nature plants

Letter https://doi.org/10.1038/s41477-023-01383-3

Twoflorigens and aflorigen-like protein
formatripleregulatory module at the shoot
apical meristem to promotereproductive
transitionsinrice
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Many plant species monitor and respond to changes in day length
(photoperiod) for aligning reproduction with a favourable season. Day length
ismeasuredinleaves and, when appropriate, leads to the production of floral
stimuli called florigens that are transmitted to the shoot apical meristem to
initiate inflorescence development'. Rice possesses two florigens encoded

by HEADING DATE 3a (Hd3a) and RICE FLOWERING LOCUS T1(RFT1)*. Here we
show that the arrival of Hd3a and RFT1at the shoot apical meristem activates
FLOWERING LOCUS T-LIKE 1 (FT-LI), encoding a florigen-like protein that shows
features partially differentiating it from typical florigens. FT-L1 potentiates
the effects of Hd3a and RFT1during the conversion of the vegetative meristem
into aninflorescence meristem and organizes panicle branching by imposing
increasing determinacy to distal meristems. A module comprising Hd3a, RFT1
and FT-L1thus enables the initiation and balanced progression of panicle
development towards determinacy.

Florigens, even from distantly related species, share typical features.
They are transcribed and translated in phloem companion cells and
areloaded into sieve elements to move as systemic long-distance sig-
nals**. Upon reaching the shoot apical meristem (SAM), they modify
gene expression to start the reproductive programme. They belong
to the Phosphatidyl Ethanolamine Binding Protein family’ and regu-
late gene expression by forming florigen activation (or repression)

complexes (FACs) upon interacting with bZIP transcription factors
and Gf14 proteins®.

Inrice, floweringis accelerated upon exposure to short days (SD).
Under these conditions, HEADING DATE 1 (Hd1), encodinga CCT domain
transcription factor, promotes the expression of the florigen-encoding
genes Hd3a and RICE FLOWERING LOCUS T1(RFTI)intheleafvascula-
ture’. These florigens possess all the typical features described above
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Fig.1|Spatio-temporal regulation of FT-L1expression. a, AWT plant (right)
and an hd3a rft1 double mutant (left) unable to flower even after 3 years of growth
under SD. b, Temporal expression of FT-L1in the SAMs and leaves of WT plants
and hd3a rftl mutants. The samples were collected after shifting 2-month-old
plants from LD to inductive SD conditions. DAS, days after shift from LD to

SD. ¢, Quantification of FT-L1 expression in meristems of Hd3a (proGOS2::GVG
4xUAS::Hd3a) and RFTI (proGOS2::GVG 4xUAS::RFTI) inducible (ind) plants,
grown under LD and treated with dexamethasone (DEX) or mock. The samples
were collected 16 h after the treatment. Each time pointinb and cis represented
as the mean + standard deviation of two biological and three technical replicates.
The values were normalized on ubiquitin (UBQ). d, Flowering time of Volano
misexpressors of FT-L1 and Hd3a under LD conditions. The background of each
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lineis FT-LI7. In each box plot, the box indicates the 25th-75th percentiles,
the centre lineindicates the median and the whiskers indicate the full data range.
Eachdotrepresents anindependent plant measured. The statistical analysis
compared misexpressors with FT-LI? or FT-LIP>S with the WT.

The Pvaluesincand d are based on unpaired two-tailed Student’s ¢-tests with
Welch correction. **P < 0.005; ***P < 0.0005. The exact Pvaluesincand d
arelisted in Supplementary Data 1. e—i, In situ hybridizations of FT-L1on WT
meristems at the VM (e), IM (f), PBM (g) and SBM (h) stages. A close-up view
of PBMs and SBMs is shown to highlight reduced expression at the tip (yellow
arrowheads). Panel i shows the FM stage with floral organs already formed.
The experiments were repeated twice, each time with two distinct probes that
gave the same results.

andare redundant under SD’. Under long days (LD), flowering is mainly
promoted by the expression of RFTI (ref. 4).

Atthe SAM, Hd3a and RFT1commit the vegetative meristem (VM)
to an inflorescence meristem (IM) fate, which initiates reproductive
development; double hd3a rftI mutants never enter the flowering
phase (Fig. 1a). As the IM matures, indeterminate branches develop
thanks to theactivity of primary branch meristems (PBMs) and second-
ary branch meristems (SBMs). SBMs and the apical position of PBMs
form spikelet meristems (SMs), each of which develops into a deter-
minate floret meristem (FM) forming floral organs. Meristematic fates
canthusbedefined by their degree of determinacy, while meristematic
transitions can be regarded as progressively gaining determinacy as
panicle development proceeds®.

