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Abstract 

 

The integration of signals in response to endogenous and exogenous stimuli at the shoot 

apical meristem (SAM) determines the timing of the transition from vegetative to reproductive 

development in Arabidopsis. Under inductive long-day (LD) photoperiods, FLOWERING 

LOCUS T (FT) and the bZIP transcription factor FD form the large transcriptional complex 

FDï(14-3-3)ïFT/TSF at the SAM. Within this complex, FD is the DNA-binding component 

and some target genes of FD have been well characterized. The fd mutant is late flowering 

under LD conditions due to the improper regulation of its targets. Despite increased 

knowledge on the regulatory pathways that act through the FDï(14-3-3)ïFT/TSF complex, 

the cis-regulatory elements that are required for the binding of FD to its targets remain poorly 

defined, and it is unclear how different targets show distinct spatiotemporal expression 

patterns. For example, although FD enhances FRUITFULL (FUL) transcription within the 

SAM, APETALA1 (AP1) transcription is promoted by FD later in development and AP1 

transcripts are specific to floral primordia. Furthermore, the subset of direct targets that are 

involved in the floral transition before the upregulation of FUL and AP1 remain 

uncharacterized. 

 

During this PhD, I generated a transgenic fd mutant line in which the translocation of FD into 

the nucleus can be induced at different developmental time points. Induction of FD in this line 

promoted flowering, and showed that FD activity was required for several days to complete 

floral transition. I performed RNA-seq on apices of these plants following FD induction and 

identified putative additional components of the FD transcriptional network. The earliest 

targets of FD from this whole-transcriptome analysis could not be linked to floral transition, 

although FUL and AP1 were upregulated at later stages, confirming that floral transition 

occurred following FD induction. Much evidence exists to support that FUL is regulated by 

FD and I identified two putative conserved binding sites in the proximal promoter of FUL. 

However, mutation of these cis-elements did not affect flowering time nor the accumulation 

or pattern of FUL protein at the SAM. Under non-inductive short-day (SD) conditions, the 

SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 15 (SPL15) protein also binds to FUL 

and regulates its expression. Although FD and SPL15 regulate FUL through the LD and SD 

pathways, respectively, I hypothesise that they do not compete at the promoter level and that 

activation of FUL by FD can occur indirectly through FD-mediated activation of other 

transcription factors or that FD binds to redundant sites at the FUL locus under LDs. 

Abscisic acid (ABA) regulates stress responses such as the drought-escape response, and 

aspects of plant development, including axillary meristem growth and meristem arrest. The 
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FD protein is phylogenetically closely related to bZIP transcription factors involved in ABA 

signalling; however, evidence for the involvement of FD in ABA signalling is weak. I disrupted 

ABA signalling specifically within the FD expression domain, which resulted in defects in 

plant shoot architecture under LDs. In legumes, FD paralogues mediate the floral transition 

but also determine inflorescence architecture. I identified HOMEOBOX PROTEIN 21 (HB-

21), which is involved in ABA signalling, to be a direct downstream target of FD. The level of 

HB-21 mRNA was lower in fd than in wild-type inflorescences. The hb21 and fd mutants 

produced taller shoots with more siliques on the main shoot compared with wild type; thus, 

the regulation of HB-21 by FD links FD with inflorescence development in Arabidopsis 

potentially through ABA signalling.  

This PhD focuses on the bZIP transcription factor FD and how it regulates flowering time and 

inflorescence development in Arabidopsis. Collectively, the results show that FD functions 

throughout the Arabidopsis life cycle, and provide insight into the temporal FD-mediated 

transcriptional network at the SAM.  
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Chapter 1. Introduction 

1.1 Signals integrate at the shoot apical meristem of angiosperms to regulate floral 

transition  

 

Photosynthetic organisms colonised terrestrial lands millions of years ago and have 

continuously adapted to a changing environment. Angiosperm species have evolved many 

mechanisms to ensure their reproductive success. Notably, the development of flowers as 

reproductive structures enabled angiosperms to proliferate on Earth. After fertilization of the 

female gametophyte, the flower produces a fruit that allows seed dispersal. During the life 

cycle of annual plants such as Arabidopsis thaliana (Arabidopsis), the whole plant slowly 

senesces and dies after releasing the next generation of mature seeds (reviewed in Krämer, 

2015). In a given environment, an optimal growth period from germination to flowering 

maximises offspring number. The early vegetative phase of Arabidopsis is characterised by 

the continuous production of leaves at the shoot apical meristem (SAM). At later stages, 

genetic reprogramming within the SAM leads to the acquisition of inflorescence meristem 

identity, and the generation of floral primordia. The transition from vegetative to reproductive 

growth is referred to as the floral transition. In the model plant Arabidopsis, the floral 

transition is tightly regulated by endogenous and exogenous cues, which are implemented by 

different genetic pathways. The photoperiodic, vernalization, autonomous, gibberellin and 

age-related pathways have been characterized to integrate diverse environmental and 

internal cues to control the induction of flowering (reviewed in Kinoshita and Richter, 2020). 

These pathways converge to regulate the transcription of genes involved in the floral 

transition and the early stages of floral development at the SAM.  

1.1.1 Circadian rhythm and photoperiod are major stimuli for reproduction in 

Arabidopsis 

 1.1.1.i CONSTANS and GIGANTEA promote FLOWERING LOCUS T 

transcription in leaves  

Among the floral induction pathways associated with environmental cues, a favourable change 

in daylength promotes flowering in Arabidopsis, and long days (LD) promote faster flowering 

than short days (SD). The photoperiod refers to the daylength and in plants, seasonal changes 

in the duration of light and dark are perceived in the leaves. The transcription factor 

CONSTANS (CO) and the florigen FLOWERING LOCUS T (FT) are two key regulators that 

promote the floral transition and are expressed in leaves. The mRNAs of CO and FT 

accumulate in LD, supporting their role in floral induction via the photoperiod (Suarez-Lopez 

et al., 2001). Classical mutants in the photoperiodic pathway, such as co and ft, display a 
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longer vegetative phase in inductive environments. Thus, they are late flowering under LD, 

whereas they show little or no differences in flowering time under SD (Koornneef et al., 1991). 

The expression of CO is influenced by light quality and daylength. The CYCLING DOF 

FACTOR 1 (CDF1) binds to and negatively regulates CO transcription (Imaizumi et al., 2005). 

To counteract this, the clock-regulated FLAVIN-BINDING KELCH REPEAT, F-BOX1 (FKF1) 

degrades CDF proteins in response to several hours of light (Imaizumi et al., 2003; Imaizumi 

et al., 2005). Additionally, FKF1 interacts with GIGANTEA (GI) at the CO genomic locus to 

promote its transcription (Sawa et al., 2007). The accumulation of GI and FKF1 mRNA is clock 

dependent and peaks after 8 to 10 hours of light (Fowler et al., 1999; Imaizumi et al., 2003). 

This timing allows GI and FKF1 proteins to accumulate, which enables CO levels to peak in 

late afternoon under LD (Suarez-Lopez et al., 2001). The PSEUDO-RESPONSE 

REGULATOR (PRR) and FKF1 participate in the stabilisation of CO protein in light, whereas 

CONSTITUTIVELY PHOTOMORPHOGENIC (COP1) and members of the SUPPRESSOR 

OF PHYA-105 (SPA) protein family degrade CO during the night (Valverde et al., 2004; 

Laubinger et al., 2006; Jang et al., 2008; Hayama et al., 2017). Under SD, the transcription of 

CO occurs in the dark, but the CO protein is rapidly degraded by COP1 and SPA proteins 

(Valverde et al., 2004; Laubinger et al., 2006). Day and night cycles, as well as daylength, 

determine the accumulation of stable CO at the end of long days. 

One predominant role of the CO protein is to physically bind to and transcriptionally activate in 

the leaf vasculature the gene encoding the florigen FT (Suarez-Lopez et al., 2001; Tiwari et 

al., 2010). Expression of either CO or FT from the SUCROSE-PROTON SYMPORTER 2 

(SUC2) promoter causes early flowering (An et al., 2004; Corbesier et al., 2007) and 

expression of CO from the 35S promoter leads to a higher level of FT in leaves (Suarez-Lopez 

et al., 2001). Similar to the co mutant, the ft mutant is late flowering under LD, but not under 

SD (Koornneef et al., 1991; Mizoguchi et al., 2005). The late flowering of ft plants that express 

SUC2::CO (An et al., 2004) provides evidence for the importance during floral induction of the 

upstream regulation of FT by CO. FT transcripts are barely detectable under SD but rapidly 

increase in abundance upon transfer of plants to LD, coinciding with the stable accumulation 

of CO in leaves (Corbesier et al., 2007). Under LD, FT mRNA peaks before nightfall in leaves 

(Suarez-Lopez et al., 2001). The CO-independent activation of FT occurs in natural 

Arabidopsis habitats (Song et al., 2018). The inclusion of far-red light in growth conditions 

mimics these natural conditions and strong transient upregulation of FT was observed shortly 

after dawn (Song et al., 2018). This underlies the importance of light quality in the photoperiodic 

pathway. Epigenetic marks are abundant at the FT locus, suggesting that multiple levels of 

gene regulation determine the correct timing of floral induction (Jiang et al., 2008; Yan et al., 

2014). The closest homologue of FT in Arabidopsis is TWIN SISTER OF FT (TSF) and the 
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TSF gene is also controlled by CO in a circadian manner (Yamaguchi et al., 2005). No altered 

flowering phenotype was observed for the single tsf mutant, but the combination of tsf and ft 

mutations delays the late-flowering phenotype of ft even more (Yamaguchi et al., 2005).  

For Arabidopsis to flower, light signals that are perceived in leaves have to be translocated to 

the SAM. Although a LD photoperiod acting through CO activates FT/TSF transcription in the 

leaves, the two encoded proteins move to the SAM to promote flowering (Corbesier et al., 

2007; Jaeger and Wigge, 2007; Mathieu et al., 2007). Therefore, FT and TSF proteins are 

long-distance mobile signals, and are called florigens. The FT-INTERACTING PROTEIN 1 

(FTIP1) and SODIUM POTASSIUM ROOT DEFECTIVE 1 (NaKR1) proteins interact with FT 

to facilitate its transport to the SAM (Liu et al., 2012; Zhu et al., 2016). At the SAM, FT and 

TSF interact with the basic leucine zipper (bZIP) transcription factor FD (Abe et al., 2005; 

Wigge et al., 2005). This interaction is probably indirect and is mediated by the large family of 

14-3-3 proteins, as was shown in rice (Taoka et al., 2011). The large FDï14-3-3ïFT/TSF 

complex regulates transcription of downstream target genes and leads to floral transition (Abe 

et al., 2005; Wigge et al., 2005; Taoka et al., 2011; Abe et al., 2019).  

 

1.1.1.ii The bZIP transcription factors FD and FDP 

Basic leucine zipper (bZIP) proteins usually contain an alpha helix with repeated leucine 

residues. The leucine zipper domain enables homo- and heterodimerization with other bZIP 

proteins. The Arabidopsis bZIP proteins have been classified into 13 groups, according to the 

number of leucine repeats they contain and sequence similarity (Dröge-Laser et al., 2018). 

Individual bZIP proteins preferentially homo-dimerize or hetero-dimerize with other members 

of the same bZIP family (Llorca et al., 2015); thus, bZIP transcription factors depend on 

proteinïprotein interactions for their activity at DNA. The second part of the alpha helix is a 

DNA-binding domain that targets an ACGT-core sequence with specific palindromic flanking 

nucleotides. The most commonly bound motifs are G-boxes (CACGTG), C-boxes (GACGTC) 

and A-boxes (TACGTA; reviewed in Dröge-Laser et al., 2018). The FD and FD PARALOGUE 

(FDP) proteins belong to Group A Arabidopsis bZIP proteins, which contains 11 other 

members. FD and FDP share protein homology with these Group A members that are 

associated with abscisic acid (ABA) responses (Figure 1.1; Jakoby et al., 2002; Dröge-Laser 

et al., 2018), which suggests that FD and FDP may also have a role in ABA-signalling. 

Moreover, although FT:GUS is expressed in the leaf vasculature (Yamaguchi et al., 2005), FD 

protein accumulates in the SAM at an earlier stage of development, 2ï3 days after germination 

(Romera-Branchat et al., 2020). In addition, chromatin immunoprecipitation DNA-sequencing 

(ChIP-seq) demonstrated that FD and FDP bind in vivo to target genes involved in ABA-

signalling (Collani et al., 2019; Romera-Branchat et al., 2020; Zhu et al., 2020). Moreover, the 

threonine residue of FD at the position 282 (T282) is phosphorylated by the CALCIUM 
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DEPENDENT PROTEIN KINASE 3 (CPK6) and CPK33 at the SAM (Abe et al., 2005; 

Kawamoto et al., 2015), and mutating this T residue to Alanine impairs the ability of FD to 

promote flowering (Collani et al., 2019). The region at the carboxyl terminus of FD and FDP 

containing T282 has been called the SAP motif because of the conserved amino acids present, 

and is also required for interaction of FD with FT (Abe et al., 2005; Taoka et al., 2011). This 

SAP motif is potentially recognised by 14-3-3 proteins through phosphorylation of T282 and 

thereby enables the FDï14-3-3ïFT/TSF complex to form (Abe et al., 2005; Taoka et al., 2011). 

However, the cpk33 mutant is only slightly late flowering under LD, suggesting that FD activity 

is not only conferred by CPK33 phosphorylation (Kawamoto et al., 2015).  

The best-studied role of FD relates to the floral induction. Both FD and FDP accumulate at the 

SAM under LD (Abe et al., 2005; Wigge et al., 2005; Romera-Branchat et al., 2020). The late-

flowering phenotype of fd under LD can be partially suppressed by the early-flowering 

phenotype caused by overexpression of FT (Abe et al., 2005; Wigge et al., 2005). Mutation of 

FDP in the fd background leads to a slightly more severe late-flowering phenotype under LD 

than the single fd (Romera-Branchat et al., 2020). Neither fd nor fdp fd shows a late-flowering 

phenotype under SD, consistent with FD and FDP being involved in the photoperiodic pathway. 

The downregulation of FD transcription in young floral primordia was first observed from in situ 

hybridisation experiments (Wigge et al., 2005). Subsequently, it was demonstrated that FD 

expression increases during floral transition but is then excluded from the floral primordia, 

probably due to direct feedback repression by APETALA1 (AP1; Abe et al., 2019, Kaufman et 

al., 2010). However, this decrease in FD protein abundance in the floral primordia is transient 

as it is reactivated in older primordia and FD remains expressed in inflorescence meristems 

(Gorham et al., 2018; Romera-Branchat et al., 2020). FDP is also expressed in older floral 

primordia and is more strongly expressed in older inflorescence meristems than during the 

floral transition (Romera-Branchat et al., 2020).   

Figure 1.1 Rooted 

phylogenetic tree of 

the Group A bZIP in 

Arabidopsis.  

A branch of a 

phylogenetic tree from 

(Dröge-Laser et al., 

2018) to illustrate the 

relationships among 

Arabidopsis Group A bZIP proteins. In addition to the two closely related FD and FDP 

proteins, many Group A bZIP proteins are involved in the ABA signalling pathway. Alignment 

was based on amino-acid similarities and conserved motifs.  

  1.1.1.iii The FDï14-3-3ïFT/TSF complex promotes floral transition 
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Some target genes of the FDï14-3-3ïFT/TSF complex are integrators that function early in 

the floral transition, such as SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1) and 

FRUITFULL (FUL), and floral meristem identity genes such as AP1, LEAFY (LFY) and 

SEPALLATA 3 (SEP3; Abe et al., 2005; Wigge et al., 2005; Yamaguchi et al., 2005; Jung et 

al., 2016; Collani et al., 2019; Romera-Branchat et al., 2020; Zhu et al., 2020). The earliest 

activated gene appears to be SOC1 (Samach et al., 2000; Torti et al., 2012), and is followed 

by FUL mRNA accumulation at the SAM (Torti et al., 2012; Collani et al., 2019; Romera-

Branchat et al., 2020). Mutation of these two genes, both of which encode MADS box 

transcription factors, leads to late flowering under LD photoperiods (Melzer et al., 2008) and 

strongly suppresses the effect of FT overexpression, supporting their importance downstream 

of FT (Melzer et al., 2008; Torti et al., 2012). Their expression marks commitment to the floral 

transition. Subsequently, the FDï14-3-3ïFT/TSF complex activates the transcription of the 

floral meristem identity gene LFY and the encoded protein accumulates at the flanks of the 

SAM to promote the initiation of floral primordia (Weigel et al., 1992). Additionally, SOC1 binds 

to distal and proximal motifs in the LFY promoter and promotes its expression (Song et al., 

2008). The FDï14-3-3ïFT/TSF complex and LFY directly bind to the AP1 genomic region and 

modulate AP1 expression (William et al., 2004; Collani et al., 2019; Romera-Branchat et al., 

2020; Jin et al., 2021) specifically in the floral primordia (Mandel et al., 1992; Urbanus et al., 

2009). lfy and ap1 mutants both display defects in floral development, but no alteration in the 

length of the vegetative phase (Irish and Sussex, 1990; Weigel et al., 1992). LFY requires AP1 

to promote specific targets and AP1 regulates LFY in a positive feedback loop (Kaufmann et 

al., 2010; Goslin et al., 2017). Together, LFY and AP1 promote formation of the flowers.  

 

 1.1.1.iv FD is the DNA-binding component of FDï14-3-3ïFT/TSF 

The timing for FT to interact with FD and regulate their targets seems transient at the SAM and 

the complex is proposed to disappear from the inflorescence meristem (Abe et al., 2019). 

Notably, FT is not required for the binding of FD to its gene targets, but is crucial for the 

transcriptional regulation of these target genes (Collani et al., 2019). Some FD-interacting 

proteins may even be components of potentially larger transcriptional complexes at the 

targeted loci (Jung et al., 2016; Li et al., 2019). These are the SQUAMOSA PROMOTER 

BINDING PROTEIN-LIKE 3 (SPL3), SPL4 and SPL5 as well as the class II CINCINNATA (CIN) 

TCP 5, TCP13 and TCP17. FD preferentially recognises and binds to G-boxes in genome-

wide assays (Collani et al., 2019; Romera-Branchat et al., 2020; Zhu et al., 2020). 

Controversial studies exist regarding the precise binding sites of FD to some targets and no in 

planta analysis has demonstrated functionality of these binding motifs (Abe et al., 2005; 

Benlloch et al., 2011; Collani et al., 2019). FD is strongly enriched in ChIP-qPCR assay to the 

proximal AP1 promoter which contains one C-box (Jung et al., 2016). However, Electrophoretic 
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Mobility Shift Assay (EMSA) of the phosphorylated FD-C-ter form shows FDï14-3-3ïFT to 

bind a GTCGAC fragment, 100 bp away from the previously identified C-box (Abe et al., 2005; 

Jung et al., 2016; Collani et al., 2019). Thus, despite increased knowledge on the regulatory 

role of the FDï(14-3-3)ïFT/TSF complex, the binding of FD to its targets involved in the floral 

transition remain controversial. 

 In summary, a regulated cascade of signals illustrates how reproductive stimuli 

perceived by the leaves are necessary to initially promote floral transition, but also to 

subsequently maintain commitment to flowering. In particular, the activation of FT in leaves by 

exposure to LD results in the switch from vegetative to reproductive growth at the SAM (Figure 

1.2).   

1.1.2 FLOWERING LOCUS C integrates the vernalization and autonomous 

pathways 

Vernalization refers to a long exposure to winter cold that promotes flowering following return 

to warmth, such as in spring. The two major genetic components of the vernalization 

pathway of Arabidopsis are FRIGIDA (FRI) and the floral repressor FLOWERING LOCUS C 

(FLC). The MADS-domain FLC protein physically binds to SOC1, FT, FD and SEP3 

chromatin and represses flowering (Helliwell et al., 2006; Searle et al., 2006; Deng et al., 

2011). The Arabidopsis Col-0 summer accession does not respond to vernalization, because 

it carries an inactive allele of FRI. By contrast, some natural Arabidopsis accessions carry a 

functional FRI protein, which upregulates FLC transcription (Johanson et al., 2000). As a 

result of strong repression of FT and SOC1 transcription, these plants display a pronounced 

late-flowering phenotype that can be overcome by vernalization. During vernalization, FLC 

transcript abundance is reduced and the degree of promotion of flowering is proportional to 

the degree to which the plant is vernalized (Michaels and Amasino, 1999; Lee et al., 2013). 

The regulation of FLC expression involves an interplay of epigenetic marks at the FLC locus 

that has been extensively studied. For example, the stable silencing of FLC occurs via the 

deposition of repressive nucleosome marks such as tri-methylation of lysine 27 on histone 3 

by polycomb repressive complex 2 (PRC2; De Lucia et al., 2008). The transcriptional 

silencing of FLC by VIVIPAROUS1/ABI3-LIKE 1 (VAL1) is promoted by exposure to cold as 

VAL1 removes acetyl marks from FLC chromatin (Questa et al., 2016). Vernalization also 

promotes the transcription of two noncoding RNAs (ncRNA) at the FLC locus, named 

COOLAIR and COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR), which both 

repress the FLC transcription (Heo and Sung, 2011; Csorba et al., 2014). Transgenic plants 

that lack COLDAIR ncRNA have a reduced response to vernalization and are late flowering 

compared with wild type (Heo and Sung, 2011). Following return to higher temperature after 

vernalization, the abundance of FLC transcripts decreases, which allows promotion of FT 
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and SOC1 transcription and thus induces flowering (Corbesier et al., 2007). Notably, FT and 

FD coordinately repress FLC expression in young seedlings in a negative feedback loop (Luo 

et al., 2019). This is one of the many feedback loops that promote commitment to floral 

induction in Arabidopsis.  

 

The repression of FLC mostly occurs through post-transcriptional regulation that lowers the 

abundance of mature FLC mRNA, and some of these involve COOLAIR (reviewed in Wu et 

al., 2020). Proteins that post-transcriptionally regulate FLC are part of the autonomous 

pathway and mutants in this pathway show a severe delay in flowering due to increased FLC 

levels, but flower rapidly after vernalization (Koornneef et al., 1991; He et al., 2003). The FVE 

and FLD proteins are components of histone deacetylase complexes and modulate 

epigenetic marks at FLC chromatin to promote silencing (He et al., 2003; Ausín et al., 2004; 

Liu et al., 2007). The FLOWERING CONTROL LOCUS A (FCA), FY and FPA, positively 

modify poly(A) sites and the splicing of COOLAIR transcripts (Hornyik et al., 2010; Marquardt 

et al., 2014).  

 

Taken together, the vernalization pathway promotes flowering through the stable 

silencing of FLC in winter-annual accessions of Arabidopsis, and autonomous pathway 

components maintain FLC at a low level in summer annual accessions such as Col-0. The 

vernalization pathway ensures a rapid response and a strong induction of flowering in the 

presence of subsequent warmer temperatures.  

1.1.3. Crosstalk between the autonomous and photoperiodic pathways promotes 

floral induction during elevated ambient temperatures 

Environmental stimuli such as the photoperiod promote flowering, and Arabidopsis plants 

grown under LD transition to flowering faster than those under SD. Another important 

environmental stimulus is the ambient growth temperature. A slight increase in temperature 

strongly promotes flowering of Arabidopsis under LD (Balasubramanian et al., 2006). This 

response to higher temperatures can be so strong that wild-type plants display a similar 

flowering phenotype when grown under SD at 27°C as under LD at 23°C. Mutants of genes 

in the autonomous pathway do not respond to high temperatures and show similar flowering-

time phenotypes at 23°C and 27°C (Blázquez et al., 2003; Balasubramanian et al., 2006). 

The autonomous pathway is therefore involved in floral induction in response to higher 

temperature. In wild type, FCA and FVE are required to reduce levels of the MADS-domain 

transcription factor SHORT VEGETATIVE PHASE (SVP) at elevated temperatures (Lee et 

al., 2007; Lee et al., 2013). In the svp mutant, FT and SOC1 mRNA levels are increased and 

the soc1 ft double mutant is more insensitive to higher temperature than either single mutant 

(Lee et al., 2013). SOC1 genomic DNA is directly regulated by SVP and FLOWERING 
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LOCUS M (FLM) which explains why a higher level of SOC1 mRNA is present in svp and flm 

mutants (Tao et al., 2012; Lee et al., 2013). Thus, a reduction in SVP accumulation under 

high ambient temperature causes higher levels of SOC1 and FT mRNAs to accumulate and 

earlier flowering. Additionally, in response to higher temperature, the chromatin of FT is 

relaxed by depletion of the H2A.Z nucleosome variant (Kumar and Wigge, 2010). Therefore, 

an increased level of FT transcription promotes flowering at warm temperatures. The 

transcription factor PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) is also associated 

with the perception of light stimuli and promotes flowering under elevated temperature by 

increasing FT transcripts (Kumar et al., 2012; Fernández et al., 2016). 

