation complex. The Plant Journal 103, 2263–2278. 
Zheng XM, Wu FQ, Zhang X, Lin QB, Wang J, Guo XP, Lei CL, Cheng ZJ, Zou C, Wan 
JM. 2016. Evolution of the PEBP gene family and selective signature on FT‐ like clade Journal 
of Systematics and Evolution 54, 502-510. 
Zhu Y, Klasfeld S, Jeong CW, Jin R, Goto K, Yamaguchi N, Wagner D. 2020. TERMINAL 
FLOWER 1-FD complex target genes and competition with FLOWERING LOCUS T. Nature 
Communications 11, 5118. 
Zhu Y, Liu L, Shen L, Yu H. 2016. NaKR1 regulates long-distance movement of 
FLOWERING LOCUS T in Arabidopsis. Nature Plants 2, 16075. 
Zhu Y, Wagner D. 2020. Plant Inflorescence Architecture: The Formation, Activity, and Fate of 
Axillary Meristems. Cold Spring Harbor Perspectives in Biology 12. 
Zicola J, Liu L, Tänzler P, Turck F. 2019. Targeted DNA methylation represses two enhancers 
of FLOWERING LOCUS T in Arabidopsis thaliana. Nature Plants 5, 300-307. 
  

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt 

 26 

 

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 27 

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 28 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 29 

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 30 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa598/6101163 by U

niversity of Pennsylvania Libraries user on 29 January 2021