Weidentified FLOWERING LOCUS T-LIKE 1 (FT-L1) among the genes
whoseinductionis the strongest during floral commitment at the SAM®,
and this gene encodes a protein showing high amino acid sequence
identity to Hd3a and RFT1 (Supplementary Fig. 1a). The overexpres-
sion of FT-L1 under the control of a constitutive promoter induced

flower development during the regeneration of plants in tissue cul-
ture, indicating strong florigenic activity, similar to that of florigens™.
Yet, its transcription at the SAM differentiated FT-L1 from classical
florigens, whose transcription is limited to leaves, and suggested dif-
ferent regulation of its expression. To quantify the dynamics of FT-L1
expressionat the SAM and investigate the transcriptional dependency
of FT-L1onflorigenicsignals, we measured its transcriptioninthe SAMs
of hd3a and rft1 single and hd3a rft1 double mutants during growth
under SD, which promotes inflorescence development. The expres-
sion of FT-L1 was reduced in single mutants and was more sensitive to
the lack of RFTI (Supplementary Fig. 1d). The loss of both Hd3a and
RFTI1 abolished FT-L1 transcription in the SAM, indicating redundant
activity of the florigens (Fig. 1b). In leaves, mild induction of FT-L1
transcription was observed in hd3a rftI mutants and the wild type
(WT) (Fig.1b).

We next separated the effects of SD induction of FT-L1 from
those of Hd3a and RFT1 by quantifying FT-L1 transcription in plants
harbouring Hd3a (proGOS2::GVG 4xUAS::Hd3a, hereafter Hd3a™)
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Fig.2|Spatial expression of FT-L1based on reporter lines. a-d, Expression
of FT-L1based on pFT-L1::eYFPtranscriptional reporters shownin longitudinal
sections, 50 pm thick, of shoot apices imaged at the VM (a), PBM and SBM (b),
SBM and SM (c) and FM (d) stages. Threeindependent pFT-L1::eYFPlines gave
similar results. e-j, Spatio-temporal accumulation of the FT-L1 protein based
onknock-in (e,f,h) and pFT-L1::FT-L1::eYFP(g,ij) reporter lines. Stages included

VM (e), IM (f), PBM (g), SBM and SM (h), FM (i) and floral organs (j). St, stamen;
Pa, palea; Le, lemma; rGl, rudimentary glumes; sGl, sterile glumes; Br, bract. In
the confocalimages, the upper pictures show all channels merged, including
eYFP and GFP (green) and cell walls (Renaissance’s fluorescence in blue), while
the lower pictures show only the fluorescent protein channel. The experiments
shownina-dand e-jwere repeated five times.

or RFTI (proGOS2::GVG 4xUAS::RFTI1, hereafter RFT1""%) induc-
ible vectors grown under non-inductive LD". The expression of
FT-L1increased at the apex of Hd3a™ and RFT1™ plants a few hours
after the leaves were treated with dexamethasone, compared with
mock-treated ones (Fig. 1c). Again, induction mediated by RFTI™ was
stronger than that induced by Hd3a™. Taken together, the expres-
sion data indicate that FT-L1 is expressed at the SAM, and the flo-
rigens are necessary and sufficient for its activation. Diurnal time
courses corroborated these findings, further showing high FT-L1
transcription throughout a SD with a peak reached during the night
(Supplementary Fig. 1b,c).

We next asked whether FT-L1 induction is directly regulated by
FACs containing Hd3a or RFT1. We performed chromatin immuno-
precipitation (ChIP) followed by quantitative PCR with reverse tran-
scription (RT-qPCR) on inflorescences bearing PBMs and SBMs. We
used an anti-FT/TSF antibody that was previously tested to assess the
specificrecognition of Hd3aand RFT1 (Supplementary Fig.2aand Sup-
plementary Data 2). The FT-L1 promoter contains two G-box elements,
whicharerecognized by bZIP transcription factors. Bothregions were
enrichedinindependent ChIP experiments, indicating direct binding
of the florigens (Supplementary Fig. 2b,c).

The transcription of FT-L1 at the SAM is not consistent with arole
as a systemic flowering signal moving from leaves as shown for Hd3a
and RFT1. However, aspecific functionin the leaves could not be ruled
out, because FT-L1 expression mildly increased in leaves under SD
(Fig.1b). Similarly, italsoincreasedinleavesunder LD in early flowering
genotypes bearing mutations in repressors of florigen transcription
(Supplementary Fig. 1e)".