1.1.4 The process of ageing under long- and short-day conditions is dependent 

on photoperiod and the level of gibberellin  

The ageing pathway promotes floral transition and is mainly regulated by the microRNA 

(miRNA)156/7 and SPL module. Plant miRNAs are non-coding small RNAs that consist of 21 

to 24 nucleotides. They regulate gene expression by recognizing target sites in mRNAs and 

cause post-transcriptional effects such as transcript cleavage or inhibition of translation 

(Gandikota et al., 2007; Li et al., 2013). miRNA156 and miR157 are involved in the floral 

transition, but also regulate traits involved in the juvenile-to-adult transition, such as leaf 

morphology and trichome distribution (Wu and Poethig, 2006; He et al., 2018). Both miR157 

and miR156 redundantly promote juvenile traits in leaves and miR156 represses to a higher 

degree some of their common targets (He et al., 2018). The mature miR156 is encoded by 

eight MIR156 genes and miRNA156 transcripts are highly expressed in cotyledons and 

leaves formed early on the shoot, but their expression decreases in leaves formed later on 

the shoot (Wu and Poethig, 2006; Xu et al., 2016). miR156 targets the mRNAs of ten SPL 

genes, including SPL3, SPL4, SPL5, SPL9 and SPL15, and represses their translation in 

seedlings by association with ARGONAUTE proteins (Schwab et al., 2005; Gandikota et al., 

2007; He et al., 2018; Roussin-Leveillee et al., 2020). The increase in the level of miR156-

targeted SPL proteins in older plants is concomitant with a decrease in the expression of 

miR156 (Wang et al., 2009; Xu et al., 2016). That expression of miR156/7 in younger plants 

causes the reduction in SPL expression was shown by constructing miRNA156/7 resistant 

SPL transgenes, and demonstrating that these allowed SPL expressions early in shoot 

development. Double mutant spl9 spl15 plants and those that transgenically overexpress 

MIR156 are very late flowering under LD (Schwarz et al., 2008; Wang et al., 2009). The rSPL 

lines are often early flowering and provide useful tools with which to study SPL functions (Wu 

and Poethig, 2006; Wang et al., 2009; Hyun et al., 2016). For example, the ubiquitous 

expression of rSPL3 enables SPL3 to directly bind to FUL, LFY and AP1 genomic loci and 

the subsequent upregulation of their transcription under LD leads to early flowering (Wang et 

al., 2009; Yamaguchi et al., 2009). The SPL3, SPL4 and SPL5 proteins physically interact 
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with FD at the FUL and AP1 promoters and enhance their transcription (Jung et al., 2016). 

Thus, a decrease in the levels of miRNA156/157 enables the stable accumulation of SPL 

proteins, which in turn, activates the expression of floral integrators at the SAM. Notably, the 

photoperiodic and ageing pathways converge at the SAM in the formation of a larger 

complex containing FDïFT and SPLs under LD (Jung et al., 2016). However, the role of the 

miRNA/SPL module in floral induction is less important under LD, because its effect on 

flowering time is less pronounced when FT is expressed under LD than under SD when FT is 

not expressed (Schwab et al., 2005; Hyun et al., 2016). 

 

The SPL proteins and gibberellic acid (GA) are the two major components that promote floral 

transition under non-inductive conditions, independently of the FDï14-3-3ïFT/TSF complex. 

The spl9 spl15 double mutant is late flowering under SD, but the quintuple spl2 spl9 spl11 

spl13 spl15 mutant and plants expressing 35S::MIR156A flower even later because of the 

post-transcriptional downregulation of all targeted SPL proteins (Wang et al., 2009; Hyun et 

al., 2016; Xu et al., 2016). A low level of SPL expression inhibits the expression of their 

downstream targets and delays the floral transition. Mutants of DELLA genes, which encode 

repressors of gibberellic acid (GA) signalling, are extremely late flowering under SD (Dill and 

Sun, 2001) as are mutants with strongly reduced GA levels (Wilson et al., 1992). The 

degradation of DELLA proteins is induced by GA and wild-type plants supplemented with GA 

are early flowering under SD (reviewed in Conti, 2017). Exogenous GA application causes 

the upregulation of SPL3, SPL4 and SPL5 by SOC1 under SD (Jung et al., 2012). Also, SPL 

proteins interact with DELLAs to regulate SPL activity at the post-translational level 

(Yamaguchi et al., 2014; Hyun et al., 2016). Notably, flowering of the spl15 mutant is 

insensitive to GA application (Hyun et al., 2016). When GA levels are low DELLAs interact 

with SPL15 to repress its activity, but when GA levels rise, SPL15 interacts with SOC1 at 

several regions of the FUL promoter to activate its transcription. Thus, the balance between 

DELLA and GA levels are important and the ageing and GA pathways converge on SPL15 to 

regulate floral integrators such as SOC1, FUL and MIR172B (Hyun et al., 2016). 

1.1.5 Sugar signalling is tightly related with the photoperiodic and ageing 

flowering pathways 

In Arabidopsis, photosynthetic activity results in the accumulation of sugars such as sucrose, 

glucose, maltose and trehalose in leaves and other source tissues. These sugars are 

transported between cells through sugar transporters or plasmodesmata, and throughout the 

plant in the vascular tissue. The transporters are membrane proteins that have affinity for 

specific sugar substrates, which probably fine-tune biological responses (Sivitz et al., 2007). 

A transient boost in the sucrose level occurs in leaf tissues after a shift from SD to LD 

(Corbesier et al., 1998). Because the floral transition occurs rapidly in Arabidopsis plants 
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shifted from SD to LD, the transient peak in sucrose accumulation may contribute to the 

photoperiodic flowering pathway (Torti et al., 2012). This transient increase might result from 

the relocalisation of sugar transport and altered flux. Trehalose-6-phosphate (T6P) is 

considered to be a signal molecule for the sucrose level in plants: sucrose positively 

influences the level of T6P and in shoot apices, T6P and sucrose concentrations increase as 

the plant ages (Wahl et al., 2013; Yadav et al., 2014). Interestingly, the concentration of T6P 

under LD peaks just before dark, similar to the temporal pattern of FT mRNA expression 

(Wahl et al., 2013). The activity of T6P SYNTHASE 1 (TPS1) catalyses T6P biosynthesis. 

Plants transgenic for 35S::amiRTPS1 display a reduction in TPS1 activity and a lower T6P 

concentration (Wahl et al., 2013). TPS1 mRNA accumulates at the SAM and a reduction in 

TPS1 enzyme activity in 35S::amiRTPS1 plants leads to a late-flowering phenotype at least 

partly due to reduced FT mRNA levels (Wahl et al., 2013; Ponnu et al., 2020). Thus, the T6P 

pathway is necessary for floral transition under LD (Wahl et al., 2013). Moreover, it has been 

suggested that the T6P pathway acts upstream of the miR156/SPL ageing pathway (Ponnu 

et al., 2020). The levels of the two miRNA precursors encoded by MIR156A and MIR156C 

are increased in seedlings when T6P levels are reduced by 35S::amiRTPS1. Hence, the T6P 

pathway promotes flowering at least partially by increasing FT expression and 

downregulating two MIR156 genes.  

1.1.6 Components of the abscisic acid pathway are integrated into the 

photoperiodic pathway 

ABA is synthesised in leaves in response to various stresses and regulates stomatal opening 

in response to drought (Schroeder et al., 2001; Christmann et al., 2007). However, ABA 

responses are not limited to drought stress and ABA also regulates germination, seed 

maturation, bud dormancy and pathogen responses (reviewed in Cutler et al., 2010). Defects 

in development have been observed in mutants involved in the ABA pathway (Cheng et al., 

2002; Fujii et al., 2009). A cascade of enzyme and transcription factor phosphorylation 

underlies responses to ABA. In the absence of ABA, the enzymatic activity of Snf1-

RELATED KINASE 2s (SnRK2s) is inhibited by PROTEIN PHOSPHATASE 2C (PP2C) co-

receptors to prevent ABA-induced gene transcription (Umezawa et al., 2009; Vlad et al., 

2009). When ABA is perceived by the family of RABACTIN RESISTANCE1/PYR1-

LIKE/REGULATORY COMPONENTS OF ABA RECEPTORS (PYR/PYL/RCAR) receptors, a 

large ABAïPYR/PYL/RCARïPP2C complex is formed, which inactivates the PP2C and 

enables phosphorylation of the SnRK2s (Fujii et al., 2007; Melcher et al., 2009; Park et al., 

2009; Umezawa et al., 2009; Nishimura et al., 2010). Two clade A PP2Cs named ABA 

INSENSITIVE 1 (ABI1) and ABI2 have been studied for their negative role in ABA signalling 

(Leung et al., 1997; Gosti et al., 1999; Song et al., 2018). Mutants in the catalytic domain of 

these genes named abi1-1 and abi2-1 cause dominant negative mutations that block the 
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interaction with the PYR/PYL/RCAR receptors in presence of ABA which prevents the 

phosphorylation cascade (Koornneef et al., 1984; Leung et al., 1997; Rodriguez et al., 1998; 

Melcher et al., 2009; Vlad et al., 2009). In the wild type, downstream transcriptions factors, 

such as the Group A bZIP ABSCISIC ACID RESPONSIVE ELEMENT-BINDING FACTOR 

(ABF) proteins, are then phosphorylated by SnRK2s, bind to ABSCISIC ACID RESPONSIVE 

ELEMENT (ABRE) cis-elements and induce ABA-responsive gene expression (Choi et al., 

2000; Yoshida et al.; Yoshida et al., 2015). The ABRE-BINDING PROTEIN (AREB) proteins 

are also involved in ABA-responsive gene expression and similar to the ABF proteins, belong 

to the bZIP Group A transcription-factor family in Arabidopsis (Choi et al., 2000; Furihata et 

al., 2006). ABA-responsive genes include RESPONSIVE TO DESICCATION 92 A (RD29A) 

and RD29B (Yamaguchi-Shinozaki and Shinozaki, 1994). A Förster Resonance Energy 

Transfer (FRET)-based system composed of PYR1 and the ABI1 co-receptor has been 

developed to monitor ABA responses and shows high signal in aerial tissues of seedlings 

under non-stress conditions, especially in young leaf primordia (Waadt et al., 2014). 

However, the method lacks high-resolution imaging and to date, no other method to monitor 

ABA signalling in tissues has been developed.  

 

Wild-type plants grown under low water availability (hydric stress) are early flowering 

(reviewed in Riboni et al., 2013; Martignago et al., 2020). Thus, components of the ABA 

pathway play a role in the floral transition. Moreover, water deficiency affects the flowering 

time of loss-of-function mutants of genes involved in the photoperiodic pathway. For 

instance, the ft tsf double mutant flowers earlier when grown under a low-water regime 

(Riboni et al., 2013). The mechanism by which Arabidopsis flowers more rapidly under low-

water conditions is referred to as drought escape. Loss-of-function mutants in genes involved 

in ABA biosynthesis, such as ABA DEFICIENT 1 (ABA1) and ABA2, are later flowering than 

wild-type plants under LD, but not under SD conditions (Riboni et al., 2013; Riboni et al., 

2016). Mutation of ABI1 in the Ler background results in late flowering under SD but not 

under LD (Riboni et al., 2016). Moreover, the abf3 abf4 mutant is late flowering under LD due 

to the downregulation of SOC1 (Hwang et al., 2019). Although these findings highlight that 

ABA positively regulates the floral transition, mutation of ABI4 leads to an early-flowering 

phenotype under non-stress growth conditions (Foyer et al., 2012; Shu et al., 2016).  

The mediation of flowering time by ABA-signalling components is an emerging field of 

study, but more data are required to construct precise regulatory networks and to elucidate 

whether ABA biosynthesis and ABA signalling regulate flowering independently.   

1.1.7 TERMINAL FLOWER 1 and other repressors of floral transition 

Precocious flowering in non-optimal environments can be deleterious for plants and for their 

ability to produce progeny. Thus, many repressors of the floral transition are expressed in 
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embryonic tissues, during early stages of plant growth and in adult plants under non-

inductive environments. Genes such as FLC or MIR156 encode negative regulators of the 

floral transition, as previously reported in this chapter (Michaels and Amasino, 1999; Schwab 

et al., 2005). An important family of flowering-time repressors includes APETALA2, (AP2) 

and the AP2-like genes TARGET OF EAT 1 (TOE1), TOE2, TOE3, SCHLAFMÜTZE (SMZ) 

and its paralogue SCHNARCHZAPFEN (SNZ; Aukerman and Sakai, 2003). Loss-of-function 

mutants of these individual genes are early flowering, and a sextuple mutant of all six genes 

is extremely early flowering under LD, suggesting that the genes redundantly regulate 

flowering time (Aukerman and Sakai, 2003; Yant et al., 2010). AP2 binds to the promoters of 

several genes involved in the floral transition, such as AP1, SOC1 and SEP3 and negatively 

regulates their transcription (Yant et al., 2010). The negative effect of AP2 on flowering time 

is counteracted by cleavage of its mRNA and inhibition of its translation mediated by miR172 

(Chen, 2004; čôMaoil®idigh et al., 2021). The level of miR172 increases as the plant ages, 

which attenuates the level of AP2 at the SAM (Aukerman and Sakai, 2003; čôMaoil®idigh et 

al., 2021). In parallel, miR172 promotes the accumulation of SPL3, SPL4 and SPL5 

(Gandikota et al., 2007). SOC1 also binds to the AP2-like genes and represses their 

transcription to overcome SOC1 repression (Liu et al., 2012).   

 

Expression of FT in the leaf vasculature promotes floral transition at the SAM (Corbesier et 

al., 2007) and FT integrates several flowering-time pathways, including the photoperiodic, the 

autonomous and T6P pathways. Therefore, the transcriptional regulation of FT is crucial for 

determining optimal flowering time and depends on positive and negative regulators. In 

addition to FLC, the MADS-domain transcription factor SVP integrates the GA, temperature 

and autonomous flowering-time pathways (Song et al., 2008; Lee et al., 2013; Andres et al., 

2014). The svp mutant is early flowering under LD and SD, partially due to upregulation of FT 

(Hartmann et al., 2000; Jang et al., 2009). The two transcription factors TEMPRANILLO 

(TEM1) and TEM2 contain an AP2-related domain and prevent precocious flowering by 

negatively regulating FT transcription (Castillejo and Pelaz, 2008). Thus, FLC, SVP and the 

TEM transcription factors negatively regulate floral transition via FT repression.  

 

In plants, scaffold 14-3-3 proteins and FD interact with TERMINAL FLOWER 1 (TFL1) and 

the resulting complex represses floral induction (Shalit et al., 2009; Taoka et al., 2011; Zhu et 

al., 2020). TFL1 is expressed at the SAM and in axillary buds and tfl mutants are early 

flowering under LD (Shannon and Meeks-Wagner, 1991; Bradley et al., 1997; Goretti et al., 

2020). Notably, FT and TFL1 share high DNA sequence homology and belong to a group of 

proteins related to phosphatidylethanolamine-binding proteins (PEBPs), which form a 

phosphatidylethanolamine ligand-binding pocket. However, FT lacks key residues that are 
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conserved among PEBPs and its enzymatic role remains unclear (Ahn et al., 2006). FT and 

TFL1 antagonistically determine flowering time and their protein sequences mostly differ in 

the external loop (Hanzawa et al., 2005; Ahn et al., 2006; Ho and Weigel, 2014). Single 

amino-acid substitutions in FT confer TFL1-like activity (Hanzawa et al., 2005; Ho and 

Weigel, 2014). TFL1 and FT are mobile proteins that move between cells and their 

movement is required for their function (Conti and Bradley, 2007; Corbesier et al., 2007; 

Goretti et al., 2020). The FD-TFL1 complex binds to and negatively regulates the expression 

of many genes involved in the floral transition, such as LFY (Goretti et al., 2020; Zhu et al., 

2020). By contrast, FT positively regulates LFY, which exemplifies the antagonistic roles of 

FT and TFL1. Many of the gene targets of TFL1 are shared by FD, and FD is required for the 

binding of TFL1 to these common DNA targets (Goretti et al., 2020; Zhu et al., 2020). 

Constitutive overexpression of TFL1 from the 35S promoter leads to late flowering, whereas 

additional mutation of TFL1 in the fd mutant background only partially rescues the late-

flowering phenotype of fd, suggesting that TFL1 requires FD for the repression of flowering 

(Hanzawa et al., 2005; Hanano and Goto, 2011). TFL1 also binds to a subset of unique 

genes distinct from those bound by FD, indicating that both PEBP proteins also have 

independent functions (Goretti et al., 2020; Zhu et al., 2020). For example, in addition to 

regulating the floral transition, TFL1 confers meristem indeterminacy (Bradley et al., 1997). 

The TFL1 interacts with FD in biomolecular fluorescence complementation and Y2H assays 

(Hanano and Goto, 2011; Zhu et al., 2020). Phosphorylation of the SAP motif of FD is 

required to mediate interaction with FT, and is likely also required for the interaction with 

TFL1, as this also interacts with the SAP motif (Kawamoto et al., 2015; Collani et al., 2019). 

Because the FTïFD interaction is mediated by 14-3-3 proteins, it is reasonable to assume 

that FDïTFL1 interaction is also similarly mediated by 14-3-3 and/or TCP proteins (Ho and 

Weigel, 2014). Models suggest that TFL1 interacts with FD to repress floral integrator genes, 

but the arrival of FT at the SAM displaces TFL1 from the FDï4-3-3ïTFL1 complex at the 

chromatin of target genes and TFL1 and FT antagonistically regulate the same subset of 

target genes (Corbesier et al., 2007; Jaeger et al., 2013; Zhu et al., 2020).  
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Figure 1.2 A complex genetic network regulates the floral transition in Arabidopsis.  

In the leaves, the perception of favourable photoperiod and light quality induces CONSTANS 

(CO) expression. The accumulation of CO is clock dependent and CO and GIGANTEA (GI) 

together activate the transcription of FLOWERING LOCUS T (FT). FT protein and its 

paralogue TWIN SISTER of FT (TSF) (not shown) move to the shoot apical meristem (SAM) 

to form a complex containing FLOWERING LOCUS D (FD) and 14-3-3 proteins, to form the 

FDï(14-3-3)ïFT/TSF complex. In young seedlings, FT expression is repressed by 

FLOWERING LOCUS C (FLC) through the vernalization and autonomous pathways. FT 

expression is also repressed by TEMPRANILLO (TEM) proteins and proteins from the 

APETALA2-like family, such as APETALA2 (AP2) (not shown), TARGET OF EAT 1 (TOE1) 

and SCHLAFMUTZE (SMZ). At the SAM, the floral integrator SUPPRESSOR OF 

OVEREXPRESSSION OF CO (SOC1) promotes flowering and its expression is regulated by 

the FDï(14-3-3)ïFT/TSF complex and GA levels (the gibberellin pathway). The SQUAMOSA 

PROMOTER BINDING PROTEIN LIKE 15 (SPL15) (not shown) transcription factor acts 

downstream of GA to promote flowering under SDs by activating FRUITFUL (FUL) and 

MIR172 transcription. The different floral induction pathways converge to promote the 

expression of floral integrator such as FUL meristem identity genes such as APETALA1 

(AP1) and LEAFY (LFY) that lead to the formation of flower primordia. Figure from (Kim, 

2020). 

 

1.2 Structure and characteristics of the Arabidopsis shoot apical meristem 

 

Meristems in plants maintain a continuous population of stem cells that are initially 

established during embryogenesis. These cells divide and are recruited for growth of the 
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surrounding tissues (reviewed in Gaillochet et al., 2015). The primary root apical meristem 

(RAM) provides cells for root elongation, whereas the primary shoot apical meristem (SAM) 

gives rise to all aerial organs of the plant and integrates genetic pathways and environmental 

signals that regulate floral transition. Secondary meristems such as axillary meristems derive 

from primary meristems (e.g. the SAM or RAM). In contrast to the RAM, the identity of the 

SAM changes when floral induction occurs in response to optimal environmental conditions 

(Kinoshita and Richter, 2020). Thus, after integration of the flowering-time pathways, the 

SAM undergoes morphological changes and genetic reprogramming to produce floral 

primordia, which initiate the reproductive organs. The floral meristem is determinate and 

forms four types of floral organs: sepals, petals, stamens and carpels. By contrast, the SAM 

is indeterminate and continuously forms lateral organs until the end of inflorescence growth.  

1.2.1 Meristem structure and organ initiation  

The upper first cell layer of the meristem (L1) and the first two primordia delimit the SAM. It 

can be separated into three zones: the central zone (CZ) which is located at the apex and 

contains the stem cells, the peripheral zone (PZ) which surrounds the CZ laterally and where 

primordia are formed, and the rib zone (RZ) that generates the stem and is located below the 

CZ (Figure 1.3A; reviewed in Fletcher, 2018). The depth of the CZ extends through three 

layers, from the L1 to the L3. The CZ contains the pluripotent stem cells and after mitosis, 

the daughter cells are displaced into the PZ, where they are recruited for lateral-organ 

initiation. The cell reservoir within the CZ is maintained by the organising centre (OC), which 

is located between the CZ and the RZ. The WUSCHEL (WUS) gene is expressed within the 

OC but the WUS protein, which is a homeodomain transcription factor, is also detected in the 

PZ and the CZ (Yadav et al., 2011). WUS migrates to the CZ where it activates CLAVATA 3 

(CLV3) transcription, and CLV3 peptide in turn moves to the OC and triggers transcriptional 

repression of WUS (Mayer et al., 1998; Brand et al., 2000; Yadav et al., 2011). Thus, an 

essential function of CLV3 is to restrict WUS expression to the OC (Brand et al., 2000; 

Schoof et al., 2000). The wus mutant has a small flat meristem whose activity terminates 

after the formation of a few deformed flowers (Schoof et al., 2000). A reduction in CLV3 

activity leads to an enlarged CZ and SAM (Clark et al., 1995; Schoof et al., 2000; Reddy and 

Meyerowitz, 2005). The WUS/CLV3 feedback loop is thus necessary to maintain SAM 

identity, SAM size and cell division (reviewed in Fletcher, 2018). A second homeodomain 

transcription factor, SHOOTMERISTEMLESS (STM), is expressed at the SAM and is 

required for the maintenance of a pool of undifferentiated stem cells (Long et al., 1996; Su et 

al., 2020). In stm-1 and stm-5 mutants, cell divisions in the apical region of the embryo do not 

occur and no SAM is formed (Endrizzi et al., 1996; Long et al., 1996). In partial loss-of-

function alleles of STM, such as stm-2 and stm-6, a disorganised SAM is formed but organ 

phyllotaxis is affected, and leaf-like structures are produced before premature meristem 
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arrest (Endrizzi et al., 1996). STM prevents the differentiation of stem cells into lateral organs 

by negatively regulating ASYMMETRIC LEAVES 1 (AS1), which encodes a MYB-domain 

transcriptional repressor that is broadly expressed in leaves and flowers (Byrne et al., 2000; 

Sun et al., 2002). STM also interacts with WUS at the CLV3 promoter to increase its activity 

(Su et al., 2020).  

