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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | 14-3-3 proteins enhance FD DNA binding by reducing 
oligomerization, and increasing dimerization, and altering its C-terminal 
conformation. a,c, SEC-MALS analysis of purified MBP-FDcT282E protein alone 
(a) or with GRF7 (c) at increasing protein concentrations as shown in the graph. 
b,d, Gel-shift analysis of interactions between single MBP-FDcT282E (b), or 
combination of MBP-FDcT282E and GRF7 (d) with WT and mutant DNA probes at 
increasing FD protein concentrations. Similar concentration ranges of MBP-
FDcT282E in (b) and (d) are marked by an asterisk. e, Domain architecture of FD 
and alignment of the dimeric region of group A bZIP proteins of Arabidopsis. 
Mutations (Mu2 to Mu6) are also shown. f, Modeled structure of FDc homodimer 
and a close-up of the predicted residues that contribute to dimer formation. 
g,h, SEC-MALS analysis of purified MBP-FDcT282E mutant proteins alone (g) or 
with GRF7 (h). i, Gel-shift analysis of the interactions between single MBP-FDcT282E 
WT or mutant proteins in the presence/absence of GRF7 and with the WT DNA 
probe. Curves, elution profiles on column, line traces and molar masses, are as 
derived from MALS in (a), (c), (g) and (h). j, Flowering time (total leaf number, 
TLN) of transgenic fd-3 plants carrying gFD::3HA-3Flag-FD Mu2–Mu6. Different 
letters represent significant differences among genotypes (P < 0.05, using one-
way ANOVA followed by Tukey’s pairwise multiple comparison, P = 1.11 * 10−16); 
n = 33, 29, 33, 26, and 29 for gFD::3HA-3Flag-FD Mu2, Mu3, Mu4, Mu 5, and Mu6, 
respectively; and n = 24 and 23 for fd-3 and Col-0 seedlings respectively, all 
grown under long-days (LDs). k, Confocal images of shoot apical meristem cells 
of fd-3 plants expressing gFD::mVenus-FD Mu2–Mu6. Bar = 20 μm (bottom) and 

2 μm (top). n represents the number of T1 plants for which signal could be 
detected. l, Flowering time [total leaf number, TLN, composed of rosette leaf 
number (RLN) and cauline leaf number (CLN)] of T3 homozygous populations 
of transgenic fd-3 mutant plants carrying gFD::3HA-3Flag-FDWT and gFD::3HA-
3Flag-FDMu3_L242A. Different letters represent significant differences among 
genotypes (P < 0.05, using one-way ANOVA followed by Tukey’s pairwise 
multiple comparison, P = 1.11 * 10−16); The sample sizes were as follows: n = 13 for 
gFD::3HA-3Flag-FDWT, n = 22 for gFD::3HA-3Flag-FDMu3, and n = 13 and 16 for Col-
0 and fd-3 seedlings, respectively, all grown under long-days (LDs). See also 
Supplementary Table 1. m, RT-qPCR analysis of 3HA-3Flag-FD mRNA levels in 
shoot apices of transgenic fd-3 mutant plants carrying gFD::3HA-3Flag-FDWTand 
gFD::3HA-3Flag-FDMu3_L242A. All values are normalized to ACTIN2 levels. Data are 
presented as mean values ± SEM of three biological replicates. Statistical 
significance was determined by pairwise one-sided t-test [P (FDWT vs. FDMu3) =  
0.44. n, Western blotting analysis of the abundance of 3HA-3Flag-FD proteins  
in 7 LD-grown seedlings of the genotypes described in l. Western blots are 
representative of two independent experiments. o, ChIP–qPCR analysis of  
FD enrichment in target gene regulatory regions in transgenic fd-3 plants 
expressing gFD::3HA3Flag-FD and gFD::3HA3Flag-FDMu3. Data are represented 
as means ± SEM of three independent experiments. Statistical significance was 
determined by pairwise one-sided t-test. The significant differences (P < 0.05) 
are highlighted in bold.
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Extended Data Fig. 10 | 14-3-3 proteins enhance FD DNA binding by altering 
its C-terminal conformation. a, Domain architecture of FD and alignment of 
C13 and SAP regions from group A bZIP proteins of Arabidopsis. Mutations 
(Mu7 and Mu8) of FD are also shown. b, Modeled and predicted structure of the 
DNA-bound FDc homodimer, DNA-bound FDc and GRF7 heterotetramer, and 
DNA-bound FDc Mu7 and Mu8. c, Gel-shift analysis of the interactions between 
single MBP-FDcT282E wild−type (WT) or mutant proteins or combination of GRF7 
and MBP-FDc proteins with WT and MT DNA probes. d, Flowering time (total leaf 
number, TLN) of transgenic fd-3 plants carrying gFD::3HA3Flag-FD Mu7 and Mu8. 

Different letters represent significant differences among genotypes (P < 0.05, 
using one-way ANOVA followed by Tukey’s pairwise multiple comparison, 
P = 1.11 * 10−16; n = 26 and 27 for gFD::3HA3Flag-FD Mu7 and Mu8, respectively; 
and n = 24 and 23 for fd-3 and Col-0 seedlings respectively, all grown under 
long-days (LDs). The same data for Col-0 and fd-3 are also shown in j. e, Confocal 
images of shoot apical meristem cells of fd-3 plants expressing gFD::mVenus-FD 
Mu7 and Mu8. Scale bars = 2 μm. The confocal images are representative of 
three independent meristems. Gel-shift assays in c were performed twice with 
similar results.



Extended Data Fig. 11 | Gel-filtration analysis of MBP-FDc215–285 WT and Mu7 and 
Mu8 mutant proteins with or without SEP3 DNA and in combination with 
the presence or absence of GRF7-6His protein. Each panel shows size-exclusion 
chromatography and gel analysis: a, SEP3 DNA (24 bp). b, GRF7-6His. c–e, MBP- 
FDc215–285 (T282E), MBP-FDc215–285 (Mu7, T282E) and MBP-FDc215–285 (Mu8, T282A), respectively. 

f–h, MBP-FDc215–285 (T282E), MBP-FDc215–285 (Mu7, T282E) and MBP-FDc215–285 (Mu8, T282A), 
respectively, with SEP3 DNA. i–k, MBP-FDc215–285 (T282E), MBP-FDc215–285 (Mu7, T282E) 
and MBP-FDc215–285 (Mu8, T282A), respectively, with SEP3 DNA and GRF7-6His.  
The x- and y-axes indicate the elution volume and the protein absorption at 
260 nm and 280 nm, respectively.
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Extended Data Fig. 12 | Model of Arabidopsis FAC formation and inferred 
scenario of bZIP, 14-3-3 and PEBP gene family evolution within the plant 
kingdom based on extended phylogeny. a, SAM regions where FT is distributed 
and potential regions where transcribed mRNAs and transported proteins 
overlap. b, Model showing phosphorylated FD, 14-3-3 and FT proteins forming 
active small phase-separated condensates at specific DNA-binding sites of 
target genes during flowering. TFL1 is proposed to repress activity of FD in the 

vegetative stage, but how it is recruited into the FD − 14-3-3 complex is largely 
unknown. The mechanism in this study probably applies to a large clade of related 
plant bZIPs, 14-3-3 s and PEBPs, and is therefore highlighted and connected to 
these families in (c). Created in BioRender. Gao, H. (2025) https://BioRender.
com/dkwe9w4. c, Circles with dots represent the inferred ancestral gene 
existence at each point of divergence of major plant groups; numbers on the 
left are estimated time of divergence expressed as millions of years ago (MYA).
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