To understand whether leaf expression had any biological impor-
tance, we misexpressed F7-L1 under the meristem- and stem-specific
ORYZA SATIVA HOMEOBOX 1 promoter (pOSHI) and under the RICE
PHLOEM PROTEIN 16 promoter (pRPP16), specific for companion cells
and phloem parenchyma cells, in the FT-L1"°** mutant background
(described later)*"*. Both pOSHI::FT-L1 and pOSHI::Hd3a misexpres-
sors flowered early compared with controls (Fig. 1d). However, FT-L1
misexpression in the phloem could not accelerate flowering or rescue
the FT-L17 mutant, while pRPPI6::Hd3a plants flowered as early as mer-
istematic misexpressors. These datasuggest that F7-L1 promotes flower-
ing when expressed in the meristem but not in leaves. They also argue
againstthe FT-L1 protein beingamobile systemicsignal from the phloem
and suggest that there is some specificity in the protein sequences of
Hd3aand RFT1that allow their movement compared with FT-L1.
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We next defined the temporal and spatial accumulation of FT-L1
transcripts and protein during panicle development. Transcripts were
detectedinthe outer layers of the IM and in young leaf primordia, but
notinthe VM (Fig. 1e,f). During subsequent stages, they accumulated
in PBMs and SBMs (Fig. 1g,h). Expression was not uniformly detected
inthese meristems; rather, it was reduced in their distal parts (magni-
fied detailsin Fig.1g,h). The signal then persisted in the flower during
floral organ development (Fig. 1i). We further visualized the transcrip-
tional pattern by expressing an eYFP under control of the pFT-L1 pro-
moter (pFT-L1::eYFP reporter). The expression of eYFP was detected
in both primary and secondary branches and decreased in PBMs and
SBMs, reaching a minimum at the tips of these meristems (Fig. 2a-c).
Expressionwas high at the base of the spikelet and was reduced in FMs
(Fig. 2d). The in situ and pFT-LI::eYFP patterns were in agreement,
except forabroader eYFP expression that was evidentin the centre of
the mainrachisand branches and did not have a corresponding signal
oninsitusections.

Finally, we used two independent approaches for FT-L1 protein
visualization. We generated FT-L1::GFPlines by targeted knock-in of a
GFPsequencethatreplaced the stop codon®. Ina parallel approach, we
generated pFT-L1::FT-L1::eYFP transgenic reporters. Imaging of these
linesis presentedin Fig.2e—-j. FT-L1proteinaccumulatedin the IM, with
stronger expressionin the L1layer (Fig. 2f). In subsequent stages, the
proteinlocalized in PBMs, SBMs and the bracts, with lower expression
atthetips of these meristems (Fig. 2g,h). During spikelet development,
FT-L1accumulated in glume primordia but not in the FM (Fig. 2i). How-
ever, as flower development progressed, FT-L1 accumulated in floral
organ primordia (Fig. 2j). Decreased expression of FT-L1in distal cells
of PBMs and SBMs suggests that it is excluded from these meristems
to avoid their precocious determination and the premature specifica-
tion of SMand FM that would interrupt branching. We also noted how
protein localization patterns overlapped with pFT-L1::eYFP patterns.
Although short-distance protein movement within reproductive mer-
istems cannot be excluded, these data support a cell-autonomous
function of FT-L1.

Overexpression and misexpression data indicate that FT-L1 can
promote flowering, a typical feature of florigens. To corroborate these
studies and to explore the genetic relationships between FT-L1, Hd3a
and RFT1, we produced ft-l1single as well as ft-11 hd3a and ft-(1 rftl dou-
ble mutants (Supplementary Fig. 3b,c). Single ft-l1 mutants flowered
later under SD, indicating that FT-L1is necessary for correct timing of
the VM-to-IM transition. The ft-l1 hd3a double mutant flowered later
than hd3a, indicating an additive effect, whereas the ft-/1 rftI double
mutant flowered as late as rftI (Fig. 3a). Under LD, ft-/I mutants also
delayed flowering, their effect being additive to rft1 but not to hd3a
(Fig.3b,c). This reversed role is consistent with the differential activi-
ties of Hd3a and RFT1 depending on day length. FT-L1 therefore acts
downstream of both florigens at the VM-to-IM transition, creating a
feed-forward regulatory module necessary to properly time reproduc-
tive commitment.

In mutant lines lacking FT-L1 activity, we observed alterations in
panicle branching. The ft-11 hd3a mutants showed a higher number of
secondary branches (Fig. 3g). This phenotype and the FT-L1expression
profile spanning all stages of panicle development suggested that FT-L1
might also contribute to elaborate panicle architecture.