Organogenesis at the SAM is mainly regulated by hormones and transcription factors 

(reviewed in Gaillochet et al., 2015), which also determine the position of the newly formed 

organs in a process known as phyllotaxis. In plants such as Arabidopsis that form organs in a 

spiral phyllotaxy, the divergence angle between successively initiated organs is about 137° 

following a clockwise spiral arrangement (Galvan-Ampudia et al., 2020). In large meristems, 

phyllotaxis on the main shoot is disrupted, so organs are formed in an irregular pattern 

(Landrein et al., 2015). The plastochron, which is defined as the time interval between the 

initiation of two successive organs at the SAM, is also tightly regulated. In Arabidopsis, the 

plastochron of floral primordia is about 10 to 14 hours (Galvan-Ampudia et al., 2020). The 

transcription factors SPL9 and SPL15 regulate the leaf plastochron and meristem size (Wang 

et al., 2008). Cytokinin promotes mitosis via MYB-DOMAIN PROTEIN3R-4 (MYB3R4) 

activity at the SAM (Zuo et al., 2021). Because cytokinin promotes cell division, the hormone 

is necessary for lateral organ initiation (Bartrina et al., 2011). Auxin waves and local auxin 

maxima via PIN-FORMED 1 (PIN1) and AUXIN RESISTANT 1 (AUX1) generate sites of 

accumulation of local auxin that prepattern the positions of lateral organ initiation in an 

appropriate phyllotaxy (Reinhardt et al., 2003; Galvan-Ampudia et al., 2020). Moreover, in 

addition to hormonal flux, lateral-organ phyllotaxis is affected by cell-wall composition and 

xyloglucan levels (Zhao et al., 2019). The plasticity of the cell cytoskeleton and the cell wall 

probably limit organogenesis. Changes in meristem size and shape also accompany floral 

transition. During this process the SAM becomes larger due to increases in cell number and 

size, and characteristic changes in SAM shape occur, referred to as doming (Kinoshita et al., 

2020). This phenomenon is partially dependent on GA biosynthesis and signalling (Kinoshita 

et al., 2020). At the SAM, therefore, the combined functions of transcription factors as well as 

hormone synthesis and signalling tightly regulate the stem cell population, meristem size and 

the initiation of lateral organs with an appropriate phyllotaxis. 

1.2.2 The fate of the shoot apical meristem  

Summer-annual Arabidopsis has a short lifespan and flowers rapidly under LD conditions 

(Hensel et al., 1993). A major role of the Arabidopsis inflorescence meristem is to maximize 

the number of fertile flowers formed by the plant (Hensel et al., 1994). The cessation of 

inflorescence meristematic activity is accompanied by whole-plant senescence. This 

phenomenon is called global proliferative arrest (GPA) and determines plant longevity 
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(Hensel et al., 1993; Hensel et al., 1994; Wuest et al., 2016), because the later GPA occurs, 

the longer is the plant lifespan. It is proposed that maintenance of a stem cell population in 

the SAM is responsible for plant longevity, because the SAM of the wus mutant terminates 

prematurely (reviewed in Schoof et al., 2000; Dijkwel and Lai, 2019). GPA is characterized 

by a reduction in mitotic activity, programmed cell death, cell vacuolation, the production of 

reactive oxygen species (ROS) and ABA responses (Wuest et al., 2016; Wang et al., 2020). 

By four weeks after bolting, the area of the SAM decreases by up to one-third of that at 1 

week after bolting (Wang et al., 2020). This reduction in meristem size is accompanied by a 

depletion of WUS and then CLV3 (Wang et al., 2020). Another study revealed that FUL and 

AP2 contribute to GPA (Balanzà et al., 2018). Indeed, meristem arrest also results from an 

increase in the expression of FUL and an associated but indirect decrease in AP2 mRNA 

(Balanzà et al., 2018; Martínez-Fernández et al., 2020). In the ful mutant, the duration of 

meristem activity is extended because of prolonged WUS activity and upregulation of the 

AP2-like genes, especially AP2 and SNZ (Balanzà et al., 2018). The ful mutant produces 

more flowers on the main shoot than wild type, probably because of longer meristem activity 

(Balanzà et al., 2018). The pOpON:AP2m3 transgenic line expresses a modified AP2 mRNA 

that is resistant to recognition and degradation by miR172, and is expressed from the 

chemically inducible pOpON promoter (Martínez-Fernández et al., 2020). After application of 

dexamethasone to induce expression of the resistant AP2 form in arrested meristems, the 

SAM is re-activated and the initiation of flowers resumes (Martínez-Fernández et al., 2020). 

This confirms that the AP2/FUL module regulates GPA in Arabidopsis and that AP2 function 

is sufficient to re-activate stem-cell activity.  

The mechanisms that control Arabidopsis SAM arrest have been proposed to be related to 

those involved in bud dormancy/outgrowth of axillary meristems (AM; Kaufmann et al., 2010; 

Yao and Finlayson, 2015; Gonzalez-Grandio et al., 2017; Martínez-Fernández et al., 2020). 

Bud dormancy predominantly occurs in perennial plants such as poplar, in which reduced 

ABA sensitivity increases lateral bud outgrowth (Arend et al., 2009). During GPA at the SAM 

of Arabidopsis, reduced AP2 activity was proposed to induce the ABA response and reduce 

cytokinin signalling (Martínez-Fernández et al., 2020). Consistent with the involvement of 

ABA as well as other hormone signalling pathways, the exogenous application of GA or 

cytokinin cannot re-activate arrested meristems in Arabidopsis (Hensel et al., 1994); 

however, exogenous application of the synthetic auxin naphthalene acetic acid (NAA) 

triggers premature GPA (Ware et al., 2020). Mutation of the F-box CORONATINE 

INSENSITIVE 1 (COI1) jasmonic acid (JA) co-receptor results in an extreme delay of 

meristem arrest and the coi1 mutant in the Arabidopsis thaliana Wassilewskija (Ws) ecotype 

produces about 300 flowers on the main shoot (Lee et al., 2013). WUS transcription is no 

longer detectable during meristem arrest in Ws, although WUS expression remains high at 
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the same age after sowing in the coi1 mutant (Lee et al., 2013). These studies show that 

auxin, ABA and JA are involved in determining plant longevity.  

 In summary, complex genetic interactions occur at the SAM of Arabidopsis to regulate 

floral induction and meristem identity, up to GPA. This ensures rapid flowering and seed 

dispersal at an optimal time in a given environment. However, how transcription factors 

involved in floral transition, such as AP2 and FUL, also regulate meristem arrest remains 

poorly understood, and it suggests that some of these factors might act throughout 

inflorescence development having different roles at particular stages. It is therefore of 

interest to study genes associated to AP2 and FUL, such as FD and FDP, and determine 

whether they are involved in meristem arrest. Furthermore, ChIP-seq and transcriptomic 

analyses indicate that FD and FDP regulate ABA related genes (Romera-Branchat et al., 

2020) suggesting a link between both bZIPs and the meristematic arrest activities.  

1.3 Plant architecture and fitness 

 

The conversion of the SAM into an inflorescence meristem is accompanied by elongation of 

the main shoot. Similar to the root system, Arabidopsis inflorescences are also branched and 

the branches arise from the axils of leaves on the primary inflorescence. The primary 

inflorescence, or main shoot, consists of cauline leaves that subtend the branches, flowers 

and, after fertilization, siliques. These structures are organised into phytomers: each 

phytomer consists of a node with a leaf, an axillary meristem and a segment of stem termed 

the internode that separates two adjacent nodes. The floral phytomer is composed of a 

flower that in some species is subtended by a leaf-like structure called a bract, but in other 

species, including Arabidopsis, the bract is suppressed (reviewed in Chandler, 2012; Wang 

et al., 2018). Meristematic activity zones that are formed in Arabis alpina during shoot 

development have been described in detail (Vayssières et al., 2020). Similarly, two distinct 

inflorescence zones can be defined in Arabidopsis. They consist in the succession of 

phytomers of two types. In inflorescence zone 1 (I1) at the base of the inflorescence, the 

lateral organs are cauline leaves, and axillary meristems are formed in the axils that give rise 

to inflorescence branches. Higher up on the stem, the I2 zone consists of lateral organs that 

are individual flowers attached to the main shoot by a pedicel. At these nodes the axillary 

meristem is converted to a floral meristem, and the subtending cauline leaf is suppressed 

(Figure 1.3B). Varying the time of transition from I1 to I2 contributes to plant architecture, and 

potentially has a dramatic effect on the seed yield of the plant and thereby its fitness.  

1.3.1 Inflorescence and shoot growth 

A huge variety of inflorescence morphologies exist among angiosperms. The Arabidopsis 

inflorescence is a simple raceme, in which flowers are formed directly on the main stem and 
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are attached to it by a short pedicel. By contrast that of Pisum sativum is a compound 

raceme in which flowers are not formed directly on the main shoot, but this produces leaves 

subtending lateral branches, and only the lateral branches harbour the flowers (Sussmilch et 

al., 2015). Grass inflorescences are more complex than those of dicots and different aerial 

structures are formed (reviewed in Koppolu and Schnurbusch, 2019). The increased 

complexity of sequential meristem transitions in certain grass species leads to a higher level 

of branching. The rice inflorescence is a branched panicle, which derives from a series of 

meristem transitions: vegetative meristems firstly transition into inflorescence meristems, but 

instead of producing flowers, these produce branch meristems. The branch meristems 

elongate and produce spikelet meristems, which in turn, initiate the floret meristems that 

generate the reproductive organs. The spike inflorescence of barley is not produced by 

branch meristems, but by several spikelet meristems that each give rise to a single floret 

meristem. In members of the Solanaceae, such as the tomato, Solanum lycopersicum, the 

inflorescence is a cyme and derives from repeated meristem branching (reviewed in Perilleux 

et al., 2014). After the vegetative growth phase, the tomato SAM transitions into a floral 

meristem and terminates, but initiates an axillary meristem that produces leaves and 

ultimately a new inflorescence meristem before maturing into the flower meristem. This 

sympodial process repeats to form the inflorescence; however, how many nodes the 

inflorescence meristem forms before terminating varies greatly among cultivars creating 

large differences in inflorescence architecture and height. In view of the diversity of 

inflorescence architecture, understanding the molecular-genetic basis of meristem identity 

changes and meristem branching mechanisms is important in maximizing seed production 

during the breeding of crop cultivars, and to understand how it is optimized by natural 

selection to maximize fitness in natural populations 

 

In Arabidopsis, stem growth refers to primary growth that consists of the vertical elongation 

of the stem, and secondary growth, which causes an increase in stem width. Cell division at 

the RZ contributes to stem elongation (reviewed in Serrano-Mislata and Sablowski, 2018). 

Transversal sections of the stem show the radial pattern of the epidermis, the cortex, the 

endodermis, the vasculature and the pith. Understanding how the stem elongates is of 

particular interest in explaining inflorescence development, and it involves communication 

between stem tissues. The peptides EPIDERMAL PATTERNING FACTOR-LIKE (EPFL) 4 

and EPFL6 function together with the membrane-located receptor protein kinase ERECTA 

(ER) in phloem-to-endodermis communication (Uchida et al., 2012). These molecules are 

necessary for stem growth, because er and epfl4 epfl6 mutants have shorter stems than wild 

type (Uchida et al., 2012). FUL promotes stem elongation in part by repressing SMALL 

AUXIN UPREGULATED RNA 10 (SAUR10; Bemer et al., 2017). Higher-order mutants for 
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genes encoding the auxin receptor F-box proteins have very short stems under LD 

(Dharmasiri et al., 2005), demonstrating the importance of auxin in shoot elongation. One 

role of auxin is to promote GA biosynthesis by upregulating GA 2-OXIDASE (GA2OX) genes 

(Frigerio et al., 2006). Concordantly, mutants deficient in GA synthesis or signalling show a 

dwarf-like phenotype. Low GA levels resulting from loss of GIBBERELLIN ACID REQUIRING 

1 (GA1) function or the abolition of GA perception by mutating three GIBBERELLIN-

INSENSITIVE DWARF 1 (GID1) GA receptors abolishes stem elongation (Griffiths et al., 

2006). Furthermore, the stem phenotype of GA biosynthetic mutants, such as ga1, is 

rescued by exogenous GA4 application and GA4 application also increases stem elongation 

in wild type (Koorneef et al., 1985; Griffiths et al., 2006). GA1 participates in GA biosynthesis 

(Sun and Kamiya, 1994) and the GA GID1 receptors induce degradation of DELLA proteins 

in the presence of GA (Nakajima et al., 2006). Therefore, mutation of the DELLA gene 

REPRESSOR OF ga1-3 (RGA) in the triple gid1 background partially rescues the stem 

phenotype of the triple gid1 mutant (Griffiths et al., 2006). This underlines the importance of 

GA in triggering the degradation of the growth-suppressing DELLA proteins to regulate plant 

height.  

1.3.2 Floral integrators affect floral reversion and meristem identity  

Some Arabidopsis mutants display floral reversion, which affects reproductive success. In 

these cases, the inflorescence meristem initially forms flowers and then reverts to the 

initiation of vegetative organs such as leaves, bracts or aerial rosettes, from which new 

inflorescences initiate. For example, reversion occurs on the main shoot of ft and soc1 ful 

double mutants under LD (Melzer et al., 2008; Liu et al., 2014). Mutation of LFY results in an 

increase in the number of cauline leaves and leaf-like structures on the main shoot, 

essentially extending I1, and is suggestive of partial reversion (Weigel et al., 1992). In pea, 

the FD orthologue, VEG2, promotes floral transition but also maintains the identity of the 

floral meristem, because floral reversion is observed in the veg2 mutant (Sussmilch et al., 

2015). The orthologue FDa in Medicago truncatula regulates inflorescence development, 

notably by upregulation of MtTFL1 in inflorescence meristems, and mtfda produces I1-like 

branches instead of flowering I2 structures (Cheng et al., 2021). However, floral reversion 

does not occur in the Arabidopsis fd mutant. Interestingly, combination of the fd or ft 

mutations with lfy enhances the floral development defects of lfy, and this occurs at least in 

part through the transcriptional activation of AP1 by FD (Ruiz-Garcia et al., 1997; Abe et al., 

2005). Therefore, LFY and FD/FT potentially have at least partially redundant roles in the 

activation of AP1 and probably other genes involved in floral and inflorescence development 

because they bind several common target genes (Collani et al., 2019; Romera-Branchat et 

al., 2020; Zhu et al., 2020; Jin et al., 2021). Moreover, the combination of either fd or ft with 
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stm enhances the inflorescence defects of weak stm alleles and the double mutants have an 

increased number of solitary cauline leaves (Smith et al., 2011).  

 

In floral meristems, high expression levels of LFY and AP1 promote floral development 

(Mandel et al., 1992; Weigel et al., 1992), but floral meristems are determinate and cease 

activity after floral organs are initiated. By contrast, the Arabidopsis primary SAM is 

indeterminate, continuing to form primordia and lateral organs indefinitely, but ectopic 

expression of AP1 at the SAM in tfl1 mutants causes the production of a precocious terminal 

flower (Bowman et al., 1993; Hanano and Goto, 2011). How the activity of the floral 

integrators LFY, TFL1 and AP1 and their homologues in other plant species regulate 

inflorescence identity has been reviewed in detail (Benlloch et al., 2007).This emphasises 

that a major function of TFL1 is to ensure the appropriate expression of the floral genes 

within floral primordia, and their exclusion from the SAM to ensure indeterminacy of the 

inflorescence meristem. Intriguingly, mutation of the acyl-CoA N-acyltransferase gene 

HvMND1 in barley causes the reversion of spikelets into branch meristem-like organs, which 

coincides with the downregulation of AP1 and FUL homologues and the upregulation of two 

TFL1-like genes in inflorescences (Walla et al., 2020).  

 

Thus, comparative genetic analysis suggests that floral integrators of the 

photoperiodic pathway and homeotic genes determine meristem identity and that this role 

may be common to diverse angiosperm species. Whether FD in Arabidopsis continuously 

targets floral integrators and other genes to regulate inflorescence development and how this 

is related to GPA remains uncharacterised. Deciphering the downstream targets of FD which 

reflect flowering-independent functions of FD is therefore of interest. 

 

 1.3.3 Axillary meristems, secondary inflorescences and apical dominance 

Axillary meristems (AM) initiate in the axils of leaves, including cauline leaves, and 

subsequently behave similarly to the SAM: an AM initiates leaf primordia and transitions into 

an inflorescence meristem that produces flowers. After stem elongation of Arabidopsis, the 

AMs from the axils of some rosette leaves give rise to secondary inflorescences (Figure 

1.3B). AMs that initiate in the axils of cauline leaves on the main shoot can also develop into 

primary cauline-leaf branches (reviewed in Xue et al., 2020). The AMs of rosette-leaf axils 

are mostly dormant in Arabidopsis and their outgrowth is dependent on the genetic 

background, hormone level and environmental conditions (reviewed in Xue et al., 2020). 

Similar to the SAM, the activity of the AM depends on the WUS/CLV feedback loop and on 

STM (Shi et al., 2016; Xin et al., 2017). Expression of STM confers AM identity and is 

followed by WUS transcription. A stable OC and CZ dynamic is only reached at stage 5 of 
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AM development (Xin et al., 2017), which corresponds to a visible AM flanked by leaf 

primordia.  

Some Arabidopsis mutants show defects in secondary inflorescence or primary cauline-leaf 

branch formation. For instance, the transcription factor LATERAL SUPPRESSOR (LAS) is a 

major contributor to rosette shoot branching and loss of LAS inhibits secondary inflorescence 

outgrowth (Greb et al., 2003). SPL9 and SPL15 bind to LAS DNA fragments in Y1H and 

EMSA assays and repress LAS transcription (Tian et al., 2014). The upregulation of LAS in 

AMs of the spl9 spl15 double mutant might contribute to the observed increased branching 

phenotype (Schwarz et al., 2008). Loss-of-function of MORE AXILLARY BRANCHES 1 

(MAX1) and MAX2 results in an increase in the number of secondary inflorescences 

(Stirnberg et al., 2002). The expression of BRANCHED 1 (BRC1) is downregulated in max1 

and max2 mutants (Aguilar-Martínez et al., 2007). More secondary inflorescences are 

produced in the brc1 mutant (Aguilar-Martínez et al., 2007). Moreover, the increased 

branching phenotype of max1 is suppressed by exogenous strigolactone (SL) application, 

suggesting that SL inhibits axillary bud outgrowth (Gomez-Roldan et al., 2008). However, the 

synthetic strigolactone analogue GR24 does not reduce the number of secondary 

inflorescences of Arabidopsis wild-type plants (Gomez-Roldan et al., 2008). It has been 

suggested that instead of directly inhibiting branching, SL inhibits auxin transport via PIN1 

and its modulation by MAX proteins, which reduces auxin levels in the bud and thus 

promotes dormancy (Shinohara et al., 2013). More bud outgrowth is observed in the ABA-

biosynthesis mutant aba2-1 than in wild type under low and high R:FR light (Yao and 

Finlayson, 2015). The growth rate of axillary branches has been linked to several plant 

hormones, including auxin and ABA (Chatfield et al., 2000). Interestingly, lateral branches of 

ft tsf show slower growth under LD than those of wild type (Hiraoka et al., 2013); however, 

the mechanism that underlies how FT regulates branch growth remains unknown. In 

summary, the balance between plant hormone transport and signalling determines the 

dormancy or outgrowth state of the AMs.  

Lateral bud outgrowth is strongly promoted by decapitation of the main shoot (Ongaro and 

Leyser, 2008), suggesting that the SAM of the main shoot inhibits outgrowth of the axillary 

meristems, which is termed apical dominance. After decapitation, lower buds show a 

decrease in BRC1 expression and more rapid lateral branch outgrowth (Seale et al., 2017). 

Thus, mutants with defects in apical dominance show reduced stem height and more 

secondary inflorescences. For instance, tfl1 shows an increase in branching and a reduction 

in the height of the main shoot height (Alvarez et al., 1992). Similarly, more secondary 

inflorescences arise from the rosettes of max1 and max2 mutants and the height of the main 

stem is reduced (Stirnberg et al., 2002). Apical dominance relates to sourceïsink 
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communication and the involvement of sugars, auxin, SL and cytokinins, several models 

have been proposed to explain its precise regulation (reviewed in Kebrom, 2017).  

 

 

 

 

 

 

 

 

 

 

Figure 1.3 The organisation of the Arabidopsis shoot apex and inflorescence.  

A, Schematic representation of the Arabidopsis shoot apex. A regulatory feedback loop 

between WUSCHEL (WUS) in the organising centre (OC) and CLAVATA3 (CLV3) in the 

central zone (CZ) maintains the population of stem cells within the CZ. In the peripheral zone 

(PZ), undifferentiated cells that are displaced from the OC are recruited for the initiation of 

lateral organs, such as leaves or flowers. Cell divisions in the rib zone (RZ) contribute to 

stem elongation and provide cells that differentiate into the vasculature. B, Representation of 

Arabidopsis inflorescence architecture. The SAM produces rosette leaves as lateral organs 

during vegetative growth. After floral transition, the stem elongates and the inflorescence 

meristem produces two types of phytomers: 1) internodes subtending cauline leaves that 

initiate axillary meristems in their axils to create inflorescence zone 1 (I1; in yellow); and 

subsequently during development, 2) internodes that contain flowers supported on pedicels 

without subtending bracts to form inflorescence zone 2 (I2; in blue). The main shoot formed 

by the activity of the SAM is called the primary inflorescence. The rosette leaves have the 

potential to initiate axillary meristems in their axils that produce rosette-leaf branches also 

known as secondary inflorescences. The axillary meristems from the axils of cauline leaves 

become cauline-leaf branches that also produce flowers and further branches. Illustrations 

modified from (Wang et al., 2018). 

 1.3.4 Silique production 

As plants age, the main shoot elongates and during the inflorescence phase the number of 

nodes containing flowers and siliques progressively increases (Wang et al., 2020). There is 

evidence that the number of siliques present on the main stem influences the duration of 

inflorescence growth. Mutations that impair flower fertility increase the number of nodes, 

measured as fruits, formed on the main shoot (Hensel et al., 1994; Balanzà et al., 2019). 
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Fruit production terminates first on the main shoot and the cauline branches, whereas 

secondary inflorescences continue to produce fruits for slightly longer times (Ware et al., 

2020). Fruit removal delays meristem arrest causing the inflorescence to form more nodes, 

and this effect is proposed to be related to sourceïsink connections between the SAM and 

the fruits (Balanzà et al., 2018; Ware et al., 2020). Mutants such as tfl1 and ga1 have shorter 

main shoots and produce fewer siliques on the main shoot than wild type (Koornneef and 

van der Veen, 1980; Shannon and Meeks-Wagner, 1991; Hensel et al., 1993; Hensel et al.; 

Hanano and Goto, 2011). Notably, mutation of FD in Ler accession leads to an increased 

production of fruit on the main shoot, although each flower is fully fertile (Hensel et al., 1994; 

Gorham et al., 2018). Mutation of the FD orthologue in Medicago truncatula MtFDa1 results 

in fewer flowers on the axillary branches (Cheng et al., 2021; Zhang et al., 2021). 

CYTOKININ OXIDASE 3 (CKX3) and CKX5 are expressed at the shoot apex and encode 

enzymes involved in cytokinin degradation (Bartrina et al., 2011). A double ckx3 ckx5 mutant 

has a larger SAM, more fruits and larger floral organs than those of wild type (Bartrina et al., 

2011). An increase in fruit number in accessions of Brassica napus was associated with 

increases in biomass, photosynthesis and auxin-related processes (Li et al., 2020). 

Furthermore, during the initial stage of inflorescence meristem development, the vegetative 

SAMs of these Brassica napus accessions were similar in size, regardless of the number of 

fruits produced. However, a difference in SAM size was visible at later stages of IM 

development, after the production of several buds (Li et al., 2020). This suggests that fruit 

number does not necessarily correlate with meristem size.  

There is therefore communication between the siliques and the inflorescence meristem 

that underlies a feed-back mechanism controlling the number of flowers and ultimately fruits 

and seeds formed on each shoot. The role of transcription factors such as FD that have been 

implicated in floral transition and shoot determinacy in this process remains unclear. 

1.4 Aims of the project: The multiple roles of the bZIP transcription factor FD in plant 

development 

 

The complex genetic and signalling networks that regulate floral transition in Arabidopsis are 

well understood, especially the photoperiodic pathway. For example, direct downstream 

targets of the FDï(14-3-3)ïFT/TSF complex include FUL, SEP3 and AP1 (Collani et al., 

2019; Romera-Branchat et al., 2020; Zhu et al., 2020). FD is expressed at the SAM at the 

floral transition and spatiotemporally regulates FUL and AP1 transcription (Jung et al., 2016; 

Romera-Branchat et al., 2020). However, in addition to its function in regulating flowering 

time at the SAM, FD is also expressed in the SAM during the early stages of seedling 

development (Romera-Branchat et al., 2020). Thus, FD binds to many DNA loci, but which of 
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its direct targets are regulated by FD at specific stages in shoot development and what their 

functions are at these times remain unclear. Thus, the first objective of this project is to 

identify a subset of FD targets specifically during floral transition by performing RNA-seq 

followed by FD induction and to assess the function of these targets.  

Transcription of FUL is increased by FD and SPL15, under LD and SD conditions, 

respectively, but it is unknown how the activities of these transcription factors are prioritized 

or how they converge on the regulation of FUL expression. Moreover, the cis-regulatory 

motif(s) to which FD binds in the FUL promoter to activate its transcription are also unknown. 