We analysed these effects using plant materials suitable for
growing in field conditions, under natural photoperiods, with the
additional aim of assessing potential effects on seed yield. To this
end, we took advantage of NaN;-induced mutants isolated froma Vol-
ano collection. Volano is an Italian variety adapted to high latitudes,
with reduced sensitivity to the photoperiod due to mutations in Hd1
(refs. 12,16). Using a KeyPoint 3D-based pooling technology”, we
screened 4,000 M, individuals by targeted amplification of FT-L1
and amplicon sequencing (Supplementary Fig. 4a,b). We identified
three missense mutants, producing the FT-L1-P95S, FT-L1-T1451 and
FT-L1-G117R proteinvariants, whose amino acid substitutions arelocated
inhighly conserved positions of the protein (Fig. 3d and Supplementary
Fig.1a)'s. Three-dimensional structure analysis predicted that Pro95Ser
and Glyl117Arg modify surface charge and destabilize protein structure,
whereas Thrl45lleislocatedinthe core and does not have a predicted
destabilizing effect (Supplementary Fig.3a)"". The Pro95Ser substitu-
tion altered a conserved proline that in Hd3a is essential for the inter-
action with Gf14 proteins and is likely to have the strongest effect on
protein function®. To investigate its functionality in FT-L1, we expressed
WT and Pro95Ser mutant genes in the ft-10 mutant of Arabidopsis
grown in SD, under the control of the pFD promoter®°. Both FT and
FT-L1misexpressors strongly accelerated flowering, while FT-L1-P95S
showed weak florigenic activity (Supplementary Fig. 5).

Inrice, the FT-L1***® and FT-L1°™® mutants delayed flowering in
both SD and natural LD conditions in field assays (Fig. 3e,f). Notably,
the quantification of panicle parameters revealed that all mutations
increased secondary (and some eventertiary) branch number, except
for FT-LI™'under SD (Fig. 3h,i,I-0). Yet, FT-LI™*"increased branching
in the field, but not time to flowering, indicating that the effects of
FT-L1on flowering and branching are genetically separable and that
altered panicle architectureis notjust aconsequence of delayed floral
transition.

Anincrease in secondary branch number indicated that FT-L1
promotes SM identity. Its weaker activity delayed the transition from
SBMs to SM, decreasing panicle determinacy and reverting SM fate to
SBM fate. Thisinterpretationis also supported by co-expression analy-
sis that revealed high positive correlations between the expression
levels of FT-L1and flower development genes (Supplementary Table1).

We quantified the expression of genes marking distinct phases of
inflorescence development, including OsMADS15,34,5and 1, beginning
tobeexpressed during IMcommitment, final establishment of the IM,
SBM formation and flower development, respectively®”>*, The data
indicate that the expression of OsMADS15,5and 1 was strongly reduced
inft-l1 mutants, whereas OsMADS34 expression was only marginally
impacted (Supplementary Fig. 6).

Fig.3|FT-L1promotes flowering and panicle determinacy. a, Flowering time of
ft-l1, hd3a ft-11 and rft1 ft-11 mutants grown under SD conditions. The plants were
grown for 2 months under LD conditions and then induced to flower by shifting
them to SD. Days to heading were calculated starting on the day of the shift.

b, Flowering time of hd3a ft-l1 under LD conditions. ¢, Flowering time of rft1 ft-11
under LD conditions. Days to heading in b and c were measured after sowing. The
graphsinband c are separated because they refer toindependent experiments.
d, 3D structure of FT-L1, highlighting the amino acid substitutions isolated from
amutagenized collection in Volano. The modified residues are highlighted in
pink. e,f, Flowering time of Volano mutants under SD (e) and natural LD in the
field (f). Ineach box plotina-cand e f, the box shows the 25th-75th percentiles,
the centre line indicates the median and the whiskers indicate the full data

range. Each dot represents anindependent plant measured. The box plots are
colour-coded depending on the genotype; in a-c, the background controls

areshowningray.*P<0.05;*P < 0.01; ***P < 0.001. The Pvalues are based on
unpaired two-tailed Student’s ¢-tests with Welch correction. The exact Pvalues
arelisted in Supplementary Data 1. g-i, Quantification of panicle branching in
hd3a ft-ll mutants under LD (g) and in Volano mutants under SD (h) and natural
LDinthe field (i).j, Quantification of panicle fertility in Volano ft-/I mutants.
Sterile flowers are those not giving rise to a caryopsis or aborting it precociously.
k, Quantification of panicle branching in pOSHI::FT-L1 and pOSHI::Hd3a
misexpressor lines under LD. The datain g-iand kindicate the mean + standard
deviation of ten panicles per genotype collected from the main culms (the means
areindicated on the histograms). *P < 0.05; **P < 0.005; ***P < 0.0005. The P
values are based on unpaired two-tailed Student’s ¢-tests with Welch correction.
The exact Pvalues are listed in Supplementary Datal.1-p, Representative
panicles of theindicated genotypes. The pOSHI::FT-L1 panicles (p) showed
shattering (the shattered seeds are shown in the top right corner).
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We conclude that FT-L1 accelerates inflorescence develop-
ment, including the VM-to-IM and SBM-to-SM transitions. Hd3a and
RFT1 might not be able to guarantee sufficient determinacy to the

inflorescence, thus requiring an additional downstream florigenic
function. This peculiar arrangement might occur because the supply
of florigens from the leaves might decrease during panicle growth
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Fig. 4 |Regulation by SPLs and protein interactions of FT-L1. a, Quantification
of FT-L1transcription in SPL loss- and gain-of-function mutant backgrounds.

The dataindicate the mean + standard deviation of three technical replicates.
Asecond biological replicate gave similar results. b-g, Co-localization patterns
of FT-L1WT (b-d) and FT-L1-P95S (e-g) with Gf14s and OsFD7. The green signal
indicates FT-L1, whereas the orange signal indicates co-localization. Note that
both FT-L1forms co-localize with Gf14s only in the cytoplasm (b,c,e,f) and with
OsFD7 only in the nucleus (d,g). h, Quantification of interaction strengths by
Forster resonance energy transfer by fluorescence lifetime imaging (FRET-FLIM)

measurements. Donor lifetime (7) was quantified in nanoseconds, between
FT-L1-GFP constructs without and with the Gf14s-mCherry and OsFD7-mCherry
acceptors. Ineach box plot, the box indicates the 25th-75th percentiles, the
centre line indicates the median and the whiskers indicate the full data range.
Eachdotindicates ameasurement done on one independent cell, with at least 12
cells per combination being analysed. *P < 0.05, **P < 0.005, ***P < 0.0005.

The Pvalues are based on unpaired two-tailed Student’s ¢-tests with

Welch correction. All the experiments were repeated twice, with identical
measurements.
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and reach a level below the threshold required to terminate distal
meristems at the right time.

The increase in the number of branches also determined an
increase in the number of spikelets and flowers. However, a larger
fraction of flowers was sterile in the mutants, consistent with FT-L1
being necessary for specifying floral identity or fertility (Fig. 3j). Grain
yield therefore did not change in the mutants. To further validate
these results, we performed the same analyses on the panicles of
PpOSHI::FT-L1. We observed a decrease in the number of secondary,
but not primary, branches (Fig. 3k,p). This phenotype was shared by
pOSHI::Hd3a panicles, indicating faster conversion of SBMs to SMs due
to high and persistent expression of florigenic proteins during pani-
cle development. Florigenic proteins therefore establish differential
determinacy of panicle meristems, probably creating gradients along
the proximo-distal axis.

Theinitial expression of FT-L1 depends on Hd3a and RFT1, but its
role in organizing panicle architecture at later developmental stages
suggests that it might also be controlled by additional pathways.
Satisfying this condition would effectively make FT-L1 a floral inte-
grator. ChlP-seq data indicate that the FT-L1 promoter is bound by
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 14/IDEAL PLANT
ARCHITECTURE 1(SPL14/IPA1, hereafter SPL14)**. SPL14 controls vege-
tative and reproductive branching, redundantly with SPL17 (ref. 25). The
accumulation of SPL transcripts is limited by miR156/529, and escaping
such negative regulation by mutations in the miR target site increases
panicle branching®?. We asked whether SPL14 and 17 regulate FT-L1
expression at advanced stages of panicle development. To this end,
we first edited SPL14 and 17to produce SPL loss- and gain-of-function
genotypes (Supplementary Fig. 7b). Next, we sampled inflorescences
atthe SBM and FM stages. Since mutations in SPLs strongly affect the
timing and pattern of panicle development®®, we harvested individual
samples on the basis of morphology rather than time from SD induc-
tion, and we further controlled homogeneity between and within
samples by quantifying the expression level of OsMADS15 (Supple-
mentary Fig. 7a). FT-L1 transcription increased in spl14 spl17 double
mutants, while it decreased when a SPL14-D allele was in the back-
ground, atthe SBM stage (Fig. 4a). These dataindicate that SPLsreduce
FT-LI transcription during branching, consistent with the possibility
that SPL-mediated repression of FT-L1 is part of the mechanism that
increases branch number in SPL14 gain-of-function genotypes. Thus,
FT-L1integrates at least the photoperiodic and SPL14 pathways to
control branching.