Thus, the second goal is to identify these motifs and investigate how they relate to regulation 

by FD and SPL15.  

Thirdly, Arabidopsis FD orthologues in other species affect inflorescence development and 

fruit number (Hensel et al., 1994; Gorham et al., 2018; Cheng et al., 2021; Zhang et al., 

2021). Therefore, I aim to perform a detailed phenotypic analysis of the Arabidopsis fd 

inflorescence, to characterise whether FD regulates inflorescence development in 

Arabidopsis after floral induction. Inflorescence architecture and meristem activity are largely 

regulated by plant hormones. Therefore, as FD is closely related to a clade of bZIPs involved 

in ABA signalling, an additional aim is to study whether FD and the ABA signalling pathway 

interact at the SAM to regulate flowering and inflorescence development.  

The overall aim of this PhD thesis is to understand better how the FD bZIP 

transcription factor affects floral transition via the photoperiodic pathway, notably by 

regulating FUL, and how FD regulates inflorescence architecture, which has not been 

characterised in Arabidopsis.  
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Chapter 2. Temporal role of FD at the shoot apical meristem of 

Arabidopsis thaliana during the floral transition 

 

2.1 Introduction 

The floral transition of Arabidopsis thaliana is promoted by long daylengths. The protein FT 

and its partner FD are components of the photoperiodic flowering pathway. Together with the 

stabilizing 14-3-3 proteins, they form a large transcriptional complex that promotes flowering 

in diverse plant species, including Arabidopsis and rice (Abe et al., 2005; Wigge et al., 2005; 

Lifschitz et al., 2006; Taoka et al., 2011). FD physically binds to and regulates genes 

involved in the floral transition, such as SOC1 and FUL, or those in the formation of floral 

primordia, such as SEP3 and AP1 (Schmid et al., 2003; Abe et al., 2005; Wigge et al., 2005; 

Collani et al., 2019; Romera-Branchat et al., 2020). The temporal activation of gene 

expression can be observed in wild-type plants transferred from short days (SDs), where 

they remain vegetative, to LDs, where flowering is induced. The SOC1 and FD transcripts 

rapidly increase in abundance at the meristem within 1ï3 days following transfer (Torti et al., 

2012). Although a recent RNA-seq experiment using the fd-2 and an fd-2 mutant transgenic 

for pFD::GFP:FD showed no difference in SOC1 expression after transfer to LDs, an 

increase in FUL expression was first detected in the complemented line (Collani et al., 2019). 

As plants underwent floral transition, AP1 transcripts increased on the fifth day, when floral 

primordia begin to be formed (Collani et al., 2019). Similar results were observed by in situ 

hybridization using wild-type plants growing under continuous LDs. Transversal sections of 

the SAM showed accumulation of FUL mRNA at 14 LD, followed by AP1 mRNA only at 17 

LD in floral primordia (Romera-Branchat et al., 2020). In addition, this temporal regulation 

was supported by ChIP-qPCR assays, where GFP:FD protein was highly enriched at the 

FUL promoter before the AP1 promoter (Jung et al., 2016). Therefore, FD binds to and 

activates direct targets in temporally distinct patterns during the floral transition. 

 The fd mutant is late flowering under LD conditions and can partially suppress the 

early-flowering phenotype caused by overexpression of FT (Abe et al., 2005; Wigge et al., 

2005). Both FD mRNA and protein are localized at the SAM under LD (Abe et al., 2005; 

Wigge et al., 2005; Romera-Branchat et al., 2020). The FT mRNA is transcribed in the leaf 

vasculature (Yamaguchi et al., 2005; Corbesier et al.) and FT protein moves to the SAM, 

where it displaces the repressor protein TFL1 from a complex with FD (Ahn et al., 2006; 

Jaeger et al., 2013). Prior to the translocation of FT, the FDïTFL1 complex is proposed to 

repress floral transition. The FD expression pattern becomes broader during floral transition 

but is then excluded from the floral primordia, which is proposed to be due to direct feedback 

repression by AP1 (Kaufmann et al., 2010; Romera-Branchat et al., 2020).  
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Floral transition is considered to be a dynamic balance of FD interactors with several 

feedback loops of regulation to prevent early flowering or premature termination of the SAM 

(Ahn et al., 2006; Jaeger et al., 2013). Moreover, FD protein accumulates at the SAM at an 

earlier stage, only 2ï3 days after germination (Romera-Branchat et al., 2020). These 

observations emphasise the spatiotemporal action of FD, which is modulated by potential 

interactors before, during, and after the floral transition. The precise timing in which FD is 

needed to promote the floral transition is so far unknown. In this chapter, I aim to detect the 

first target genes activated by FD in vegetative fd SAMs by using inducible transgenic lines, 

and to study how these genes relate to the floral transition.  

 

2.2 Results 

2.2.1 Characteristics of the late-flowering fd-3 mutant grown under long-day 

photoperiods 

FD is a floral integrator that promotes the floral transition under LD conditions (Abe et al., 

2005; Wigge et al., 2005). To summarize the role of FD in Arabidopsis, I compared 

phenotypic and molecular traits shown by Col-0 and fd-3 (Figure 2.1). The total leaf number 

at bolting can be used as a proxy to measure the floral transition. Under LD-conditions, the 

bolting of fd-3 was delayed and the total number of leaves produced was statistically 

significantly greater than that of wild-type Col-0 plants (Figure 2.1A, B). Under SD conditions, 

no differences between the flowering phenotype of wild-type Col-0 and fd-3 were observed 

(Figure 2.1A, B). These results confirm that FD promotes the floral transition under inductive 

LD conditions. To compare the development of the shoot apical meristem of Arabidopsis with 

and without FD, I analysed the morphology of wild-type and fd-3 meristems using confocal 

microscopy. In LD cabinets, the floral transition of Col-0 occurred at about 12 LD according 

to the doming of the SAM, and was followed by the formation of the first floral primordia at 

about 14 LD (Figure 2.1C). The doming of the SAM in fd-3 was visible significantly later, from 

17 LD, and the first floral primordia were detected around 20 LD. Therefore, the 

developmental transition in fd-3 was delayed compared with that in Col-0 by approximatively 

one week. The fd-3 mutant had a longer vegetative phase, which is consistent with more 

leaves being produced by the vegetative meristem (Figure 2.1B). The accumulation of 

VENUS:FD protein at the SAM was imaged in fd-3 complemented with FD::VENUS:FD 

(Romera-Branchat et al., 2020). The fusion protein was detected in the nuclei of cells of the 

upper part of the shoot apical meristem as well as those on the abaxial side of the leaf 

primordia (Figure 2.1D). In this transgenic line, doming of the SAM occurred at about 11 LD 

and flower primordia were formed by day 14. The pattern of VENUS:FD expression 

coincided with FD mRNA expression patterns detected by in situ hybridization (Romera-
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Branchat et al., 2020) and the protein was continuously present at the SAM from 7 LD to 14 

LD, that is, from the vegetative to the reproductive stages.  

 This analysis of fd-3 is consistent with published data (reviewed in Kinoshita and 

Richter, 2020) and demonstrates a clear role for FD in promoting floral transition under LD at 

the SAM.  

Figure 2.1. Characteristics of the late-flowering fd-3 mutant under long-day photoperiod.  

A, Photographic image showing the late-flowering phenotype of fd-3 compared with Col-0 after 

5 weeks under long days (LD) and 11 weeks under short days (SD). B, Flowering time 

presented as total leaf number under LD (left panel) and SD (right panel) conditions. The 

number of plants used for each measurement is shown in white text. Error bars represent ±SD 

(two-tailed Studentôs t-test ***p < 0.01). C, Morphological changes of Col-0 and fd-3 mutant 

apices during the floral transition at the indicated time points. Red asterisks indicate floral 

primordia. Samples were fixed in 4% PFA, soaked in Clearsee for one week and Renaissance 

staining was added one day before imaging by confocal microscopy. D, Accumulation of 

VENUS:FD protein expressed from the FD::VENUS:FD construct in fd-3 mutant plants under 

LDs at the indicated time points. Scale bars represent 50 µm.    

2.2.2 An inducible FD transgene complements the fd-3 mutation  

Complementation lines carrying the genomic locus of FD have been described to suppress 

the late-flowering phenotype of fd mutants (Collani et al., 2019; Romera-Branchat et al., 

2020). To test whether the induction of FD complements the fd-3 late-flowering phenotype, a 

chimeric open reading frame was constructed that encodes the ligand binding domain of the 

human glucocorticoid receptor (GR) inserted at the N-terminus of FD in the context of the 

genomic locus of FD. This construct was transformed into the fd-3 mutant background using 

A. tumefaciens. The fusion protein, named GR:FD, is expected to be sequestered in the 

A. B. D. 

C. 
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cytoplasm in the absence of steroid ligand, and the transgenic FD::GR:FD fd-3 plants should 

therefore behave like the fd-3 mutant under LD conditions. Induction of GR:FD by application 

of the steroid dexamethasone (DEX) should trigger the floral transition through enabling 

translocation of GR:FD to the nucleus, thereby inducing FD function and the transcriptional 

activation of its target genes (Figure 2.2A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Continuous DEX treatment from day 7 onwards partially complements 

FD::GR:FD fd-3 transgenic mutant plants.   

A, Schematic diagram of the mechanism of induction of the inducible FD::GR:FD fd-3 line. 

After DEX application, the GR:FD protein moves to the nucleus to activate its targets. This 

promotes floral transition and the rescue of the late-flowering phenotype of fd-3 plants. B, 

Morphology of 7-day-old wild-type and fd-3 mutant plants assessed by confocal microscopy 

and measurements of width and height from 2D images (n = 14 and 10, respectively, for 

each genotype). Measurements were performed using Fiji software. The width was defined 

as the length between two emerging primordia and the height was measured from the middle 

of the width to the top of the apex. C, Total leaf number (TLN) of eight FD::GR:FD fd-3 

transgenic T3 lines under long days. Plants were subjected to no treatment (NT), DEX (10 

µM) or mock (EtOH) solutions. For Col-0, n = 12; for fd-3, n = 12; for FD::GR:FD fd-3, n = 2-

10. Values for genotypes with the same letter do not differ significantly from each other 

(ANOVA, Tukeyôs HSD test). 

 

A. 

B. 

C. 
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Because evidence points to an early regulatory role for FD (Romera-Branchat et al., 2020), 

confocal microscopy was used to assess the meristem shape of wild type and fd-3 at early 

time points (7 LD; Figure 2.2B, left panel). The meristem width and height of both genotypes 

were similar (Figure 2.2B, right panel). Therefore, I tested eight stable homozygous 

FD::GR:FD lines for complementation of the fd-3 mutation under LD in the greenhouse. The 

plants were treated every three days with mock (EtOH 10 µM) or DEX (diluted in EtOH, 10 

µM) from day 7 until the appearance of a visible floral bud. In the absence of DEX treatment, 

most of the lines flowered similarly to fd-3, with the exception of lines #8 and #9 (Figure 

2.2C). This indicates no leakiness of the construct for the majority of the transgenic lines. 

The total leaf number of all FD::GR:FD fd-3 lines treated with DEX was similar to that of wild-

type Col-0, confirming the complementation of the lines and functional FD:GR activity. Line 

#4 was not a suitable candidate for further study because of a high variability in total leaf 

number of the DEX-treated individuals. Complementation of the fd-3 mutant phenotype of 

DEX-treated plants of lines #10 and #30 was not as effective as that for the lines #7, #19 and 

#23. The lines #19 and #23 were therefore selected for further experiments.  

 

A flowering-time experiment was performed with the lines #19 and #23 in a LD cabinet 

(Figure 2.3A). The centre of the plant was brushed every three days with either a mock or 

DEX solution from the seventh day after sowing onwards until the inflorescence buds 

emerged (Figure 2.3A). Flowering time, defined as time to bolting or total leaf number, was 

not significantly different between mock-treated FD::GR:FD plants (lines #19 and #23) and 

mock- or DEX-treated fd-3. However, continuous DEX treatment of the transgenic lines 

caused them to flower earlier, and led to partial complementation of the fd-3 phenotype in 

terms of number of days to bolting and total leaf number (Figure 2.3A and B). The response 

to DEX in the transgenic line #19 appeared stronger than in the line #23, which showed 

higher variation within the population. Thus, the transgenic line FD::GR:FD #19 was selected 

for future experiments. RT-qPCR analysis using tissues enriched for 17-LD apices revealed 

that the lines #19 and #23 expressed higher levels of FD mRNA than wild type and fd-3, 

indicating the presence of exogenous FD mRNA in the transgenic lines (Figure 2.3C). 

Analysis showed that the levels of FUL and AP1 were lower in the FD::GR:FD fd-3 #19 and 

#23 genotypes compared with the wild type, supporting no leakiness of the GR:FD protein. 

The higher mRNA levels in the wild-type plants indicates that the floral transition as well as 

the formation of the flower primordia occurred. In conclusion, FD::GR:FD fd-3 #19 is a 

suitable genetic background in which to study the effects of induction of FD function by the 

application of DEX.    
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Figure 2.3. Induction of GR:FD promotes flowering of fd-3 mutants.    

A, Flowering time of Col-0, fd-3 and FD::GR:FD fd-3 #19 and #23 under long days (LDs). 

Continuous 10 µM DEX treatment rescued the fd-3 late-flowering mutant and partially the 

total leaf number (TLN). Mock- and DEX-treated genotypes are represented by green and 

orange boxes, respectively. Each dot represents one individual plant; n = 11ï12. Values for 

genotypes with the same letter do not differ significantly from each other (ANOVA, Tukeyôs 

HSD test). B, Photographic image of the plants after continuous DEX treatment after 30 LDs. 

The flowering time of FD::GR:FD transgenic lines #19 and #23 treated with DEX were similar 

to Col-0, whereas mock-treated plants were phenotypically similar to the fd-3 mutant plants. 

C, Real time qPCR on 17-day old apices of Col-0, fd-3 and the two transgenic FD::GR:FD 

lines #19 and #23. Similar FRUITFULL (FUL) and APETALA1 (AP1) expression levels in the 

FD::GR:FD and fd-3 lines suggest no leakiness of the GR:FD construct. The data are means 

for biological triplicates ±SD and statistics were performed with one-way ANOVA and post-

hoc Tukeyôs HSD test (p < 0.05).  

2.2.3 The GR:FD fd-3 meristems continuously treated with DEX solution undergo 

floral transition earlier than those only treated once 

The FTïFDï14-3-3 complex promotes floral transition at the SAM when the active repressive 

role of TFL1 is overcome (Kobayashi et al., 1999; Abe et al., 2005; Wigge et al., 2005; 

Hanano and Goto, 2011; Zhu et al., 2020). The fd mutation partially suppresses the early-

A. 

B. 

C. 
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flowering phenotype of 35S::FT plants (Abe et al., 2005; Wigge et al., 2005). Furthermore, 

introducing the fd mutation into the ft mutant delays even more the floral transition (Jang et 

al., 2009). Although FT is referred to as the co-activator of FD, the binding of FD to its DNA 

target is apparently independent of this partner (Collani et al., 2019). Although FD has 

redundant functions with FT, the bZIP transcription factor also acts independently of FT. To 

investigate whether FD protein is necessary and sufficient to induce the floral transition in fd-

3, the effect of a single induction of GR:FD was compared with the effect of multiple 

inductions. Previously, I showed that multiple DEX applications restore the flowering 

phenotype of fd-3 due to induction of FD activity (Figures 2.2C and 3A). To test whether FD 

activity is needed either transiently or for an extended period, transgenic plants were treated 

at different developmental stages and with different frequencies. In all treatment conditions, 

the fd-3 and mock-treated FD::GR:FD plants displayed a late-flowering phenotype compared 

with the wild type (Figure 2.4).  

 

Figure 2.4. The rescue of the fd-3 late-flowering phenotype by GR:FD depends on the 

DEX treatment frequency. 

Flowering time of Col-0 and fd-3 compared with that of the FD::GR:FD fd-3 #19. Total leaf 

number (TLN) and day at 1-cm bolting were scored under LD. Plants were treated with either 

mock (EtOH, green) or DEX (10 µM, orange) at the indicated time points (12LD, 14LD, 16LD, 

18LD and 20LD); n = 11ï15. Values for genotypes with the same letter do not differ 

significantly from each other (ANOVA, Tukeyôs HSD test). 

 

A single DEX treatment at 12 LD caused a reduction of three leaves on average, compared 

with the mock-treated plants, but no statistically significant differences in days to bolt or total 

leaf number were detected. Partial rescue of the late-flowering phenotype (measured as leaf 

number) of fd-3 was observed in the DEX-treated plants at 12 LD+14 LD+16 LD as well as in 

the 12 LD to 20 LD treated plants (Figure 2.4). Because DEX-treated plants at 12, 14 and 16 

LD had similar leaf numbers as the DEX-treated plants from 12 LD to 20 LD, I hypothesize 

little contribution of FD to floral induction at days 18 and 20. Furthermore, only the plants 

treated with DEX every two days from 10 LD to 20 LD displayed a leaf-number phenotype 
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comparable to that of the wild-type, suggesting that FD activity promotes flowering between 

10 LD and 12 LD. Remarkably, the date for 1-cm bolting of DEX-treated plants at 12+14+16 

LD and from 12 LD to 20 LD was similar to that of the wild type (Figure 2.4), suggesting that 

the contribution of FD to this bolting phase can occur before day 16.  

 

To confirm that early application of DEX affects floral transition, the SAM morphology was 

documented by confocal microscopy. The inflorescence meristem of 17-day-old Col-0 plants 

harboured flower primordia, whereas fd-3 meristems at this time point did not (Figure 2.5A). 

In all treatment regimes, mock-treated FD::GR:FD plants displayed vegetative meristems at 

day 17 (Figure 2.5B). Inflorescence meristems were observed at 17 LD in FD::GR:FD plants 

DEX-treated at 12 LD, 10+12 LD and 10+12+14+16 LD with visible flower primordia. No 

flower primordia were visible on 17-day-old plants after a single DEX treatment at 10 LD, but 

the meristem was highly domed, suggesting that floral induction was well advanced. The 

meristem width of 17-day-old FD::GR:FD plants was reduced by two DEX treatments at days 

10 to 12, four treatments from days 10 to 16, and two treatments at 12 and 14 LD (Figure 

2.5C). Meristems of FD::GR:FD and Col-0 plants after treatment at days 10 to 12 and days 

10 to 16 were morphologically similar. These results suggest that FD activity around days 10 

to 12 has an important role in regulating SAM width. The height of the SAM of DEX-induced 

plants did not differ significantly from that of Col-0 after four treatments from 10 LD to 16 LD, 

but did with either of the other treatments (Figure 2.5C). Taken together, the results indicate 

that repeated DEX treatment from day 10 onwards is required for most effective 

complementation of the FD::GR:FD fd-3 transgenic lines, suggesting a continuous role for 

FD in the floral transition throughout this period. One single induction of FD is sufficient to 

initiate the floral transition but not enough to rescue the late-flowering phenotype of fd-3 

compared with the wild type. The continuous requirement for FD is consistent with its 

expression pattern, and suggests that it might directly activate different targets at several 

stages of the floral transition, or that continuous activation of the same targets might be 

required. 
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Figure 2.5. Higher frequency of GR:FD induction restores SAM morphology.   

A, A 17-day-old meristem of fd-3 and Col-0 (upper and lower panel, respectively). B, 17-day-

old meristems of FD::GR:FD fd-3 #19. The plants were treated with either mock (EtOH, 

upper panel) or DEX (10 µM, lower panel) at the indicated time points. Red asterisks indicate 

floral primordia and scale bars represent 50 µm. C, Width and height of 17-day-old 

meristems. The Col-0 and fd-3 plants received no treatment, whereas the transgenic 

FD::GR:FD #19 plants were treated at the indicated time points with mock (ñmò; green boxes) 

or DEX (orange boxes). The mock-treated FD::GR:FD #19 meristems were clustered into ñmò 

for visual comparison and each dot represent an individual meristem; the legend on the right 

refers to mock-treatment time points. Measurements of 2D images were performed with Fiji 

as described in Figure 2. Values for genotypes with the same letter do not differ significantly 

from each other (ANOVA, Tukeyôs HSD test). Represented meristems are shown in the 

images in A, and B.  

2.2.4 Single induction of FD leads to changes in floral gene expression 

The early floral integrators such as FUL and SOC1 initiate floral transition (Torti et al., 2012). 

Development of flower primordia coincides with an increase in expression of floral meristem 

identity genes such as AP1, which is expressed in stage 1 primordia, and SEP3, which first 

appears in late stage 2 primordia (Mandel and Yanofsky, 1998; Wigge et al., 2005). One 

induction of GR:FD at 12 LD led to the formation of flower primordia after 5 days, and a 

B. A. 

C. 
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reduction in rosette leaf number compared with that of fd-3 (Figures 2.4 and 2.5B). The effect 

of this single DEX application on floral integrator and floral meristem identity gene expression 

was also tested. The FD::GR:FD fd-3 line #19 was treated once during the vegetative stage, 

at day 12. After five days, floral primordia were observed in most of the dissected meristems 

of DEX-treated plants but not in those of mock-treated plants (Figure 2.5A). To investigate 

further the effect of FD induction, RT-qPCR was conducted on RNA extracted from tissues 

harvested 6 and 8 h after single DEX or mock treatment of 12 LD plants. No consistent 

differences were found for SOC1, FUL, SEP3 and AP1 mRNA levels between DEX- and 

mock-treated samples (Figure 2.6A). Only the mRNA level of FUL was significantly higher in 

the DEX-treated samples, but could not be repeated (independent experiments not shown). 

RT-qPCR analysis following two consecutive DEX treatments at day 10 and 12 revealed 

similar levels of AP1 and FUL between the mock and DEX samples, 20 h after treatment 

(Supplementary Figure 2.1A). Because the floral transition is a continuous process rather 

than a sudden switch, gene expression was monitored for several days after treatment. Five 

days after single DEX treatment, the levels of SOC1 and FUL mRNAs were greater in the 

DEX samples compared with the mock, by 1.5- and 2.3-fold, respectively (Figure 2.6B). 

Similarly, SEP3 and AP1 expression increased five days after DEX treatment. This result 

correlates with the confocal images and the timing of initiation of the floral primordia in Figure 

2.5A. In addition to flowering-time data and confocal microscopy images, inflorescences 

formed by these plants were photographed. The inflorescence of FD::GR:FD fd-3 plants 

resembled that of fd-3 with one treatment and several DEX treatments led to rapid 

development of the inflorescence compared with the mock-treated plants (Supplementary 

Figure 2.2A and B; Figure 2.3). The morphology of the inflorescence of the single-treated 

FD::GR:FD fd-3 plants was not presented in these images (Supplementary Figure 2.2A). 

 Several days of treatment are therefore required to detect changes in floral integrator 

gene expression after GR:FD induction, which are required for the initiation of floral 

primordia.   

A. 

B. 
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Figure 2.6. Induction of GR:FD causes transcriptional changes in flowering-time genes 

at the shoot apical meristem. 

A, RT-qPCR on 12-day-old apices of FD::GR:FD fd-3 #19 transgenic plants. Tissues 

enriched for apices were dissected 6 and 8 h after DEX (10 ɛM) or mock treatments. Levels 

of SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1), FRUITFULL (FUL), 

SEPALLATA 3 (SEP3) and APETALA1 (AP1) are shown. The data are means for three 

biological replicates ÑSD and statistics were performed using the Studentôs t-test. Mock and 

DEX of each time point were compared (*p < 0.05). Green and orange correspond to mock- 

and DEX-treated plants, respectively. B, RT-qPCR on FD::GR:FD fd-3 #19 transgenic plants. 

Treatments were performed at day 12 and tissues enriched for apices were dissected 1, 3 

and 5 days after DEX (10 ɛM) or mock treatments. Data represent fold changes in 

expression between the DEX and mock samples. The data are means ±SD for three 

technical replicates of one biological replicate.  