Central to the activity of florigens is their incorporation into an
FAC®. We carried out bimolecular fluorescence complementation
(BiFC) assaysto determine whether FT-L1 protein-protein interaction
patterns resembled those of Hd3a and RFT1. We tested interactions
with Gf14b and Gfl4c, and with OsFD1, OsFD4 and OsFD7, members of
the bZIP family®***°, FT-Llinteracted with Gf14s in the cytoplasm (Sup-
plementary Fig. 8a,b) and with OsFDs in the nucleus (Supplementary
Fig.8c-e), a patternresembling those of Hd3a and RFT1and consistent
withthe observation thatallamino acids forming the surface ofinterac-
tionwith Gfl4sare conservedinHd3a, RFT1and FT-L1. OsFD7 interacted
more strongly with FT-L1 than with Hd3a or RFT1 (refs. 11,30), and its
spatio-temporal transcriptional dynamics closely matched those of
FT-L1(Supplementary Fig. 8k-n). Mostimportantly, OsFD7RNA inter-
ference mutants had delayed flowering, increased secondary branch
number and increased sterility, like ft-[1 mutants®°. Expression data,
protein-protein interaction patterns and mutant analysis therefore
suggest that the FT-L1-OsFD7 complex might determine meristem
transitionsin the panicle.

The FT-L1-OsFD7 dimer can assemble independently of the Gf14
bridging function®. In vivo interaction assays using the FT-L1-P95S
mutant form indicate that FT-L1 can interact with Gfl4s and OsFD7
in the same subcellular compartments (Fig. 4b-g and Supplemen-
tary Fig. 8f-h) and with the same strength as WT FT-L1 (Fig. 4h).

Anintact Gf14 interactioninterfaceis therefore not necessary for FT-L1
protein contacts.

In conclusion, we have demonstrated the existence of a module
comprising two florigens and one florigen-like protein that determines
reproductive commitment, panicle architecture and flower fertility.
The downstream element of the module shares some features with
Hd3aand RFT1, including protein-protein interaction patterns, while
others clearly distinguish it from classical leaf-expressed florigens,
includingtranscriptionin meristems and no long-distance movement.
The latter features suggest that FT-L1 has cell-autonomous activity,
although this aspect needs to be further tested. In the developing
panicle, FT-L1 promotes determinacy, probably in a complex with
OsFD7. We propose a working model that considers a graded acquisi-
tion of meristemidentities, whereby the commitment of an IMis mostly
under control of FACs containing Hd3a and RFT1. Local activation of
FT-Llexpressionin reproductive meristems leads to the formation of
FACs containing FT-L1, resulting in subsequent meristem transitions
and panicle determinacy (Supplementary Fig. 9).

Methods

Plant materials and growth conditions

We used two japonica rice (Oryza sativa) cultivars, Nipponbare
and Volano. Volano is an Italian variety insensitive to photoperiod
due to a background natural mutation in the master regulator Hd1
(refs.12,16). Photoperiodic conditions included SD (10 hlight:14 hdark)
and LD (14.5 hlight:9.5 h dark) for greenhouses and growth chambers
(Conviron PGR15) and natural photoperiods for the paddy field. The
croppingseason extended from mid-April to September, and the fields
were located in Tortona (44.89° N, 8.86° E). For Arabidopsis thaliana,
the growth conditions used included only SD (10 h light:14 h dark).

In the misexpressor lines, we cloned the FT-L1 coding sequence
downstream of the 1.5 kb pOSHI promoter and the 1.3 kb pRPP16
promoter in a Gateway compatible vector. The pOSHI::Gateway
(pOSHI::GW) destination vector was described in ref. 11. The pRPP16
promoter was amplified using primers pRPP16-FW and pRPP16-RV
and cloned in a p/ndex4 backbone modified as described by
Brambilla et al.". We cloned the FT-L1 coding sequence (531 bp) in
pDONR207 and then inserted it in the pOSHI::GW destination vector
using an LRIl recombination reaction. Using pOSHI::FT-L1, we excised
the pOSHI promoter using Munl and Mlul restriction enzymes. The
pRPP16-FW and pRPP16-RV primers contained Munl and Ascl restric-
tion sites; we digested the fragment with Munl and Ascl (an isoschiz-
omer of Mlul) and ligated the promoter into the empty vector with T4
ligase, obtaining the pRPP16::FT-L1.

The pFT-L1::eYFP vector was cloned using 2,500 bp of pFT-L1
promoter (with primers pFT-L1 + attB1-FW and pFT-L1 + attB2-RV).
The FT-L1 promoter was inserted into pDONR207 using BP recom-
binase. The pFT-L1 entry vector was LRII-recombined into the final
vector pGWB540, carrying the fluorophore eYFP. For the construc-
tion of pFT-L1::FT-L1::eYFP, we used a multisite gateway vector.
The FT-L1 promoter was cloned into pDONR221 P1-P5r (with prim-
ers pFT-L1 + attB1-FW and pFT-L1 + attB5r-RV) and the FT-L1 coding
sequence (with primers OsFT-L1 + attB5-FW and OsFT-L1 + attB2-RV)
into pDONR221 P5-P2. These fragments were recombined into the final
pGWB540 using LRIl recombinase. Gene targeting was performed viaa
sequential transformation method described in refs. 15,31,32. Briefly,
the FT-L1-GFP donor construct (using primers OsFTL1-5-Xbal-FW
and OsFTL1-3-EcoRI-R, sGFP-FW and sGFP-RV) was transformed into
aparental rice plant line that already expressed Cas9 froma constitu-
tive strong maize Ubiquitin1promoter. The FT-L1-GFP gene targeting
construct harbours ahomology-directed repair donor sequence with
800-bp homology arms and an OsU6-promoter-driven single guide
RNA cassette targeting the FT-L1locus. In the second transformation,
T, transgenic calliwere selected using Basta. The gene-targeting events
were analysed by PCR for individual T, regeneratedrice plants, and the
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T,homozygous ones were used for GFP observation. The construction
ofthe dexamethasoneinducible system and treatment conditions are
reportedinref. 11. The primers are listed in Supplementary Data 3.

The phenotypic analysis of panicle architecture was performed
using the open-source pTRAP software (Panicle TRAit Phenotyping)®.
Theexpression of FT-L1, FT-LI"® and FTin the Arabidopsis ft-10 mutant
was obtained using the pFD::GWvector (pLEELA backbone). Transgenic
plants were selected with the herbicide BASTA. The resistant plants’
flowering times were then recorded.

CRISPR-Cas9 editing and rice transformation

CRISPR ft-11 mutant lines were generated according to ref. 34 in the
Nipponbare WT, as well as hd3a-3 and rftI-1 single mutants. hd3a-3
and rftl-1 are loss-of-function mutants (L. Mineri et al., manuscriptin
preparation). The CRISPR ft-/I mutants were generated by expressing
adouble single guide RNA, specific for FT-L1, considering the high
homology with Hd3a and RFT1. The sequences of the single guide RNAs
are highlighted in Supplementary Fig. 3c. For CRISPR-based mutagen-
esis of SPL14 and SPL17, cloning was based on vectors described pre-
viously®. The selected oligonucleotide for both SPL14 and SPL17 is
located in aregion suitable for creating frame-shift mutations and sp/
loss-of-function alleles, as well as for targeting the miR156-binding
region to obtain SPL gain-of-function alleles. Nipponbare and Vol-
ano calli were obtained, transformed and selected on 50 mg ™ and
100 mg I hygromycin following a published protocol®.

RNA isolation and analysis of gene expression

We used RT-qPCR for the quantification of gene expression. SAM
samples and young panicles were collected at different DAS of the
plants from LD to SD conditions for inducing flowering. At least two
biological replicates were processed for every time point. RNA was
extracted with NucleoZOL (Macherey-Nagel) following the manufac-
turer’sinstructions. To clear the RNA samples from DNA residues, we
performed a treatment with DNase | (Turbo DNase, Invitrogen). The
complementary DNA was synthesized with ImProm-II Reverse Tran-
scriptase (Promega), using1 ug of total RNA as astarting template and
apolyT primer. Quantification of the transcripts was performed with
the primers listed in Supplementary Data 3, using the Maxima SYBR
Green gPCR Master Mix (Thermofisher Scientific), with a RealPlex2
thermocycler (Eppendorf). The annealing temperature for all primer
pairs was 60 °C. The data were analysed using MS Excel v.2211. All
quantifications were calculated on the basis of technical triplicates. The
Ubiquitin gene was used to normalize expression levels. For statistical
analysis, we used ¢-tests, with a Pvalue threshold of 0.05. In situ hybridi-
zations were performed on Nipponbare WT meristems, collected at
different time points. Microtome sections 7 um thick were treated
according to the protocol published by Toriba et al.”, using 60 °C as
the temperature condition for the hybridization. Two different probes
were used, giving the same results (the sequences are indicated in
Supplementary Data 3).

Protein-protein interaction assays

For the BiFC and FRET-FLIM assays, two- to three-week-old Nicotiana
benthamiana plants grown at 20 °C were transfected with vectors
expressing the fusion proteins of interest. The pBAT TL-B sYFP-N and
PBAT TL-B sYFP-C were used for BiFC and pABind-GFP and pABind-
mCHERRY for FRET-FLIM. Agrobacterium cultures were grown to an
0Dy, 0f 0.4 for BiFC and OD,, of 0.5 for FLIM. After agroinfiltration,
the plants were incubated at 25 °Cin SD conditions for two to five days.
Afterthis period, the plants were ready for BiFCimaging at the confocal.
For FLIM, the plants were induced with -estradiol with 20 uM as the
final concentration, 14 to 16 hours before the confocal analysis. The
GFP lifetime was measured without and with the acceptor mCherry
onan average of ten transformed cells (nuclei and cytoplasm). All the
experiments were repeated twice.