2.2.5 Genome-wide transcriptomic analysis of GR:FD confirms temporal activity   

FD physically binds to target genes, mostly at their promoter regions (Collani et al., 2019; 

Romera-Branchat et al., 2020; Zhu et al., 2020). The activation of some FD targets is 

dependent on the spatiotemporal activity of FD (Jung et al., 2016; Romera-Branchat et al., 

2020). To identify early targets of FD necessary for the floral induction, I harvested samples 

to study genome-wide transcriptomic changes at the SAM after DEX application in 

FD::GR:FD #19. Biological triplicates of 12-day-old samples enriched for meristems were 

harvested before treatment as a control (Figure 2.7A; referred to as time 0). The centre of the 

apex of each individual treatment plant was then brushed with either mock or DEX solutions 

and meristem-enriched tissues were harvested 8 h after the treatment and then every 24 h 

for 5 days. Although morphological changes at the SAM were detected between DEX- and 

mock-treated samples, a PCA plot showed little difference between the transcriptomes of 

mock- and DEX-treated samples at the same time point (Supplementary Figure 2.3, Figure 

2.7B). Analysis of the RNA-seq data comparing DEX and mock for a single time point 

identified almost no differentially expressed genes (DEGs). However, the samples diverged 

over the time course (colour gradient in Figure 2.7B) compared with the untreated time 0 (t0). 

This is presumably due to the growth and development of the plants over the five days, 

because the mock- and DEX-treated plants behaved similarly. In this study, all the data sets 

were compared with t0 for mock- and DEX-treated sample, and DEGs specific to the DEX 

samples were selected (Figure 2.7A). Cut-offs of a log2(fold change) of 1.5 and a p-value of 

0.05 were applied. The DEGs were compared with the list of 306 genes involved in the floral 

transition compiled from the literature (Kinoshita and Richter, 2020). Several genes involved 

in the floral transition and flower development were found (Figure 2.7C). For instance, FUL 

mRNA levels were higher in the DEX samples 3 days after treatment compared with at t0, 

and this was not true for the mock-treated samples at day 3 (Figure 2.7C-D). Consistent with 

floral induction, MIR157A levels were downregulated after DEX application (Wang et al., 

2009). Increase of TFL1 after FD induction suggests previous hypothesis that the FDï TFL1 
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is required to repress genes and maintain the reproductive meristematic identity (Benlloch et 

al., 2007; Hanano and Goto, 2011). The levels of AP1 and FPF1 mRNAs were higher 

specifically in the DEX samples 4 days after the treatment, and LFY and SPL4 were more 

highly expressed at day 5. Interestingly, the temporal activation of FUL and AP1 observed in 

this analysis is consistent with previous reports (Figure 2.7C-D; Collani et al., 2019; Romera-

Branchat et al., 2020).  

 

Figure 2.7. Transcriptome analysis of 12-day old FD::GR:FD transgenic plants after 

DEX treatment. 

A, Design of the RNA-seq experiment with enriched apices of FD::GR:FD #19 under long 

days (LD). The apices of the plants were brushed with either DEX (10 ɛM) or ethanol (mock) 

at 12 LD. Time 0 corresponds to the time point at which the samples were harvested prior to 

treatment. Tissues enriched for apices were harvested 8 h after treatment and every 24 h for 

5 days. B, Principal component analysis plot of all RNA-seq time-course samples. C, Table 

of the genes involved in floral transition and flower development that were differentially 

expressed specifically in the DEX samples compared with those at time 0. Genes in bold 

were differentially expressed for two consecutive days. D, Gene count comparisons by 

DESeq2ôs median of ratios. Normalisation was shown for FRUITFULL (FUL) and APETALA1 

(AP1). Asterisks indicate significant differences in gene expression specifically in the DEX 

samples (p < 0.05) compared with those at time 0. Boxplots were calculated from the three 

biological replicates of the mock (green) and DEX (orange) samples.  

 

A. B. D. 

C. 
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Next, all the DEGs were compared with published ChIP-seq lists of FD (Collani et al., 2019; 

Romera-Branchat et al., 2020; Zhu et al., 2020). The RNA-seq supports a direct regulatory 

role of FD at the loci of FUL, FPF1, AGAMOUS-LIKE 42 (AGL42), MIR157A in floral 

induction and LFY, PUCHI, SEP1 and AP1 in floral development (Supplementary Table 1). 

These genes are temporally regulated by FD. Moreover, transcriptomic analysis revealed 

targets that are so far not associated with the floral transition. Some of these genes are MYB 

DOMAIN PROTEIN 47 (MYB47), MYB8, AITR1 and HOMEOBOX PROTEIN 53 (HB53) 

(Supplementary Table 1). For example. AITR1 and HB53 are known to be involved in the 

ABA-signalling pathway (Gonzalez-Grandio et al., 2017; Tian et al., 2017). These genes can 

be new components of the FD genetic pathway, independent of the floral transition.  

2.2.6 Transcriptomic analysis of GR:FD reveals genetic control of DREB2A by FD  

To analyse specifically the first targets of FD, I focused the analysis on the time point 0.3 (8 h 

after treatment, 12 LD plants). GO-term analysis of the 621 in total genes from the DEX list 

showed a greater representation of stress-related genes (Figure 2.8A). Among these 621 

genes, about 13.8 % (97 genes) were specific to the DEX treatment (Figure 2.8B, in orange). 

From these, 27 genes were bound by FD in ChIP-seq assays (Figure 2.8C, Table 2.1; 

(Collani et al., 2019; Romera-Branchat et al., 2020; Zhu et al., 2020). These genes are 

mainly involved in the regulation of biological processes but also in response to stress and 

stimuli (Figure 2.8D). Brushing plants with solution containing Silwet L-77 stressed the plant 

and most likely contributed to such responses, even if the genes selected were specific to 

the DEX treatment. Next, to study the differences in expression between the mock- and 

DEX-treated samples, volcano plots of the 27 selected genes bound by FD were displayed 

(Figure 2.9A). GALACTINOL SYNTHASE 2 (GolS2) and HECATE 1 (HEC1) were 

preferentially bound by FD and had a log2(fold change) of about 2 (Table 2.1). By contrast, 

DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN2A (DREB2A) and 

AT4G28290 were found in one of the ChIP-seq lists with a log2(fold change) approaching the 

cut-off. The normalised count of these genes was displayed (Figure 2.9B) and to test their 

regulation by FD, the overexpression line 35S::HA:FD was used (Romera-Branchat et al., 

2020). Analysis by RT-qPCR using RNA extracted from 10-day-old seedlings showed an 

increase in DREB2A expression compared with that of Col-0 (Figure 2.9C). The other three 

selected genes did not show a difference at this seedling stage, even if GolS2, for instance, 

was preferentially bound by FD. To test the effect of multiple FD induction on DREB2A 

expression, RT-qPCR was performed with samples treated at day 10 and day 12. However, 

this analysis revealed no differences in gene expression 20 h after the treatment 

(Supplementary Figure 2.1B). The dreb2a-2 showed no flowering phenotype under LD 

compared with that of the Col-0, suggesting little role for DREB2A in flowering (Figure 2.9D). 

C. 
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Figure 2.8. Selection of differentially induced genes for the inducible FD::GR:FD #19 

line after 8 h of treatment and GO-term enrichment analysis. 

A, Bar graph illustrating the GO-terms of the 621 genes that were significantly more highly 

expressed in the DEX samples at 8 h compared with at time 0 (p-value < 0.05, log2(fold 

change) Ó 1.5). B, A Venn diagram displaying the number of upregulated and downregulated 

genes from mock (green) and DEX (orange) treatments at time 8 h compared with at time 0 

in 12-day-old tissues enriched for apices. A cut-off p-value < 0.05 and the log2(old change) Ó 

1.5 were used. The percentage represents the specific proportion of differentially expressed 

genes in the DEX samples. C, A Venn diagram comparing the overlap of genes bound and 

regulated by FD in the FD::GR:FD fd-3 #19 inducible line at time 8 h with four ChIP-seq lists 

(Collani et al., 2019; Romera-Branchat et al., 2020; Zhu et al., 2020). D, Representation of 

two clusters from the GO-term analysis of all differentially expressed genes in the DEX 

samples 8 h after treatment. For each circle, the more intense the red, the higher the P-

value. The agriGO (reference TAIR9) and REVIGO online tools were used with default 

parameters.  

D. 

C. 

A. B. 



Chapter 2. Temporal role of FD at the shoot apical meristem of Arabidopsis thaliana during the floral transition 

| 49  
 

Locus 
Identifier 

Symbol Gene Description - Araport11 log2FC padj Bound 

AT4G38550 AT4G38550 
phospholipase-like protein (PEARLI 4) family 
protein 1.6171 0.0000 Z 

AT1G16850 AT1G16850 transmembrane protein 1.5714 0.0008 Z 
AT4G33985 AT4G33985 membrane insertase, putative (DUF1685) 1.7303 0.0000 Z 
AT4G16140 AT4G16140 proline-rich family protein   -1.5060 0.0000 Z 
AT1G07135 AT1G07135 glycine-rich protein   2.0480 0.0129 Z 

AT3G48360 BTB AND TAZ DOMAIN PROTEIN 2 (bt2) 
Encodes a protein (BT2) that is an essential 
component of the TAC1-mediated telomerase 
activation pathway 1.5514 0.0001 Z 

AT2G26150 
HEAT SHOCK TRANSCRIPTION FACTOR 
A2 (HSFA2) 

member of Heat Stress Transcription Factor (Hsf) 
family -2.0553 0.0007 Z 

AT3G03450 RGA-LIKE 2 (RGL2) 
Encodes a DELLA protein, a member of the GRAS 
superfamily of putative transcription factors -1.6231 0.0000 Z 

AT1G72760 AT1G72760 Protein kinase superfamily protein   -1.9110 0.0023 R 
AT1G75800 AT1G75800 

Pathogenesis-related thaumatin superfamily 
protein   1.5040 0.0000 R 

AT4G27530 AT4G27530 hypothetical protein   -2.1332 0.0345 R 
AT5G05320 AT5G05320 FAD/NAD(P)-binding oxidoreductase family protein 1.6246 0.0033 R 
AT1G67855 AT1G67855 hypothetical protein   -2.4901 0.0067 R 
AT1G20440 COLD-REGULATED 47 (COR47) Belongs to the dehydrin protein family 1.5914 0.0000 R, Z, C 

AT1G69570 CYCLING DOF FACTOR 5 (CDF5) 
CDF5 is a circadian regulated transcript that is 
antiphasic with respect to its natural antisense 
transcript (NAT) FLORE (AT1G69572) -1.5429 0.0023 R, Z, C 

AT5G05410 DRE-BINDING PROTEIN 2A (DREB2A) 
Encodes a transcription factor that specifically 
binds to DRE/CRT cis elements 1.5579 0.0014 R 

AT1G56600 GALACTINOL SYNTHASE 2 (GolS2) 
GolS2 is a galactinol synthase that catalyzes the 
formation of galactinol from UDP-galactose and 
myo-inositol -2.3171 0.0020 C, R, Z 

AT3G24500 
MULTIPROTEIN BRIDGING FACTOR 1C 
(MBF1C) 

One of three genes in A. thaliana encoding 
multiprotein bridging factor 1, a highly conserved 
transcriptional coactivator -1.7102 0.0000 R 

AT3G57520 SEED IMBIBITION 2 (SIP2) 
SIP2 encodes a raffinose-specific alpha-
galactosidase that catalyzes the breakdown of 
raffinose into alpha-galatose and sucrose 1.5127 0.0000 R, Z 

AT3G15360 THIOREDOXIN M-TYPE 4 (TRX-M4) 
Encodes a prokaryotic thioredoxin The mRNA is 
cell-to-cell mobile 1.5222 0.0000 R, Z 

AT1G06570 PHYTOENE DESATURATION 1 (PDS1) 
Mutation of the PDS1 locus disrupts the activity of 
p-hydroxyphenylpyruvate dioxygenase (HPPDase) -1.6099 0.0000 C,Z 

AT2G34430 
LIGHT-HARVESTING CHLOROPHYLL-
PROTEIN COMPLEX II SUBUNIT B1 
(LHB1B1) 

Photosystem II type I chlorophyll a/b-binding 
protein 1.6950 0.0000 C, Z 

AT2G47780 LD-ASSOCIATED PROTEIN 2 (LDAP2) Encodes a small rubber particle protein homolog -1.7380 0.0000 C, Z 
AT4G11370 RING-H2 FINGER A1A (RHA1A) Encodes a putative RING-H2 finger protein RHA1a 1.6062 0.0011 C, Z 
AT4G28290 AT4G28290 hypothetical protein   -1.8217 0.0001 C 

AT5G15970 KIN2 

Encodes a gene that can be induced by cold and 
abscisic acid and may be involved in cold 
acclimation and salt tolerance. The mRNA is cell-
to-cell mobile 1.6496 0.0017 C,Z 

AT5G67060 HECATE 1 (HEC1) 
Encodes a bHLH transcription factor that is 
involved in transmitting tract and stigma 
development 1.9383 0.0384 C,Z 

 

Table 2.1 Transcriptome analysis of the FD::GR:FD fd-3 inducible line reveals new 

putative FD targets. 

A list of 27 genes selected from all time points of the RNA-seq time course. Each gene was 

significantly differentially expressed in the DEX samples compared with time 0. Genes were 

selected with a cut-off p-value Ò 0.05 and a log2(foldchange) Ó 1.5. ChIP-seq identified genes 

bound by VENUS:FD (Romera Branchat et al., 2020; referred to as ñRò in the legend), 
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GFP:FD (Collani et al., 2019; annotated ñCò) and GFP:FD from the FD promoter (Zhu et al., 

2020; annotated ñZò). 

Figure 2.9. FD regulates DREB2A expression in Arabidopsis thaliana. 

A, Volcano plots showing the log2(fold change) in gene expression after mock (upper panel) 

or DEX (lower panel) treatment after 0.3 days compared with time 0. The y-axis represents 

the statistical significance (log10-adjusted p-value). The selected 19 deltaDEX genes with at 

least a 2.8-fold increase in expression are annotated and displayed with larger dots. B, Gene 

count comparisons by DESeq2ôs median of ratios. Normalisation counts were shown for 

DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN 2 (DREB2A; AT5G05410), 

HECATA 1 (HEC1, AT5G67060), Galactinol synthase 2 (GolS2; AT1G56600) and 

AT4G28290 genes. C, Validation of FD target genes in 35S::HA:FD and fd-3 mutants by 

real-time qPCR in 10-day-old samples. The data are means for biological triplicates ±SD and 

were statistically analysed using ANOVA followed by Tukeyôs HSD test (p < 0.05). D, 

Flowering time of Col-0 and dreb2a-2. Total leaf number (TLN) was scored under LD; for 

Col-0, n = 46; for dreb2a-2, n = 16. Values for genotypes with the same letter do not differ 

significantly from each other (ANOVA, Tukeyôs HSD test).  

 

Stringent cut-offs and RNA-seq at an early time point after DEX induction strongly 

suggested DREB2A to be a target of FD. However, DREB2A loss-of-function mutant could 

not be linked to the floral induction. These results suggest a role for FD and DREB2A at 

different developmental stages such as during stress responses. 

 

 

 

 

C. 

A. 
B. 

D. 
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2.2.7 Removal of TFL1 does not promote gene expression after FD induction 

The effect of FD on the timing of the floral transition depends on interaction with its partner 

proteins TFL1 and FT. The presence of FT at the SAM overcomes the negative role of 

TFL1ïFD under LD (Jaeger et al., 2013; Zhu et al., 2020). The weak differences in gene 

expression observed after GR:FD induction in the fd-3 background by RNA-seq (Figure 2.7B) 

might be due to repression by TFL1. To test the regulatory role of FD in the absence of its 

repressor, the FD::GR:FD fd-3 #19 line was crossed to tfl1-18 fd-3 (Dr. A. Pajoro). First, RT-

qPCR was performed to assess the expression of specific genes involved in the floral 

transition. At day 12, tfl1-18 fd-3 FD::GR:FD #19 plants were brushed once with either mock 

or DEX solution. Tissues enriched for apices were harvested 20 h and 3 days after 

treatment. No differences in gene expression were detected for AP1, FUL, SEP3 or DREB2A 

(Figure 2.10). This indicates that repression by TFL1 did not prevent detection of gene 

expression changes in the previous experiments (Figures 2.6, 2.7 and Supplementary Figure 

2.1).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. 

Suppression of 

TFL1 does not 

change the 

expression of 

selected genes after FD induction in the tfl1-18 fd-3 FD::GR:FD background. 

Expression of FD target genes in tfl1-18 fd-3 FD::GR:FD #19. Analysis was conducted on 

APETALA1 (AP1), FRUITFULL (FUL), SEPALLATA 3 (SEP3) and DEHYDRATION-

RESPONSIVE ELEMENT BINDING PROTEIN 2 (DREB2A) mRNA. Plants were treated with 

either mock or DEX solution at day 12 and tissues enriched for apices were harvested at the 

indicated time points (either 20 h after treatment or 3 days after treatment). The data are 

means for biological triplicates ±SD and were statistically analysed using ANOVA followed by 

Tukeyôs HSD test (p < 0.05).   
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2.3 Discussion 

 2.3.1 Induction of FD in the fd-3 vegetative meristem   

Induction of the activity of transcription factors using exogenously applied chemicals is a 

powerful means to identify their downstream targets and determine their role in controlling 

developmental responses. Induction systems with dexamethasone have been implemented 

in Arabidopsis and are widely used to study biological processes such as root development 

(Santuari et al., 2016), floral transition and flower development (Simon et al., 1996; Wagner 

et al., 1999; William et al., 2004; Ecker et al., 2006; Gunl et al., 2009) and genome-wide 

analysis of inflorescence transcriptome (Goslin et al., 2017). The system relies on fusion of 

the protein of interest, usually a transcription factor, and the ligand-binding domain of the 

glucocorticoid receptor (GR) from mammals. The receptor is held in the cytoplasm in the 

absence of its steroid ligand and can be released to the nucleus on the application of DEX 

(Yamaguchi et al., 2015). Therefore, after DEX application the fusion proteins move to the 

nucleus and the transcription factor regulates target genes. This system allows rapid 

induction of protein activity, because the fusion protein is already present in the cytoplasm of 

the cells prior to DEX application. Direct target genes can therefore be identified by 

identifying genes that are induced on application of DEX in the presence of a translational 

inhibitor, such as cycloheximide. A disadvantage of this method is that the GR fusion might 

affect the activity of the transcription factor, and it is not straightforward to determine when 

DEX has activated the activity of the transcription factor, as this depends on shuttling from 

the cytoplasm to the nucleus. A second strategy depends on the activation of a synthetic 

transcription factor, such as LhG (Craft et al., 2005), by DEX application, and this then 

activates transcription of the gene of interest via the LhG target promoter. This system has 

the advantage that the expression of the gene of interest in response to DEX application can 

be followed by real-time qPCR, but has the disadvantage that it is slower, because the gene 

of interest must be transcribed and translated after DEX application.  

 

In this chapter, inducible FD::GR:FD fd-3 transgenic lines were generated to understand 

better the role of FD at the floral transition. A low DEX concentration was used in this study 

to better mimic endogenous processes. Single induction of FD did not fully complement the 

fd-3 late-flowering phenotype (Figure 2.4, Supplementary Figure 2.2A). However, single 

induction of FD at day 12 did promote early flower primordium initiation as detected by 

microscopy (Figure 2.5B, Supplementary Figure 2.3). These morphological changes were 

followed by transcriptional activity related to the floral transition, particularly 4 and 5 days 

after DEX application (Figures 2.6C and 2.7C). Indeed, although rapid gene effects are 

usually detected after DEX induction (Yamaguchi et al., 2015), rapid transcriptional changes 

of known FD-regulated, target genes (e.g. FUL and AP1) were not detected after DEX 
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induction (Figure 2.6B). Three to five days were required to observe upregulation of FUL and 

AP1 compared with the mock samples (Figures 2.6C and 2.7C, D). The more the transgenic 

plants were treated with DEX solution, the stronger was the observed complementation of 

the fd-3 flowering phenotype (Figures 2.3A and 2.4). But even two consecutive DEX 

treatments at day 10 and 12 did not promote a rapid response in FUL and AP1 expression 

(Supplementary Figure 2.1). This indicates that FD regulates targets before FUL. Some 

transcription factors require the activation of their own cofactors to regulate downstream 

genes (Yamaguchi et al., 2015). Because FD is continuously present at the SAM, even 

before floral induction, it is also possible that FD cofactors are required before the floral 

induction, discussed in more details in section 2.3.3. Another possibility is that 12-day-old 

meristems of fd-3 mutants are qualitatively different to those of the wild type, and therefore 

respond to FD activity less effectively. Similarly, in the absence of FD, floral repressors may 

accumulate to high levels, and antagonize FD activity on its target genes. A related 

possibility was tested for TFL1 by introducing GR:FD into the tfl1 mutant background, but this 

did not enable more rapid induction of target genes (Figure 2.10). Other floral repressors 

such as SVP or AP2 may antagonize FD function. Lastly, it is not known how much FD is 

required within the meristematic tissues to trigger floral transition, and whether functions in 

different tissues are required. For instance, it would be interesting to study the flowering 

phenotype of the SUC2::FD fd and the fd compared with the wild type. 

 

In Arabidopsis, meristem width and area increase towards the floral transition, and decrease 

when flower primordia are formed (Figure 2.1C; Kinoshita and Richter, 2020; Wang et al., 

2020). In ft tsf mutant plants, the area of the meristem is bigger than that in Col-0 (Kinoshita 

et al., 2020), and fd meristem area is bigger than that in Col-0 (Figure 2.1C; personal 

communication from Dr. M. Cerise). Early induction of FD at day 7 followed by multiple DEX 

applications are necessary to trigger floral induction and to restore the wild-type flowering 

phenotype (Figures 2.3A and 2.4). The 17-day-old inflorescence meristem of Col-0 was 

smaller than that of fd-3, and coincided with the presence of inflorescence primordia (Figure 

2.5). Four DEX treatments (day 10 to 16) led to the developmentally most advanced 

inflorescence meristems compared with those after three, two or single treatments (Figure 

2.5). The most-induced meristem had the smallest size, which is consistent with a reduction 

in meristematic size due to flower production (Wang et al., 2020). Because early DEX 

treatments are needed to restore the fd-3 phenotype, I hypothesize that: 1) the floral 

transition is a gradual process that involves a cascade of steps initiated by FD to result in the 

formation of flower primordia, and the presence of FD coactivators may partially determine 

the timing of different steps; and 2) the timing of FT arrival at the SAM is likely crucial to 
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regulate gene expression by the FAC, and has not been thoroughly described (Abe et al., 

2019).  

2.3.2 Identification of the early targets of FD 

To identify the earliest targets regulated by FD after induction, I performed transcriptomic 

analysis on samples enriched for apices in a time course from day 12. No differences in gene 

expression were detected between mock and DEX by direct comparison of the same time 

points (Figure 2.7B). The harvested samples were enriched for apices, but contained part of 

the stem, vasculature and leaf primordia. Therefore, the induction of gene expression by FD 

may have been diluted by tissues lacking FD expression. One other possibility concerns 

whether the DEX concentration used in this assay was sufficient, but 10 µM DEX has widely 

been used in successful transcriptomic analyses (Yamaguchi et al., 2015). Nevertheless, by 

comparing each time point to the t0 sample and selecting DEGs specific to the DEX samples 

with stringent cut-offs to reduce false discoveries, I was able to identify genes specific to FD 

induction. The DEGs identified 8 h after treatment were compared with available ChIP-seq 

lists and 27 genes were selected (Table 2.1). These genes may be bind and regulated by FD 

before that of FUL. An important part of these genes has not been characterised or has not 

been linked to the floral transition. For instance, the GALACTINOL SYNTHASE 2 (GolS2) 

encodes for an enzyme responsible of higher galactinol levels during drought-stress 

conditions (Taji et al., 2002) and seems to be the strongest FD target from the RNA-seq. It 

displays a negative fold change of -2.3 and the locus of GolS2 is bound by FD in three 

independent ChIP-seq assays (Collani et al., 2019; Romera-Branchat et al., 2020; Zhu et al., 

2020). However, the level of GolS2 in over-expression line of FD were similar to that of Col-0 

(Figure 2.9C). The CYCLING DOF FACTOR 5 (CDF5) was downregulated after FD 

induction. Mutation of CDF5 triggers early flowering under LD and SD conditions (Fornara et 

al., 2009), suggesting a direct role for FD in CDF5 downregulation to promote flowering. It 

would be interesting to cross cdf5 with fd and assess the flowering time. It is known that 

mutations at HECATE 1 (HEC1) and HEC3 genes in the hec1 hec3 mutant led to an early-

flowering phenotype (Gaillochet et al., 2018). Although HEC1 transcription was slightly 

upregulated after 8 h of induction (Figure 2.9B, Table 2.1), the increase could not be 

confirmed in the overexpression line of FD (Figure 2.9C). However, upregulation of the 

DREB2A gene was confirmed in the FD overexpression line and appears the best candidate 

as a novel FD target (Figure 2.9C). Overexpression of the constitutively active form of 

DREB2A led to a late-flowering phenotype (Qin et al., 2008). The floral repressor encoded by 

the EARLY FLOWERING3 (ELF3) gene indirectly regulates the expression of DREB2A in 

stress conditions (Sakuraba et al., 2017). But dreb2a-2 did not altered floral transition under 

LD (Figure 2.9D), suggesting that DREB2A function may be restricted to ABA-stress related 

conditions as it recognizes specific cis-regulatory elements of genes involved in dehydration 
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and biotic stresses (Kim et al., 2011). DREB2A may act by promoting drought-escape 

responses for instance (Conti, 2019). Members of the Group A bZIP proteins in Arabidopsis 

are involved in responses to abiotic stress and some have been linked to promoting flowering 

in drought by regulating SOC1 (Dröge-Laser et al., 2018; Hwang et al., 2019). It would thus 

be interesting to test the ability of fd-3 to flower under drought-stress conditions. Lastly, FD is 

expressed throughout development at the SAM and its positive role in DREB2A activation 

may be indicative of a pleiotropic function for FD, such as its role in the seedling (Romera-

Branchat et al., 2020).  

2.3.3 Temporal activity: what are the cofactors of FD? 

Interestingly, ABA-mediated phosphorylation of ABF3 promotes the interaction with 14-3-3 

proteins (Sirichandra et al., 2010). This finding supports that other bZIP proteins involved in 

floral transition interact with 14-3-3 proteins in Arabidopsis (Hwang et al., 2019). In plants, 

14-3-3 proteins stabilise the interactions between FT and TFL1 or FD orthologues at the 

chromatin to regulate floral transition (Taoka et al., 2011; Kaneko-Suzuki et al., 2018; Zuo et 

al., 2021). However, due to the predominance and versatile role of 14-3-3 proteins in plant 

development, their relevance has been questioned (Jaspert et al., 2011). The FT and TSF 

proteins are not required for binding of FD to the majority of its targets, but are crucial for the 

transcriptional activation of its target genes (Collani et al., 2019). Some FD-interacting 

proteins have been identified and may contribute to potentially even larger transcriptional 

complexes at the TSS (Transcription Start Site; Jung et al., 2016; Li et al., 2019). Pull-down 

assays followed by mass spectrometry analysis of FD would be a powerful method to identify 

partners of FD and potential cofactors involved in the floral transition.  

From the DEG list, I found two genes rapidly regulated after FD induction that encode 

potential cofactors in the FDï(14-3-3)ïFT/TSF or TFL1 complexes (Table 2.1). FD potentially 

regulate their transcription prior to forming a large complex at the DNA to regulate genes 

involved in floral transition. The BT2 mRNA levels increased after FD induction. The BT2 

gene encodes a transcription factor containing a TAZ-domain (Transcriptional Adaptor Zinc 

finger) that localizes to the cell nucleus. The protein acts in auxin responses and 

gametophyte development, and the bt2 mutant suppresses the delayed-flowering phenotype 

of the yucca mutant (Mandadi et al., 2009; Robert et al., 2009). BT2 is involved in regulating 

the chromatin environment of telomeric regions (Ren et al., 2007). Speculatively, BT2 may 

modify the chromatin environment of FD targets and indirectly act as a cofactor of FD to 

modulate expression at the promoters of target genes. Furthermore, the Multiprotein Bridging 

Factor 1C (MBF1) gene is downregulated after FD induction (Table 2.1) and is known to be a 

cofactor of the transcription of genes in several developmental and stress-related pathways, 

such as thermotolerance in Arabidopsis (Suzuki et al., 2008). The MBF1 protein might also 

function together with FD in a larger complex to repress gene expression, with TFL1 for 
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instance. Expression of MBF1 and BT2 under FD promoter or the constitutive 35S promoter 

would be interesting to know whether these two proteins limit FD action at the SAM and thus, 

determine whether they affect flowering.  

 

2.3.4 Concluding summary of chapter 2 

To improve our understanding of the role of FD in floral transition, an inducible FD system 

was generated. This chapter demonstrates the efficiency of the FD::GR:FD construct in 

inducing floral induction in the fd-3 mutant background. Both flowering-time scoring and 

confocal microscopy of the SAM showed early flowering of the DEX-treated plants compared 

with the mock-treated plants, indicating that FD activity is required over several days from 

day 7 or 10 onwards to induce flowering. The complementation of the flowering phenotype 

and the meristem shape in the transgenic line indicate that the GR:FD fusion protein 

provides functional FD activity. Although induction of GR:FD with DEX induced the 

expression of genes required for floral transition in temporal manner, the effect was 

surprisingly slow and weak, suggesting that FD induction at the SAM is not sufficient to 

strongly induce the transcription of genes. FUL expression was expected to increase within 

hours after FD induction but was detected three days after the DEX treatment. This delay 

may be due to the difficulty to detect small changes in gene expression in hand dissected 

tissues, but also because of the vegetative stage of fd-3 at day 12 and the absence of 

requisite cofactors for FD. Interestingly, induction of GR:FD regulates the expression of FUL, 

FPF1, AGL42 and MIR157A, which have roles in floral induction and are bound by FD (Kania 

et al., 1997; Collani et al., 2019; Kinoshita and Richter, 2020; Romera-Branchat et al., 2020; 

Zhu et al., 2020). This indicates early floral transition after FD induction in the fd-3 

background compared with the mock. Next, changes in the expression of floral meristem 

identity genes such as AP1, LFY, PUCHI and SEP1 were observed and usually coincided 

with the initiation of floral primordia. These results confirm the temporal promotion of 

flowering by FD. Furthermore, the data reveal a novel role for FD in the regulation of genes 

such as MYB47, MYB8, AITR1 and HB53. The regulation of these genes and binding to their 

promoters by FD could be confirmed by RT-qPCR and ChIP-qPCR, respectively.  
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2.4 Supplementary figures  

 

Supplementary Figure 2.1. Analysis of gene expression after DEX treatment at day 10 

and 12. 

A, and B, RT-qPCR on FD::GR:FD #19 apices to detect APETALA1 (AP1), FRUITFULL 

(FUL) and DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN 2 (DREB2A) 

expression levels. Tissues enriched for apices were dissected 20 h after DEX (10 ɛM) or 

mock treatments at the indicated time points. The data are means for two biological 

replicates ±SD and were statistically analysed using ANOVA followed by the Tukeyôs HSD 

test. Green and orange correspond to mock- and DEX-treated plants, respectively. 

 

 

Supplementary Figure 2.2. Several DEX treatments are required to rescue the fd-3 late-

flowering phenotype under long days. 

A, Photographic image of 4-week-old plants after a single DEX treated plants at day 14 in 

long days. From left to right: FD::GR:FD #30 mock, #30 DEX (10 ɛM), fd-3 mock and Col-0 

mock. B, Photographic image of 5-week-old FD::GR:FD #19 plants after continuous DEX 

treatment from day 7 up to the appearance of buds. The plant on the left was treated with 

DEX (10 ɛM) and the plant on the right was mock-treated. 

 

B. A. 

A. B. 
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Supplementary Figure 2.3. Induction of GR:FD at day 12 triggers the early formation of 

floral primordia, from the RNA-seq experiment. 

Morphology of representative 17 LD meristems 5 days after mock (upper panel) or DEX 

treatment (lower panel) of FD::GR:FD #19 plants. The replicate 1, 3 and 4 correspond to the 

batch of plants harvested for RNA sequencing. Samples were fixed in 4% PFA, soaked in 

Clearsee for one week and Renaissance staining was added one day before imaging by 

confocal microscopy. The scale bar represents 50 µM.  
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Supplementary Table 2.1. List of genes specifically altered in expression in response 

to DEX treatment in FD::GR:FD #19 plants. 

Summary of selected genes after FD induction at day 12. The list includes genes from day 1 

to day 5 after the DEX treatment. Locus identifiers shaded in light orange are of interest. 

ChIP-seq identified genes bound by VENUS:FD (Romera Branchat et al., 2020; referred to 

as ñRò in the legend), GFP:FD from the FD promoter or SUC2 promoter (Collani et al., 2019; 

annotated ñCò and ñSUC2ò, respectively) and GFP:FD from the FD promoter (Zhu et al., 

2020; annotated ñZò). 
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Chapter 3. Transcriptional regulation of FRUITFULL by FD and 

SPL15 transcription factors 

 

3.1 Introduction 

In the annual Arabidopsis plant, the vegetative-to-reproductive transition is promoted by long 

day lengths. To ensure the production of seeds, parallel pathways promote flowering in 

different daylength conditions. The photoperiodic pathway involving FT/FD promotes 

flowering in LD, whereas delayed flowering under SD is notably promoted by the ageing 

pathway and SPL15 accumulation at the SAM (Abe et al., 2005; Wigge et al., 2005; Hyun et 

al., 2016). Although the genetic strategy for flowering differs, common targets are similarly 

regulated before the floral transition. For instance, the increase in FUL mRNA observed in 

wild-type towards the floral transition is delayed in both fd and spl15 mutants under LD and 

SD, respectively. Hence, the late-flowering phenotype of the fd and spl15 mutants is similar 

but more severe than that of the ful mutant, which is slightly late flowering under LD and SD 

conditions (Ferrandiz et al., 2000; Melzer et al., 2008). The FUL gene encodes a MADS-

domain transcription factor that is not only involved in the floral transition but also in branch 

and stem architecture, cauline leaf shape, silique size, and meristem arrest after fruit 

production (Gu et al., 1998; Ferrandiz et al., 2000; Bemer et al., 2017; Balanzà et al., 2018). 

In Arabidopsis, FUL is transcribed and translated at the SAM under LD and SD conditions 

(Mandel and Yanofsky, 1995; Gu et al., 1998; Urbanus et al., 2009; Hyun et al., 2016). The 

transcription factors SPL15 and FD are observed in the nuclei of cells in the SAM (Hyun et 

al., 2016; Romera-Branchat et al., 2020) in similar places and times as the FUL protein, 

which suggests that they potentially transcriptionally regulate FUL. 

Initial evidence that FD might directly regulate FUL transcription came from the 

demonstration of binding of FD to the FUL genomic region in the 35S::FD line, in which the 

heterologous promoter from cauliflower mosaic virus (CaMV 35S) is fused to the CDS of FD 

(Jung et al., 2012; Jung et al., 2016). Binding to FUL in this line was detected based on 

enrichment by ChIP-qPCR. Recently, genome-wide analysis by ChIP-seq data from the 

transgenic lines SUC2::GFP:FD in Col-0 and ft tsf genetic backgrounds and FD::GFP:FD in 

fd confirmed the binding of FD to the FUL promoter (Collani et al., 2019; Zhu et al., 2020). 

However, the precise motif(s) that are bound by FD to promote FUL transcription are 

unknown. In parallel, the SPL15 transcription factor is a major activator of FUL transcription 

under SD conditions by directly binding to the DNA promoter (Hyun et al., 2016). Four SPL-

bound motifs at two loci are probably bound by SPL15 to regulate the FUL promoter. 

Thus, the control of FUL expression is considered to be a point of intersection 

between the LD and SD pathways via direct regulation by FD and SPL15, respectively, and 
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FUL a relevant gene to understand how these pathways interact. In this chapter, I aim to 

identify the binding sites of FD at the FUL promoter and how they relate functionally to the 

SPL15-binding sites involved in the floral transition.  

 

3.2 Results 

3.2.1 Floral transition coincides with an increase in FUL mRNA and FUL protein 

The FUL mRNA level increases in the SAM of plants transferred from SD to LD (Torti et al., 

2012), which coincides with induction of the floral transition. To confirm the expression 

pattern of FUL mRNA in continuous LD, I first conducted RT-qPCR analysis. Expression of 

FUL increases in the wild-type between day 11 and 14 (Figure 3.1A). These time points 

represent the approximate timing of the floral transition in these conditions. The maximum of 

FUL expression is reached at day 20 in both wild-type and transgenic 35S::FD plants 

(Romera-Branchat et al., 2020). No increase in FUL expression was detected in the fd-3 

mutant in this time-course analysis. The result underlies the role of FD in FUL transcriptional 

activation under LD. Next, to observe FUL protein at the SAM, I used a transgenic line 

generated by Dr. A. van Driel and Dr. R. Martinez Gallego (A. van Driel PhD thesis, 2020). 

The DNA construct FUL::FUL:9AVENUS contains the entire FUL locus fused to the VENUS 

fluorophore. The exogenous DNA was transformed into ful-2 and was then crossed to fd-3 

(A. van Driel PhD thesis, 2020). The selected rescue line FUL::FUL:9AVENUS F9.1 ful-2 

(referred to as F9.1) over-complemented the ful-2 late-flowering phenotype and under LD 

flowered slightly earlier than wild type (A. van Driel PhD thesis, 2020).  

 

Figure 3.1. FD promotes the accumulation of FUL transcripts and FUL protein at the 

SAM under LD. 

A, FUL transcript accumulation in tissues enriched for apices. Expression levels were 

normalized to that of EIF4A1. Data represent the mean of three technical replicates from a 

single biological replicate under LD conditions at the indicated time points. B, Apices of 

FUL::FUL:9AVENUS grown under LD to detect VENUS fluorescence in the ful-2 or fd-3 

A. B. 
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backgrounds (upper and lower panel, respectively). The scalebar in the 11 LD ful-2 panel 

represents 50 µm and applies to all other images if not indicated differently.   

 

In this experiment, the rescue line F9.1 initiates floral primordium formation between 11 and 

14 LD (Figure 3.1B). This timing coincides well with the transition observed with the increase 

in FUL mRNA in wild-type from day 11 (Figure 3.1A). At day 14, FUL:VENUS first 

accumulates at the SAM of ful-2. The fluorescent VENUS signal seems stronger in the apical 

region of the meristem. The signal rather spreads evenly across cells with some presence in 

few nuclei of meristem cells at this stage, although in flowers and mature inflorescence 

meristems at 19 LD it is clearly nuclear. FUL:VENUS is also visible in the stem vasculature 

as previously described for the FUL mRNA (Mandel and Yanofsky, 1995; Hyun et al., 2016). 

The FUL:VENUS signal is absent from the young flower primordia but reappears at 

approximately stage 4 (in 19 LD sample) as previously described (Mandel and Yanofsky, 

1995). The accumulation of FUL:VENUS protein in fd-3 is delayed at the SAM by around 3-5 

days (Figure 3.1B). The first flower primordia are detected at day 21 and this coincides with 

the fd-3 late-flowering phenotype. FUL:VENUS may be present at the SAM for longer prior to 

floral development in fd-3 than in Col-0, it first appears in fd-3 at day 17 whereas the first 

floral bud appears at day 21, while in ful-2 it appears after day 11 and the first floral bud is 

present at day 14. Therefore, the fd-3 mutation may both delay FUL expression and delay 

events after FUL expression but before floral development. The FUL:VENUS protein 

accumulates at the apical region of the mature inflorescence meristem at day 21 as well as in 

the vasculature, which is similar to the pattern of protein expression in the inflorescence 

meristem of ful-2 mutant. 

 

 Taken together, the results underlie the importance of FD to promote the increase in 

FUL mRNA and FUL protein at the SAM under LD conditions for proper floral induction.  

3.2.2 Conservation of FUL among Brassicaceae species and physical evidence 

of FD binding at the FUL proximal promoter 

FD belongs to the bZIP transcription factor family and binds to G-boxes (CACGTG), C-boxes 

(GACGTC) and A-boxes (TACGTA; Jakoby et al., 2002; Dröge-Laser et al., 2018). Genome-

wide datasets confirmed a high preference for FD protein to recognize G- boxes in vivo 

(Collani et al., 2019; Romera-Branchat et al., 2020; Zhu et al., 2020). Previous studies have 

proposed in vivo and in vitro assays to elucidate the precise binding of FD to its targets 

involved in floral primordium identity, such as AP1 and SEP3 (Benlloch et al., 2011; Jung et 

al., 2016; Collani et al., 2019). Furthermore, phosphorylation of the FD protein may lead to 

the recognition of different cis-regulatory motifs within a single promoter (Kawamoto et al., 

2015; Collani et al., 2019). However, these assays failed to confirm FD binding to specific 
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sites by mutagenesis in planta (Benlloch et al., 2011). Thus, there is a lack of information 

concerning the significance of binding of FD to its targets involved in the floral transition. In 

the previous section, I used a fluorescent protein marker to demonstrate the role of FD in the 

transcription of FUL at early stages of the floral transition (Figure 3.1). To identify FD binding 

site(s) at the FUL promoter, I first carried out in silico analysis of the promoter locus. 

Genome-wide analysis of VENUS:FD by ChIP-seq suggested that FD binds to its DNA 

targets by recognising one or two closely spaced motifs within each enrichment peak (Figure 

3.2A; Romera-Branchat et al., 2020). One ChIP-seq replicate of this published data identified 

FUL as a target of VENUS:FD in inflorescence tissues, consistent with other ChIP-seq 

experiments (Collani et al., 2019; Zhu et al., 2020). Using this information, the reads from 

VENUS:FD were displayed with the IGB view to demonstrate the enrichment peak at the 

FUL promoter (Figure 3.2B). The peak maximum is 115 bp upstream of the TSS. Because 

bZIP transcription factors such as FD recognise A-, C- or G-boxes, I searched for these 

motifs, but none were present within the peak region. However, two ACGT cores that are 

non-canonical bZIP binding sites were detected within the FUL enrichment peak (Figure 

3.2C). These cores are known as ACGT-containing elements (ACE; Hartmann et al., 2005). 

The two ACEs are located about 200 bp upstream of the FUL TSS and were named B1 and 

B2. Consistent with this, ChIP-seq of FD:GFP expressed from SUC2 and FD promoters 

display peak centres at 240 and 220 bp upstream of FUL TSS, respectively (Collani et al., 

2019). Next, the AtFUL locus was aligned with that of a diverse group of nine Brassicaceae 

species to detect highly conserved regulatory regions (Figure 3.3). The genomic locus of 

FUL in Arabis lyrata is most similar to that of AtFUL, and A. lyrata is also the closest relative 

species to Arabidopsis thaliana from this list (Kiefer et al., 2019). The 5ǋ UTR, as well as the 

first and last exons, are highly similar among the nine species. In addition, five conserved 

blocks were present in the FUL promoter (Figure 3.3). The second and the fifth conserved 

blocks contain the well-characterised G-box and the two ACEs B1 and B2, respectively.  

Figure 3.2. FD potentially binds two motifs near the transcription start site of FUL. 

A, Number of predicted FD-binding motifs for each peak from genome-wide ChIP-seq data 

for FD::VENUS:FD inflorescences. B, ChIP-seq of FD::V:FD in the fd-3 background shows 

an enrichment of sequence reads at the FUL promoter, visualized by the Integrated Genome 

A. B. 

C. 
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Browser (IGB). The vertical purple line indicates the centre of the enriched VENUS:FD peak 

at 115 bp upstream of the FUL start codon. C, Partial sequence from 5ǋ to 3ǋ of the FUL 

promoter to illustrate the identified B1 and B2 motifs. The sequence is located about 200 bp 

upstream of the transcription start site of FUL.  

Figure 3.3 The FUL genomic locus is conserved within the Brassicaceae family.  

An mVISTA alignment of the Arabidopsis thaliana FUL genomic locus with that from nine 

Brassicaceae species. The black arrow represents the transcription start site of the FUL 

coding sequence (CDS). The cyan-coloured peaks represent untranslated regions, the 

purple-coloured peaks represent introns within the CDS. The salmon-coloured peaks indicate 

greater than 50% sequence identity to the AtFUL locus for each species. 50% identity is also 

represented by the central light-grey horizontal lines. The bottom line for each species 

indicates no identity and the upper grey line indicates 100% identity. Canonical G- and A-

boxes are indicated in light green and green, respectively. The putative FD-binding sites 

covered by the ChIP-seq peak are highlighted in purple (B-FD). The five highly conserved 

regions of the FUL promoter among the Brassicaceae species are indicated by horizontal 

salmon-coloured bars beneath the alignment, and were added manually. 

 

For better resolution, nucleotide alignment using Fast Fourier Transform (MAFFT) with 

Multiple Alignment of the B1 and B2 region revealed complete conservation of the core of the 

B2 site among the nine species (Figure 3.4A). The five least-related species do not contain 

B1, but have a 14-nucleotide indel between B1 and B2 sites, which is absent in Arabidopsis 

thaliana. This short sequence includes a duplication of the B2 site (Figure 3.4A). This 

alignment suggests that B2 and a second motif, either B1 or the duplicated version of B2, are 

evolutionarily important for FUL regulation.  

 

A previous report showed a high binding of FD when expressed from the 35S promoter to the 

beginning of the first exon of FUL and also before the TSS (Jung et al., 2016). This latter site 

does not contain the B1 and B2 motifs; therefore, the ability of FD to bind in vivo at B1 and 

B2 sites was tested by ChIP-qPCR. For this experiment, I used the complemented 

FD::VENUS:FD line in fd-3 that was used for ChIP-seq experiments (Romera-Branchat et al., 

2020). The B-FD amplicon includes the B1 and B2 motifs. Tissues enriched for 16-day-old 
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apices revealed a higher percentage of input of VENUS:FD associated with the putative B-

FD binding site compared with the internal ACTIN2 (ACT2) control. No differences in 

percentage of input of VENUS:FD to B-FD were detected in the 35S::GFP:YFP control line or 

in the inflorescence tissues (Figure 3.4B). This supports that FD binds to the FUL promoter 

at the B-FD site through the B1 and B2 motifs, and is consistent with the other ChiP-seqs 

(Collani et al., 2019).  

Figure 3.4. The bZIP transcription factor FD binds to the B-FD region within the FUL 

promoter. 

A, Nucleotide sequences of the FUL promoter in nine Brassicaceae species show two 

ACGT-containing element motifs (B1 and B2) that are potentially bound by FD upstream of 

the transcription start site. B, ChIP-qPCR of FD::VENUS:FD and 35S::GFP:YFP transgenic 

lines. The percentage of the input is based on three biological replicates for VENUS:FD and 

four biological replicates for GFP:YFP at 16 LD, and two biological replicates for 30-day old 

inflorescence tissues. The anti-GFP antibody from abcam (ab290) was used to detect GFP 

and VENUS. ACTIN2 was used as an internal control. Amplicon B-FD covers the two 

putative FD-binding sites. Percentage of input is represented by the mean ±SD (two-tailed 

Studentôs t-test). 

 

Taken together, in silico and in vivo analysis strongly support the binding of FD at this 

newly identified and conserved region in the FUL promoter. Therefore, the B1 and B2 motifs 

are putative binding sites for the bZIP FD transcription factor.  

3.2.3 Mutation of cis-regulatory elements to study the effect of FD in FUL 

regulation  

Two putative FD-binding sites in the FUL promoter were detected by ChIP-seq and 

sequence comparisons, and the region containing these ACEs was confirmed to bind FD by 

B. 

A. 
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ChIP-qPCR assays (Figure 3.4B). To test the regulatory role of these sites in the floral 

transition, the two ACEs were modified for in planta experiments. The DNA construct 

FUL::FUL:9AVENUS containing the entire FUL locus was used as a template (A. van Driel 

PhD thesis, 2020). The B1 and B2 motifs were mutated by PIPE-cloning (Klock and Lesley, 

2009), resulting in m1 and m2, respectively (Figure 3.5A). The FULm1m2::FUL:9AVENUS 

construct was transformed into ful-2 (Figure 3.5B, referred as m1m2). The four putative 

binding sites for SPL were mutated by Dr. A. van Driel to create the 

FULmGTAC::FUL:9AVENUS transgenic lines. One representative transformant was selected 

and used for this thesis (Figure 3.5B, referred as mGTAC lines and transformant S2.5). 

Mutation of the two putative FD binding sites in the existing mGTAC DNA construct resulted 

in the FULm1m2+mGTAC::FUL:9AVENUS transgenic lines (Figure 3.5B, referred to as 

m1m2+mGTAC). After three generations and on the basis of transgene segregation, I 

selected four homozygous FULm1m2::FUL:9AVENUS and six 

FULm1m2+mGTAC::FUL:9AVENUS transgenic lines in the ful-2 background.  

 

Figure 3.5. Mutagenesis of 

putative FD-binding sites 

and SPL-binding sites in 

the FUL promoter by 

PIPE-cloning. 

A, The B1 and B2 sites 

were mutated together with 

their flanking nucleotides 

and is predicted to abolish 

FD recognition and binding. 

The PIPE-cloning technique 

was used to modify the 

nucleotide sequences of the 

FUL::FUL:9AVENUS 

construct. B, Schematic 

representation of the four 

transgenic constructs 

transformed into the ful-2 

background. Constructs two 

and four were generated in 

this study.  

 

To describe bias in the level of gene expression caused by random insertion of the T-DNA, 

FUL expression was analysed in the flowers at anthesis-stages, where the FD binding sites 

are not expected to affect gene expression. As previously described, the complementation 

line F9.1 and the S2.5 transgenic plants had a similar level of FUL mRNA in these flowers to 

that of the wild-type (A. van Driel PhD thesis, 2020, Figure 3.6A). The lines m1m2 #25, #40 

A. 

B. 
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and m1m2+mGTAC #10 and #20 exhibited a high level of FUL mRNA, whereas m1m2 #3, 

#27 and m1m2+mGTAC #1, 2, 13 and #23 had a similar level of FUL mRNA to that of the 

complementation line F9.1 and the Col-0. The ful-2 mutant exhibits round cauline leaves and 

short siliques compared with the wild-type (Gu et al., 1998; Ferrandiz et al., 2000). To our 

knowledge, neither mutation of SPL15 nor FD leads to this phenotype. To further select the 

candidate lines, phenotypic analyses of cauline leaf shape and silique length were 

performed. Photographs of the first cauline leaf showed that F9.1, as well as m1m2 #27 and 

#40 and m1m2+mGTAC #1, 2 and 20 rescued the leaf phenotype (Supplementary Figure 

3.1). Next, siliques of these plants were measured with a ruler (Figure 3.6B). All the lines 

rescued the silique length phenotype of the ful-2 mutant. The m1m2 #25 line showed the 

longest mean silique length, and had a high expression of FUL in the flowers (Figure 3.6A). 

On the basis of these results, I selected m1m2 #3 and #27 and m1m2+mGTAC #1, 2 and 13 

for further experiments.  

Figure 3.6. Complementation of the FUL mutagenesis lines. 

A, Real-time qPCR to quantify FUL mRNA levels in apices of plants grown under LD at two 

weeks after bolting. Two biological replicates of flowers at the anthesis-stage were harvested 

A. 

B. 
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for analysis. Relative expression is represented by the mean ÑSD (ANOVA, Tukeyôs HSD 

test). B, Silique lengths of plants grown under LD. Width is proportional to the number of 

individuals for the same values and extremities represent minimum and maximum values for 

each genotype; n = 15 - 80 (ANOVA, Tukeyôs HSD test). 

 

 Detailed analysis of the generated FULm transgenic lines allowed the selection of 

representative homozygous individual lines with which to further study flowering traits in the 

absence of the two ACE motifs in the FUL promoter.  

3.2.4 Assessing the function of FD-binding sites within the FUL promoter during 

the floral transition under LD 

Mutation of two identified ACE motifs in the FUL genomic promoter may prevent the binding 

of FD to these sites and further delay FUL accumulation. To test the regulatory function of 

FD, the FULm lines were first scored for flowering time under LD. The F9.1 control line 

overcomplemented the ful-2 mutation and had fewer leaves at bolting than the wild type, 

despite a similar FUL expression in flowers (A. van Driel PhD thesis, 2020). Although 

variation was observed, the four m1m2 lines displayed no consistent or statistically 

significant differences in flowering time as measured by total leaf number compared with that 

of the F9.1 control line (Figure 3.7A). Previously, the disruption of SPL-binding sites (i.e. 

mGTAC lines) was shown to lead to an early-flowering phenotype (A. van Driel PhD thesis, 

2020; Supplementary Figure 3.2). In this experiment, no significant early-flowering phenotype 

was detected. The m1m2+mGTAC transgenic lines showed a similar flowering-time 

phenotype to that of the S2.5 line. Four out of six transgenic m1m2+GTAC lines were 

statistically significantly earlier flowering than the F9.1 line. The ful-2 mutant produces more 

cauline leaves than Col-0, and all transgenic lines complemented this phenotype (Figure 

3.7B). Disruption of FD binding to B-FD sites had little effect on the flowering time under LD, 

irrespective of exogenous FUL mRNA levels in flowers (Figure 3.6A). To test whether the 

disruption of FD binding affects FUL protein accumulation, confocal microscopy was used to 

image the floral transition of the FULm transgenic lines. The VENUS signal was first detected 

in S2.5 and the two m1m2+mGTAC lines from day 11 (Figure 3.7C). The pattern and timing 

of FUL:VENUS accumulation in the two m1m2 lines was similar to that of F9.1, with visible 

signal only appearing at day 14. Floral primordia were observed in F9.1 at day 14, consistent 

with previous observations (Figure 3.1B). Although no statistically significant differences 

were observed in flowering time (Figure 3.7A), the S2.5 and mGTAC+m1m2 lines were 

clearly advanced in development in this time-course series. Elongation of the stem was 

visible below the SAM in these lines at day 14, indicating slightly earlier bolting than the F9.1 

line (Figure 3.7C).  
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1Figure 3.7. Disruption of FD binding sites B1 and B2 does not affect flowering 

time under LD. 

A. B. 

C. 
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A, Flowering time of FUL::FUL:VENUS transgenic lines under LD represented as total leaf 

number (TLN), or days to 1 cm bolting (DTB) and B, cauline leaf number (CLN) on the main 

shoot. Box-plot medians is indicated by the centre line and were used for ANOVA followed 

by Tukeyôs HSD test. C, Analysis of the FUL::FUL:VENUS along a time course in LD 

conditions. FUL:VENUS was expressed from wild-type and mutant promoters to test the role 

of cis-regulatory elements. The meristem samples were fixed in PFA and cleared with 

Clearsee. The scalebar on the left represents 50 µm and applies to all other images or the 

row if not indicated otherwise.   

 

The combination of flowering time and confocal imaging data showed that the loss of 

the putative FD binding sites had no detectable effect on expression of FUL:VENUS, and 

therefore a much weaker effect than the loss of FD function in the fd-3 mutant (Figure 3.1). 

Similarly, mutation of the SPL-binding sites in the mGTAC line caused earlier expression of 

FUL:VENUS, as previously described (A. van Driel PhD thesis, 2020), but no compensation 

effect on flowering or FUL:VENUS expression was detected by the loss of the putative FD 

binding sites in the same promoter. Taken together these results suggest that FD mainly 

activates FUL expression indirectly during floral transition, or that it can also bind to 

additional sites in the FUL gene that are still present in the mutant promoter. 

3.2.5 The putative FD-binding sites do not contribute to FUL regulation under 

non-inductive conditions  

Mutation of FUL in Arabidopsis thaliana leads to a late-flowering phenotype under SD 

conditions (Torti et al., 2012). The late flowering of spl15 is partially caused by a delay in FUL 

accumulation (Hyun et al., 2016). Although FD mRNA is present at the SAM under SD, no 

flowering-time phenotype was observed in the fd mutant under these conditions (Wigge et 

al., 2005; Jang et al., 2009). A flowering-time experiment was conducted to test whether the 

disruption of either or both of the proposed FD and SPL binding sites affected FUL regulation 

under SD and thus the floral transition. Under non-inductive conditions, the line F9.1 and Col-

0 bolted at the same time, whereas the bolting of ful-2 was delayed (Figure 3.8A). No 

difference in leaf number or bolting time was observed between the S2.5 and the F9.1 plants. 

The two m1m2 lines were slightly late flowering under SD, but much earlier flowering than 

the ful-2 control. Only the line #27 showed a statistically significant difference in flowering 

time compared with the F9.1 line, with a total of 55 and 49 leaves, respectively. The line #27 

was also the strongest late flowering under LD (Figure 3.7A). The m1m2+mGTAC lines show 

similar flowering behaviour compared with the S2.5 control line (Figure 3.8A). Bolting and 

total leaf number of m1m2+mGTAC #13 was lower than that of the two other m1m2+mGTAC 

lines and most closely resembled values for S2.5 (Figure 3.8A and C). The ful-2 has the 

greatest number of cauline leaves among all the genotypes (Figure 3.8B). Although most of 
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the transgenic lines had similar numbers of cauline leaves to that of the F9.1 control line, 

only the m1m2+mGTAC #2 had more cauline leaves than its control S2.5 (Figure 3.8B).  

Figure 3.8. Mutation of B1 and B2 sites within the FUL promoter has a minor effect on 

flowering time under SD. 

A, Flowering time of FUL::FUL:VENUS transgenic lines under SD represented by total leaf 

number (TLN) or days to 1 cm bolting (DTB) and B, cauline leaf number (CLN) on the main 

shoot. Box-plot medians is indicated by the centre line and were used for ANOVA followed 

by Tukeyôs HSD test. n = 5 ï 14 individuals. C, The phenotype of one representative plant 

from each genotype grown for 9 weeks under SD.  

 

To understand how the FUL protein accumulates at the SAM under SD, I imaged meristems 

along a time-course using confocal microscopy. In general, only few cells expressed 

FUL:VENUS from 3wSD and this expression might represent background fluorescence 

C. 

A. B. 
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(Figure 3.9). Clear accumulation of FUL:VENUS was visible from 5wSD at the SAM as well 

as in the leaf primordia of mGTAC S2.5 and m1m2+mGTAC #1. At 6wSD, FUL:VENUS was 

visible in all transgenic lines. The pattern of accumulation was similar to that in the SAM 

under LD (Figure 3.7). At 6wSD, the lines S2.5, FULm1m2+mGTAC #1 and #13 developed 

flower primordia. Floral primordia were observed one week later in lines F9.1 and m1m2 #1. 

In this image series, the meristems of m1m2+mGTAC #1 plants were developmentally more 

advanced than those of m1m2+mGTAC #13 and were more similar to those of S2.5. This 

differs from the flowering-time data (Figure 3.8) and potentially represents variation among 

independent experiments or individual plants. Moreover, FUL is transcribed earlier in the 

mGTAC transgenic lines, but the flowering time of these lines was not different to that of the 

F9.1 or m1m2 transgenic lines. This indicates that the accumulation of FUL protein at the 

SAM at an earlier time point under SD is not sufficient to promote the floral transition.  

Figure 3.9. Disruption of GTAC binding sites within the FUL promoter leads to the 

early accumulation of FUL:V under SD.  

Time course of apices of FUL::FUL:VENUS under SD conditions. FUL:VENUS was 

expressed from different promoters to test the role of cis-regulatory elements. The scalebars 

on the left represents 50 µm and applies to all images in the same row.  
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Taken together, analysis of the flowering time of the transgenic lines under SD 

showed no or few effects of the disruption of the putative SPL and FD binding sites in the 

FUL promoter. I suggest that FD and SPL15 do not compete at the FUL promoter level. As in 

LDs, the main effect appeared to be that mutation of the putative SPL binding site caused 

earlier expression of FUL:VENUS. Potentially, other cis-regulatory elements are bound by 

both transcription factors, or these sites make little contribution to FUL transcription, perhaps 

due to redundancy with the action of transcription factors binding to other sites.  

 

3.3 Discussion 

3.3.1 Binding of FD and SPLs and their interaction at the FUL promoter in 

Arabidopsis 

The aim of this chapter was to test the possible FD and SPL15 direct binding to FUL during 

the floral transition, and thereby contribute to understanding cis-regulatory mechanisms at 

the FUL promoter. The FUL:VENUS accumulation at the SAM is delayed in the absence of 

FD, suggesting that FD is required for proper FUL activation (Figure 3.1). The FUL genomic 

locus is well conserved within the Brassicaceae family and my initial hypothesis based on 

ChIP-seq data and sequence comparisons was that FD binds to the B-FD region, which was 

confirmed by ChIP-qPCR assays (Figure 3.4B). The B-FD region near the TSS corresponds 

to a highly accessible DNA environment, and similar regions in other promoters contribute to 

the control of transcriptional activity (Leaf DNase-seq Score, plantdhs.org; AT5G60910). 

Within this region, the identified B1 and B2 sites have not been previously described and 

differ from the canonical A-, C- or G-boxes that are bound by bZIPs. The regions to which FD 

binds in the genome wide ChIP-seq analysis often contain two binding sites, suggesting that 

this is a common feature of FD binding (Romera-Branchat et al., 2020). However, it has been 

difficult to link the function of these sites to the floral transition (Figures 3.7 and 3.8). Other 

bZIP transcription factors may bind to these sites and promote FUL transcription in the 

absence of FD binding. Moreover, other motifs within the FUL promoter might act 

redundantly with B1 and B2. In wild-type plants, weaker binding to these sites might not have 

been detected by ChIP-seq or ChIP-qPCR assays on FD. Because Jung et al. (2016) 

identified and proposed two other sites for FD binding in the FUL promoter and CDS, it would 

have been interesting to also mutate these sites to study their effect on floral transition. 

Moreover, the distal and conserved G-box that did not appear as a binding site based on in 

vivo ChIP data may nevertheless be crucial for promoting FUL transcription in a loop-fashion, 

as was demonstrated for SOC1 at the FUL promoter (Hyun et al., 2016). However, to my 

knowledge, no evidence exists for loop formation by FD. Detailed analysis of FD binding to 

AP1 promoter was performed in vitro using EMSA (Collani et al., 2019). The C-box at AP1 

promoter as well as three other sites were bound by the phosphomimic version of FD. In all 
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these sites, FD is able to form a complex with TFL1. The super-shift formed by the binding of 

phosphomimic FD together with FT and 14-3-3 proteins was observed at one site, 92 bp 

downstream of the C-box. This site is not a canonical ACGT box but contains the nucletodies 

GTCGAC (Collani et al., 2019). These six nucleotides are also present in the SEP3 

promoter, but not in the FUL promoter. This suggests that multiple binding sites for FD exist 

within its target genes and that only certain loci allow formation of complexes with certain 

protein partners, but it is unknown which sites functionnaly regulate gene activity.  

It is widely acknowledged that FD directly binds to DNA because of the presence of its bZIP 

domain, but a single in vivo study suggested that FD is recruited to the AP1 promoter by the 

SPL3, 4 and 5 proteins (Jung et al., 2016). Indeed, disruption of the SPL-binding sites, but 

not the FD-binding site, unable transcriptional activity of AP1 in protoplast, suggesting  

that FD protein alone does not promote FUL transcription. However, according to this logic, 

the disruption of SPL binding in the mGTAC S2.5 line would prevent the recruitment of FD to 

DNA and probably result in late-flowering plants under LD. This phenotype was not observed 

in my experiments. In addition, such a scenario from Jung et al. (2016) is facilitated by the 

proximity of a SPL-binding motif near a bZIP-binding motif in AP1. Indeed, the AP1 promoter 

has a GTAC motif to which SPL binds that is associated with a C-box, which presumably 

facilitates the binding of FD to DNA. The SPL3, 4 and 5 proteins interact with FD in in vitro 

pull-down assays (Jung et al., 2016), but no evidence of interaction with SPL15 has been 

reported. The binding region of VENUS:SPL15 identified by ChIP-qPCR is located about 450 

bp upstream of the FUL TSS (Hyun et al., 2016). More than 200 bp separate the B-FD site 

from the two GTAC motifs, which is a much larger distance than the spacing observed in the 

AP1 promoter. Thus, it is unlikely that SPL15 facilitate FD binding around the B-FD site.  

 

Overall, I hypothesis either that 1) direct binding of FD at B-FD is not necessary for 

FUL expression and FD requires protein partners, such as SOC1, to indirectly activate FUL 

or 2) FD binds to other sites on the FUL promoter, or a combination of both hypotheses and 

3) the B1 and B2 sites are not involved in the early activation of FUL when the SPL15 sites 

are mutated, suggesting no evidences for SPL15 and FD competition at the FUL promoter.   

3.3.2 Regulatory role of the identified cis-regulatory elements at the FUL 

promoter under different environmental conditions  

Expression of FUL is delayed in spl15, resulting in a strong late-flowering phenotype under 

SD and a slight delay in flowering under LD (Hyun et al., 2016). In the same study, the 

authors reported two potential SPL15-binding sites in the FUL promoter. For this reason, the 

GTAC elements recognised by SPL15 were mutated in the FUL promoter and the generated 

mGTAC lines revealed an early-flowering phenotype under LD compared to the control 

rescue line (A. van Driel PhD thesis, 2020; Supplementary Figure 3.2). This result is contrary 
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to the initial expectation that SPL15 binds to promote FUL transcription and flowering. There 

are 16 SPL transcription factors in Arabidopsis and all potentially bind to the same sites in 

the FUL promoter as SPL15 (Cardon et al., 1999). The early flowering caused by the 

mGTAC constructs may not be caused by the disruption of specific SPL15 binding sites, but 

suggests that FUL might be regulated by other SPLs. These proteins would have a negative 

regulatory role on FUL and flowering at early stages of development. Under SD conditions, 

the mGTAC line did not undergo floral transition earlier than the F9.1 control line, although 

FUL:VENUS accumulated earlier. In addition, the morphology of the mGTAC and 

m1m2+mGTAC was more advanced than that of the F9.1 and m1m2 lines (Figure 3.9). This 

suggests that the early accumulation of FUL is not sufficient to promote the floral transition 

under SD.  

An early study showed no signal of FUL mRNA in young flowers and is consistent with the 

FUL:VENUS pattern at the SAM under LD (Mandel and Yanofsky, 1995). However, 

FUL:VENUS was observed in older floral primordia, from about stage 4 or 5 under LD 

(Supplementary Figure 3.3). Signal appears to accumulate in floral primordia under SD 

conditions as well (Figure 3.9). Strikingly, the pattern of FUL:VENUS expression in flowers is 

similar to that of VENUS:FD accumulation (unpublished data). It would be interesting to test 

the effect of fd-3 on the timing and pattern of expression of FUL in flowers, and to compare 

their precise temporal and spatial patterns using complementary fluorescent markers. But 

mutation of the proposed FD binding sites in FUL does not seem to alter its pattern of 

expression based on comparing F9.1 to m1m2 lines (data not shown). It would be interesting 

to decipher the mechanisms behind the negative regulation of FUL, a positive floral 

integrator, at early stages of flower formation under LD. 

3.3.3 FUL function as a transcription factor  

Little is known about the targets of FUL and the mechanisms by which it promotes the floral 

transition at the SAM. The FUL MADS-box protein was used in ChIP-seq experiments using 

siliques (Bemer et al., 2017). According to the ChIP-seq list of candidate gene targets, 

several SPL and ERF/AP2-family genes were bound by FUL. It would be interesting to study 

the impact of these downstream genes of FUL and how their function relates to the floral 

transition. A decrease in expression of the negative flowering-time regulator AP2 coincides 

with the increase in FUL expression in the SAM towards meristem arrest (Balanzà et al., 

2019). It is not known whether FUL mediates this regulation directly or indirectly. VENUS-

tagged AP2 disappears from the SAM during the floral transition, which coincides with the 

increase in FUL expression under LD (Q. Sang PhD thesis, 2018). Interestingly, AP2 binds to 

the FUL promoter and most likely represses its transcription before floral transition (Yant et 

al., 2010). Hence, I hypothesise a model in which FUL is first promoted by FDï(14-3-3)ï 
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FT/TSF and in turn, the FUL protein leads directly or indirectly to a decrease in the 

accumulation of its negative regulator AP2 to promote the floral transition. However, this 

hypothesis does not correlate with the m1m2 lines in which accumulation of FUL:VENUS 

occurs in the same pattern as to the control line.  

 3.3.4 Limitations of this study  

In vitro experiments would have been helpful to confirm the binding of FD to the B1 and B2 

motifs and to address whether their mutation disrupts binding, and such assays were initially 

considered. The literature describes many assays to study proteinïDNA interactions in vitro. 

For this project, an initial approach was to use the Microscale Thermophoresis assay 

(Jerabek-Willemsen et al., 2011). This determines whether a fluorescently labelled molecule 

interacts with a partner, such as DNA or proteins. Measuring the fluorescence signal in the 

buffer estimates the binding affinity between the two partners by calculating the dissociation 

constant, KD. Such quantitative data is a major advantage that is often overlooked in other 

routine assays such as the Electrophoretic Mobility Shift Assay (EMSA). The coding 

sequence of FD was fused to GFP in a system induced by IPTG in Escherichia coli SoluB21. 

However, protein aggregation was detected, which was confirmed by a low solubility of the 

GFP:FD protein. Moreover, FD functions as a homo- or heterodimer and oligomerisation 

precedes the recognition of the motif and thus, binding. Generate functional FD proteins is 

thus primordial. Another approach was to investigate the transcriptional activity of FUL. For 

this, different reporters and effectors were designed for protoplast trans-activation assays. 

The FUL, FULm1m2 and FULm1m2+mGTAC promoters were cloned into the vector 

pGreenII-LUC (Hellens et al., 2005). In this assay, the promoter of interest is cloned with the 

CDS of the Luciferase firefly, and the CDS of the Renilla firefly is cloned under the 35S 

CaMV promoter and acts as a transfection control. The assay allows FD to be co-expressed 

with different partners, such as FT or SPL15, to measure the level of luciferase activity in the 

cells. However, because of difficulties in the amount of plasmid required for protoplast 

transfection, such experiments were not pursued.   

All experiments performed under LD conditions did not indicate that ful-2 was late flowering 

compared with wild-type, as previously described (Ferrandiz et al., 2000). Such a phenotype 

may have been observed in different light conditions in which the light bulb emits a different 

light intensity and spectrum. In my experiment, if the flowering phenotype of ful-2 were 

different from the wild-type, it would be interesting to study the behaviour of the FULm as the 

effect of FD and SPL15 on FUL expression may be hidden by the growth conditions. 
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Furthermore, slight differences in flowering time under LD were observed along this study 

and reinforce this hypothesis.  

The fd and ft fd mutants ultimately undergo floral transition under LD, and FUL mRNA is 

upregulated. As it was demonstrated in tomato, profiling wild type and florigen mutant shows 

similar transcriptomic profiles around the time of their transition (Meir et al., 2021). This 

suggests the presence of independent pathway(s) that promotes FUL transcription and that 

may not rely on the B1 and B2 motifs and to some extent, the photoperiod pathway. This 

pathway may not include SPL15. For example, it was shown that auxin signaling regulates 

FUL through a possible direct binding of the ARF4 in strawberry (Dong et al., 2021). It is 

reasonable to ask whether the over-expression or the induction of ARF4 in the ft fd double 

mutant triggers the floral transition. Analysis of such scenario in Arabidopsis thaliana would 

be an asset to understand the important of flowering through the hormonal pathway.  

 

3.4 Supplementary figures  

Supplementary Figure 3.1. Complementation of the leaf ful-2 phenotype under LD.  

Photographic projections of the first cauline leaf of FUL::FUL:V transgenic lines at day 42 

together with that of Col-0 and ful-2 mutant plants. The scalebar represents 1 cm.   

 

 

Supplementary Figure 3.2. The 

mGTAC transgenic lines are early 

flowering.   

Flowering time is expressed as the 

total leaf number (TLN) of plants 

grown under LD. n = 9 -18 

individuals. 
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Supplementary Figure 3.3. FUL 

protein accumulates in diverse 

tissues of Arabidopsis plants 

under LD. 

Expression of FUL::FUL:VENUS 

in inflorescence and root 

meristems of 14 day-old plants. 

VENUS signal is visible in the 

SAM and the flower primordia at 

stage 5 but not at stage 3. VENUS 

signal accumulates at the root tip. An asterisk indicates the shoot apical meristem; s, sepal. 

Scale bars indicate 50 µm. 
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Chapter 4. ABA signalling in the FD domain affects flowering time 

and inflorescence development 

4.1 Introduction 

FD and the FD paralogue, named FDP, belong to Group A of the Arabidopsis bZIP 

transcription factor family and are closely related to a clade of bZIPs involved in abscisic acid 

(ABA) signalling (Dröge-Laser et al., 2018; Romera-Branchat et al., 2020). Furthermore, 

among the targets of FD identified by ChIP-seq are several genes previously shown to be 

regulated by ABA (Romera-Branchat et al., 2020). These observations suggest that FD and 

FDP may regulate ABA-related processes. The ABA signalling cascade is well described 

(Umezawa et al., 2010; Dong et al., 2015), but little is known concerning the molecular 

mechanisms and tissues that underlie the role of ABA in flowering.   

Hormonal pathways affect many aspects of plant growth, including stem and inflorescence 

development. For example, dwarf phenotypes have been observed in mutants deficient in 

gibberellin (GA; Koorneef et al., 1985; Dill and Sun, 2001) and lateral shoot growth is partially 

regulated by ABA (Yao and Finlayson, 2015; Gonzalez-Grandio et al., 2017). ABI1 and ABI2 

encode protein phosphatases that function within the ABA signalling pathway and mutation 

of these genes leads to increased silique number (Hensel et al., 1994). Furthermore, 

application of exogenous GA strongly promotes flowering, whereas mutations or transgenes 

that reduce GA levels strongly delay flowering under SDs and weakly delay flowering under 

LDs (Wilson et al., 1992; Dill and Sun, 2001; Porri et al., 2012). The degradation of DELLA 

proteins in response to GA accumulation allows SPL15 to directly activate FUL transcription 

(Hyun et al., 2016). Recently, a role for the ABA pathway in the regulation of flowering has 

also emerged (reviewed in Conti, 2017; Hwang et al., 2019) and Arabidopsis plants 

supplemented with ABA applied directly to the soil flowered earlier than control plants (Riboni 

et al., 2016).  

Defects in plant architecture are also observed in mutants of genes involved in the floral 

transition (e.g. mutation of TFL1 leads to reduced stature and a determinate inflorescence; 

(Hanano and Goto, 2011). In particular, a negative correlation between total leaf number and 

global morphological phenotypes has been described (Pouteau et al., 2004). The 

photoperiodic pathway affects meristematic growth (Kinoshita et al., 2020) and alterations in 

the size of the meristem can disrupt organ formation and thus affect silique phyllotaxy at the 

stem (Landrein et al., 2015). The late-flowering spl15 spl9 mutant displays a dwarfism-like 

phenotype, with reduced stem height and increased branching, similar to that observed for 

mutation of their orthologue, GmSPL9, in soybean (Schwarz et al., 2008; Bao et al., 2019). 

Interestingly, orthologues of the bZIP FD affect plant architecture in two Fabaceae species 
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(Sussmilch et al., 2015; Cheng et al., 2021; Zhang et al., 2021). Variation in fruit number on 

the main shoot of fd has been observed in Arabidopsis (Hensel et al., 1994; Gorham et al., 

2018). However, how activity of the photoperiodic pathway through FD affects fruit number 

remains unknown.  

In this chapter, the first addressed aim concerns how FD, and to some extent FD and FDP, 

are related to fruit production on the main shoot. Secondly, I asked whether ABA-signalling 

regulates floral transition via a relationship with FD at the SAM. For this, a transgenic line 

expressing the dominant-negative form of ABI2 in the FD transcriptional domain was 

generated. Lastly, the generated material was used to identify potential aspects of 

inflorescence morphology through FD and the ABA-signalling pathway.  

4.2 Results 

4.2.1 Plant fitness in fd, fdp and fd fdp double mutants is related to meristematic 

arrest 

To understand the role of FD and FDP in silique production, I first characterized the spatio-

temporal accumulation of the proteins under LD conditions and asked whether both proteins 

co-localised. The FDP::VENUS:FDP transgenic line (Romera-Branchat et al., 2020) was 

crossed to the transgenic line FD::mCherry:FD fd-3 generated by Dr. H. Gao (MPIPZ). 

Confocal microscopy was used to visualize the VENUS:FDP and mCherry:FD fusion proteins 

(See Materials and Methods). Accumulation of the two fluorophores was visible at day 8 

(Figure 4.1A). Both signals localised to the nucleus in cells of the SAM, as previously 

described (Romera-Branchat et al., 2020). Notably, FDP fluorescent signal was visible at the 

base of the shoot apex, whereas FD signal was more apical. At day 8, both signals were 

observed in distinct cells. As the plants aged, both signals extended in opposite vertical 

directions; strong FDP:VENUS expression was observed in the vasculature in the centre of 

the stem, whereas mCherry:FD was expressed broadly in the SAM and the flower primordia 

at day 14 (Figure 4.1A). Central cells at the SAM showed co-localisation of FD and FDP from 

day 10 until day 21 (Figure 4.1B) and even up to day 42 (not shown). At 42 LD, the two 

fluorophores were still accumulating at the SAM but were also present in the flowers (Figure 

4.1C). In these conditions, floral transition occurred between day 12 and 14, because flower 

primordia were formed at 14 days. To assess the expression level of FD and FDP in the wild 

type, tissues enriched for apices were harvested at comparable time points to those used for 

confocal imaging. Analysis of transcript levels RT-qPCR showed that FD expression peaked 

at day 21, whereas FDP expression continuously increased and reached a maximum at day 

42 (Figure 4.1D). Although the floral transition likely occurred around day 14, there was a 6-

fold increase in FD expression from day 14 to day 21. However, it was impossible by this 
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method to distinguish expression of FD and FDP mRNAs at the SAM from that in leaf and 

flower primordia.   

 

Figure 4.1. FD and FDP are expressed in the SAM throughout the life cycle of 

Arabidopsis thaliana. 

Confocal images of SAM of the FD::mCherry:FD FDP::VENUS:FDP line under LD conditions 

in A, a time-course series and B, 21 LD inflorescence of mCherry:FD VENUS:FDP and the 

corresponding longitudinal sections as well as C, 42 LD around the GPA phase. Red and 

blue nuclei of cells represent fluorescence signals of mCherry:FD and VENUS:FDP, 

respectively. Co-localisation of the fluorophores leads to purple colours represented by the 

pink arrows. Plants were grown in controlled conditions in growth cabinets. The meristem 

samples were fixed in PFA and cleared with Clearsee. The scale bar represents 50 µm. D, 

FD and FDP transcript accumulation in wild-type Col-0 tissues enriched for apices. 

Expression levels were normalized to those of PP2A and ACT2. Data represent the mean of 

three biological replicates ±SD under LD conditions at the indicated time points. (ANOVA, 

Tukeyôs HSD test). 

 

The fd mutant produces more fruits than wild-type plants, suggesting that FD function limits 

fruit production (Hensel et al., 1994; Gorham et al., 2018). Because FD and FDP both 

contribute to floral transition, I asked whether their function in regulating fruit production is 

conserved. Under LD conditions in the greenhouse, plant height was measured at final 

stages of growth before senescence, referred to as the global proliferation arrest (GPA) 

stage. Surprisingly, fd-3 plants reached GPA after the wild type and produced a taller main 

shoot bearing a greater number of fruits than wild type (Figure 4.2A). Introduction of the 

CRISPR-Cas9-FDP mutation into the fd-3 mutant led to an enhancement of the fd 

phenotype, and GPA of fd-3 fdp-CRP2 plants occurred two weeks after that in wild type and 

C. 

A. 

B. D. 



Chapter 4. ABA signalling in the FD domain affects flowering time and inflorescence development 

| 83  
 

one week after that in fd-3 (Figure 4.2A). Compared with the wild-type, fd-3 and fd-3 fdp-

CRP2 plants produced on average 10 and 31 more fruits on the main shoot, respectively. In 

addition to flower number, the aerial biomass, silique length and seed number were greater 

for fd-3 and fd-3 fdp-CRP2 than for wild type (Supplementary Figure 4.1). Interestingly, the 

longest siliques of Col-0 and fd-3 fdp-CRP2 are displayed in acropetal and basipetal orders, 

respectively. This suggests evolutionary strategy in Arabidopsis. The observed greater 

number of fruits in the AP2::rAP2 transgenic line resulted from a faster production of flowers 

at the SAM (Q. Sang PhD thesis, 2020; Sang and Vayssières, in preparation). By contrast, 

the increased fruit number in ful was due to an extended GPA and not to an increased flower 

production rate (Balanzà et al., 2018). To understand the mechanisms behind the increased 

fruit number in the fd-3 fdp-CRP2 mutant, flower production rate and main shoot elongation 

were measured in LD growth conditions in the greenhouse. No differences in these 

parameters were detected in the mutants (Figure 4.2C). These results suggest that the 

greater stem height and flower number of fd and fdp mutants is due to delayed GPA, similar 

to that of to ful (Figure 4.2B and C).  

C. 

A. B. 

D. 
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Figure 4.2. The CRISPR-Cas9 mutant of FDP enhances the fd-3 phenotype at GPA. 

Phenotypic analysis of the main shoot of fdp-CRP2 and fd-3 mutants under LD: A, the days 

from bolting to GPA, the height of the main shoot and the number of fruits at the main shoot; 

n = 14ï15. Statistical tests were performed using ANOVA followed by the Tukeyôs HSD test. 

B, Photographic image of 11-week-old representative wild-type plants compared with fdp-

CRP2 and fd-3 mutants. The apex of the main shoot is represented by a white arrowhead. C, 

growth rate of the main shoot after 1 cm bolting and D, flower production after the opening of 

the first flower; n = 24. 

Extended GPA in ful-2 led to reduced levels of BEL1-LIKE HOMEODOMAIN (BLH1) and 

HOMEOBOX PROTEIN 21 (HB-21) mRNA (Martínez-Fernández et al., 2020). To test 

whether the expression of these genes was affected by the transcription factors FD and FDP, 

RT-qPCR analysis was conducted using 3-week-old inflorescence tissues. Levels of BLH1 

and HB-21 were reduced in fd-3 and fd-3 fdp-CRP2 compared with those in the wild-type 

control (Figure 4.3A). However, no changes in AP2 or FUL expression were observed at that 

time point, in contrast to the known effect of AP2 on GPA (Martínez-Fernández et al., 2020). 

The genomic region of HB-21 was pulled down in ChIP-seq assays of FD (Collani et al., 

2019; Romera-Branchat et al., 2020; Zhu et al., 2020), suggesting a direct regulation by FD. 

The expression of HB-21 peaked at day 21, similar to that of FD under LD (Supplementary 

Figure 4.1; Figure 4.1D).  

Figure 4.3. FD increases the expression of genes involved in the GPA pathway.  

A, Quantification of the expression of BLH1 and HB-21 mRNAs and B, AP2 and FUL mRNAs 

by RT-qPCR in the four genotypes at 3 weeks after bolting under LD. Data represent the 

mean of three biological replicates ±SD and statistics were performed using ANOVA followed 

by Tukeyôs HSD test. 

These results indicate that FD and FDP promote proliferative arrest, and that the 

greater number of fruits on the main shoot of fd and fdp fd is the result of an extended 

meristematic activity at the SAM. The molecular and genetic mechanisms are poorly 

understood, but FD is likely involved in meristematic activity, notably by regulating HB-21.  

4.2.2 Confirmation of novel fd phenotypes by complementation analysis  

To confirm whether FD is responsible for an increased silique number and a taller main 

shoot, I performed complementation analysis of fd for plant shoot architectural traits. I first 

A. B. 
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selected another allelic mutant of FD. The fd-3 and fd-4 allelic mutants in Col-0 background 

contain a T-DNA insertion in the first exon of the CDS (SALK T-DNA assembly). The two 

lines FD::VENUS:FD and FD::mCherry:FD complement the fd-3 late-flowering phenotype 

and were chosen for this experiment (Romera-Branchat et al., 2020; Dr. H. Gao). As 

expected, floral transition under LD conditions was significantly delayed in fd-3 and fd-4 

compared with that in wild-type Col-0 (Figure 4.4A). The delay was reflected by an increased 

total number of leaves and days to bolting. The delayed flowering time of fd-3 was 

complemented in the two transgenic lines and their flowering times resembled that of wild-

type plants. Similarly, the greater height of the main shoot and the extended I1 phase in fd-3 

plants were rescued in the two transgenic lines (Figure 4.4B). Moreover, total fruit number on 

the main shoot, as well as the number of secondary inflorescences, were rescued in the two 

transgenic lines (Figure 4.4C). Expression of FD::VENUS:FD in fd-3 over-complemented the 

total number of leaves at bolting and the total height of the main shoot but not the length of 

the I1 phase or number of fruits produced on the main shoot (Figure 4.4). Strikingly, fd-4 had 

an extended I1 zone compared with that of the fd-3, but the number of fruits did not differ 

from that of wild-type Col-0. Overall, the greater total height of the main shoot in fd mutants 

was mostly caused by an extended I1 length (Figure 4.4B). Flower number rather than date 

to GPA was used as an indicator of meristematic activity at the SAM.  

 

 

Figure 4.4. The phenotype of the main 

shoot of fd alleles and complementation 

lines.  

A, Flowering time of Col-0, the two allelic 

mutants fd-3 and fd-4 and the 

complementation lines FD::VENUS:FD fd-3 

and FD::mCherry:FD fd-3 grown under LD 

represented as total leaf number (TLN) and 

days to 1-cm bolting (DTB). B, At GPA, the 

height of the main shoot and I1 length were measured with a ruler and C, the number of fruits 

on the main shoot as well as the secondary inflorescences (rosette branches) were scored at 

A. 

B. 

C. 
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GPA. Box-plot medians are indicated by the centre line and were used for ANOVA followed 

by Tukeyôs HSD test; n = 10ï15. 

In conclusion, the defects in flowering and plant architecture described for fd-3 are 

somehow similar to those of fd-4 and are rescued by FD genomic DNA.  

4.2.3 Inducible GR:FD demonstrates that the regulation of floral induction and 

inflorescence development are two distinct functions of FD 

The GR:FD protein promotes floral transition most effectively when induced at early stages of 

development (Chapter 2, Figure 2.4), but FD continuously accumulates at the SAM from 

soon after germination until GPA (Figure 4.1). The number of fruits produced by the SAM is 

controlled by a complex combination of mechanisms, because exogenous signals, genetic 

pathways and hormone levels affect fruit number during development (Ware et al., 2020). To 

some extent, the increased fruit number observed in fd resulted from longer meristematic 

activity at the SAM (Figure 4.2). It is unclear when FD regulates fruit number or meristematic 

activity, and I therefore investigated whether these are affected by FD function at the time of 

the floral transition or later. Wild-type Col-0 and fd-3 controls were grown together with 

FD::GR:FD fd-3 #19 plants in LD in the greenhouse (Figure 4.5; Chapter 2; referred as to 

GR:FD). For this experiment, all genotypes were treated every three days with either mock or 

DEX solutions from day 7 to day 21 or from day 21 to day 63. Previously, I detected no 

flowering-time defects of Col-0 and fd-3 plants treated with mock and DEX solutions (Chapter 

2, Figure 2.3). Thus, data for Col-0 mock-treated plants from day 7 to day 21 were presented 

together with Col-0 mock-treated plants from day 21 to day 63 in Figure 4.5. This was also 

the case for Col-0 plants treated with DEX and fd-3 plants treated with mock and DEX. A 

delay in flowering of fd-3 compared to Col-0 was observed, similar to that of mock-treated 

GR:FD (Figure 4.5A). GR:FD plants treated with DEX from day 6 to day 21 were early 

flowering compared with the respective mock-treated plants. By contrast, GR:FD treated with 

DEX from day 21 showed a flowering-time phenotype not significantly different from that of 

the fd-3 mutant (Figure 4.5A). This was expected because the 21-day-old GR:FD meristems 

had already produced flower primordia indicating that floral induction had already ended 

(Chapter 2, Figure 2.1C). Next, plant architectural traits were scored after GPA. Induction of 

GR:FD by DEX led to a reduction in fruit number and a shorter I1 length compared with the 

mock-treated plants, irrespective of the timing of FD induction (Figure 4.5B and C). The 

shortest I1 length was observed when GR:FD plants were treated at early developmental 

stages. This suggests an important role for FD in regulating the length of I1 at early time 

points up to day 21. Although the I1 length of DEX-treated plants from day 7 to 21 LD was 

decreased, the total height was not statistically significantly affected by DEX treatment. This 

was due to an extended I2 zone of the plants in these conditions. As I1 length, fruit number 

and height at GPA but not flowering time were reduced by DEX application from 21 LD, FD 
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must regulate these inflorescence traits at least partly independently of its role in regulating 

floral induction. 

Figure 4.5. Induction of GR:FD in the fd background leads to early-flowering plants 

with a reduction of fruit number and I1 length.  

A, Flowering time scored under LD as total leaf number (TLN) for Col-0, fd-3 and the 

FD::GR:FD #19 treated with either mock or DEX solution (green and orange coloured-boxes, 

respectively). B, Fruit numbers were scored at GPA along the I2 zone for each genotype. C, 

Height of the I1 length and total height of the main shoot were measured with a ruler at GPA. 

Box-plot medians are indicated by the centre line and were used for two-way ANOVA 

adjusted with the Bonferroni correction. Each genotype was tested for differences between 

the effect of treatment between mock and DEX solutions. ns, non-significant, for *** P-value 

< 0.01 and for **** P-value < 0.001. The GR:FD plants were treated every three days from 

day 7 to day 21 (GR:FD_7LD) or from day 21 to day 63 (GR:FD_21LD). For each single 

treatment, Col-0 and fd-3 n = 18ï20 and for the transgenic GR:FD line, n = 15ï16.   

 

FD negatively affects the I1 length and the number of fruits produced during plant 

development. DEX application to FD::GR:FD fd-3 plants demonstrates the functional activity 

A. B. 

C. 
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of GR:FD in complementing shoot architectural traits. Moreover, it suggests that FD partially 

regulates these phenotypes after the floral transition and thus, independently of its function in 

regulating flowering time.  

4.2.4 Mutation of FD and FDP led to mild flowering but optimal fruit production 

when compared to multiple flowering mutants under LD  

In addition to FD and FDP, many positive regulators of the floral transition stably accumulate 

after the formation of the first flower primordium. For instance, SOC1 (Immink et al., 2012) 

and FUL (Chapter 3), SPL15 and MIR172D (Hyun et al., 2016; čôMaoil®idigh et al., 2021) 

are present in the inflorescence meristem under LD. The TFL1 floral repressor is present in 

the inflorescence meristem but not in floral primordia (Zhu et al., 2020; Dr. A. Pajoro, Dr. M. 

Cerise). fd-3, ft-10 and higher-order mutants with tsf show a late-flowering phenotype 

compared with that of wild-type Col-0 (Abe et al., 2005; Yamaguchi et al., 2005; Jang et al., 

2009). Mutation of FUL or SOC1 delays flowering and the double ful-2 soc1-2 mutant has the 

strongest late-flowering phenotype compared with the wild-type and respective single 

mutants (Melzer et al., 2008). Mutation of SPL15 or SPL9 slightly delays floral transition 

under LD (Schwarz et al., 2008; Hyun et al., 2016; A. van Driel PhD thesis, 2020). 

Phenotypic analysis of double spl15-1 spl9-1 mutant plants revealed a decrease in plant 

inflorescence height by half compared with that of the wild type (Schwarz et al., 2008). 

Mutation of TFL1 leads to an early-flowering phenotype (Shannon and Meeks-Wagner, 1991; 

Hanano and Goto, 2011) and introgression of fd into the tfl1 background suppresses the 

early-flowering phenotype of tfl1 (Hanano and Goto, 2011; Jaeger et al., 2013). Mutation of 

SVP leads to a slightly earlier flowering under LD and greater stem height than wild type 

(Jang et al., 2009; Andres et al., 2014). To understand whether the morphological traits of fd-

3 fdp-CRP2 are shared among mutants of genes involved in the photoperiodic pathway, we 

characterised 22 genotypes for plant shoot architecture during development. First, flowering 

time was scored to confirm the phenotypes of the mutants under LD (Supplementary Figure 

4.3) and the resulting rosette leaf number from four independent experiments was plotted. 

The double fd-3 ft-10 mutant had a shorter vegetative phase compared with that of ft-10 tsf-1 

and ft-10 fd-3 tsf-1. The double soc1 ful plants were late flowering and the rosette leaf 

number was comparable with that of the fd-3 fdp-CRP2 plants. Next, ten traits were 

compared for each individual of the genotype data set (Figure 4.6A, P < 0.01).  
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Figure 4.6. No correlation was found between flowering time and the number of 

siliques produced on the main shoot. 

A, Correlation plot of ten phenotypic traits across the 24 genotypes grown under LD in the 

greenhouse. The linear correlation value r is indicated for each box and absolute values 

higher than 40 correspond to strong to very strong relationships. Coloured boxes indicate 

correlated traits with a P-value < 0.01 and were selected for interpretation. Blue boxes 

represent negative correlations and red boxes represent positive correlations. B, The 

correlation between mean silique number in the inflorescence (I2) zone of the 24 genotypes. 

The double mutant fd-3 fdp-CRP2 produced a high number of siliques on the main shoot 

compared with the other genotypes and are considered as outliers (orange circles bordered 

with black). The data for four experiments are depicted together, because the wild-type 

plants behaved similarly across the datasets. Each dot represents one individual. The black 

line represents the calculated polynomial for the dataset.  

 

Remarkably, the matrix clustered the flowering traits together with a highly positive 

correlation. For instance, cauline leaf number strongly correlated with the time to bolting (r = 

1.00), indicating that the later that flowering occurred, the more cauline leaves were 

produced. This increase in the number of cauline leaves was previously observed for the 

late-flowering fd mutant (Abe et al., 2005) as well as for the mutant in the FD orthologue of 

pea, veg2 (Chapter 2, Figure 2.1B, Sussmilch et al., 2015). A second cluster indicated a 

negative correlation between the number of secondary inflorescences and total primary 

inflorescence height (r = -0.70), fruit number (r = -0.65) and I2 length (r = -0.85) of the 

primary inflorescence. This is consistent with previous findings for shoot-branching mutants 

in which apical dominance is affected (reviewed in Kebrom, 2017). Lastly, the third 

correlation group clustered I1, I2, total height and the number of fruits. This result is 

expected, given that the total height of the main shoot is the sum of I1 and I2. Total fruit 

number was then strongly associated with the height of the stem (r = 0.93). To compensate 

for the variation in I2 length among the genotypes, the mean density of fruits within I2 was 

compared with the number of rosette leaves (Figure 4.6B). The resulting correlation showed 

A. B. 
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a large variation for plants with a low number of rosette leaves (6ï12 leaves), but less 

variation for late-flowering genotypes such as fd-3 ft-10. This indicates that fd-3 fdp-CRP2 

had an increased silique density on the main shoot compared with genotypes with a similar 

number of rosette leaves.   

This dataset does not support a straightforward relationship between the length of the 

vegetative phase and the plant shoot architectural traits scored. Floral transition controlled by 

the photoperiod pathway is uncoupled from the number of fruits produced. These results 

support a distinct regulatory role for FD and FDP in determining the extent of fruit production 

in Arabidopsis.   

4.2.5 Generation of FD::abi2-1: a new genetic tool to block ABA signalling at the 

SAM in Arabidopsis 

The group A protein phosphatase type 2Cs (PP2Cs) negatively regulate ABA signalling by 

dephosphorylating the T-loop in SnRK2 protein kinases (Leung et al., 1997; Merlot et al., 

2001; Yoshida et al., 2006; Umezawa et al., 2009; Vlad et al., 2009; Soon et al., 2012). In the 

presence of ABA, the PP2Cs are repressed by the ABA receptor allowing SnRK2 

phosphorylation and activation of downstream transcription factors. The SnRK2 protein 

kinases therefore provide resistance to a variety of stresses by promoting ABA-signalling. 

The ABA-insensitive abi1 and abi2 mutants are dominant mutations in the PP2Cs rendering 

them insensitive to the ABA receptor, so that the SnRK2s are constitutively 

dephosphorylated impairing ABA signalling. These mutants display an enhancement in the 

number of fruits produced on the main shoot (Hensel et al., 1994). In poplar, ectopic 

expression of abi1 leads to increased internode growth but smaller leaves (Arend et al., 

2009). The Arabidopsis abi1-1 mutant is early flowering in SDs (Riboni et al., 2016). In 

Aspen, expression of abi1 bypasses bud dormancy (Tylewicz et al., 2018). Staining of the 

ABI1:GUS transgenic line revealed a high accumulation of ABI1 at the shoot apical region of 

Arabidopsis (Riboni et al., 2016). The SAM dataset from the BAR eFP Browser 

(www.bar.utoronto.ca) indicates a high level of ABI1 and ABI2 mRNA. Although ABI1 and 

ABI2 are homologous, they potentially have non-overlapping functions (Zhang et al., 2004; 

Yoshida et al., 2006). Studies have mostly focused on the ABI1 protein and there is a lack of 

knowledge on the function of ABI2 in plant development. Moreover, abi2 produces a greater 

number of fruits than abi1 (Hensel et al., 1994). Thus, I decided to study the role of ABI2 in 

floral transition and plant shoot architecture, and thereby the role of ABA-signalling in 

development. Because FD belongs to the bZIP group A together with other bZIPs that 

regulate abiotic and ABA-stress-related processes, I asked whether FD and ABI2 have 

redundant or partially redundant roles in plant development. To test this, I amplified ABI2 and 

abi2-1 coding sequences from Ler DNA and expressed them from the FD promoter (Dr. D. 
















































