Confocal imaging

For the marker lines, shoot apices of the transgenic plants were col-
lected and embeddedin 6% (w/v) agarose, sliced with a Leica Vibratome
VT1200S into 50-pm-thick sections and then stained with 1:1,000
Renaissance:1xPBS. ANikon Eclipse Ti2 inverted microscope equipped
with aNikon AIR+laser scanning device (http://www.nikon.com/) and
the NIS software was used. For the imaging of knock-in marker lines, a
Zeiss LSM880 laser scanning confocal microscope equipped with an
Argon 488 nmlaser device and the ZEN (Blue v.2.1) software was used.
For the FLIM assays, a Leica MultiPhoton Falcon Dive was used with the
software Leica Application Suite LAS X FLIM/FCS v.3.5.6.

Westernblot and ChIP

The western blot protocol was adapted from ref. 38 as follows.
Flash-frozen rice leaves were ground and homogenized in ice-cold
extraction buffer (4 M urea, 50 mM Tris-HCI (pH 7.5), 150 mM NacCl,
2mM EDTA, 0.2% B-mercaptoethanol, 0.1% SDS, cOmplete protease
Inhibitor Tablet (Roche)).

Approximately 60 pg of total protein was separated on a 12%
SDS-PAGE gel. For immunodetection, rabbit anti-FT (ASO6 198 Agri-
sera) and rabbit anti-H3 (AS10 710 Agrisera) were used as the primary
antibodies at 1:1,000 and 1:5,000 dilutions, respectively. Secondary
anti-rabbit antibodies (AS09 602Agrisera) were used at1:10,000 dilu-
tions. The proteins were detected by ECL (Bio-Rad).

For ChIP-qPCR sampling, young inflorescences were collected
from Nipponbare WT plants at 15 days after the shiftinto SD inductive
conditions. Approximately 100 inflorescences were used for each
replicate, and a total of two biological replicates were prepared for
ChIP-gPCR. Tissue fixation, nuclei extraction and ChIP were performed
as previously described by Tsuda et al.”. The anti-FT antibody and
2 pg of Normal Rabbit Immunoglobulin G (whole molecule, purified,
FUJIFILM Wako) were used for the IP. Input samples were used as a
negative control. The qPCR was performed with SYBR Green [ using a
Light Cycler 480 System Il (Roche Applied Science).

Correlation analysis

The correlation analysis was done as described previously®. Briefly,
the data from 728 hybridizations performed with the Affymetrix rice
microarray were assembled, and the correlations among gene tran-
scripts were measured using the Pearson correlation coefficient either
onthe original data or after log-transformation.

Structure and stability of FT-L1 variants

The3Dstructure of WT and mutated FT-L1was obtained by homology
modelling using the tool Swiss Model (https://swissmodel.expasy.org/
interactive) and monomeric AtFT (PDBID 6igh.1) asatemplate. Figures
of the structure were prepared with PyMOL (the PyMOL Molecular
Graphics System, v.1.2r3pre, Schrédinger). To understand whether
mutations in FT-L1 could impair protein stability, the homology mod-
els were analysed with DUET (http://structure.bioc.cam.ac.uk/duet).

Accession numbers

« Rice MSU Genome Annotation Project (http://rice.uga.edu)
* OsFT-L1>LOC_0s01g11940.1

« OsHd3a>LOC_0s06g06320.1

* OsRFT1>LOC_0s06g06300

* Gfl4b>LOC_0s04g38870

» Gfl4c>LOC_0s08g33370

+ SPL14>10C_0s08g39890.1

» SPL17>LOC_0s09g31438

» OsMADSI>LOC_0s03gl1614

* OsMADS5>LOC_0s06g06750

* OsMADSI15>L0OC_0s07g01820.1
* OsMADS34 >LOC_0s03g54170
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OsFD7 >LOC_07g48660
OsFD4 >1L0C_0s08g43600
OsFD1>LOC_0s09g36910
UBQ>LOC_0s03g13170.1

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analysed during this study are included in this
Letter (anditssupplementary files). The 3D protein structure of FT-L1
was modelled on the basis of available structural data on monomeric
AtFT (PDBID 6igh.1).
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For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Gene expression data were collected using a Mastercycler RealPlex2 and software version 2.2. Confocal images were acquired using a Nikon
Eclipse Ti2 inverted microscope, equipped with a Nikon A1R+ laser scanning device (http://www.nikon.com/) and the NIS software. For
imaging of knock-in marker lines, a Zeiss LSM880 laser scanning confocal microscope, equipped with Argon 488nm laser device and the ZEN
Blue 2.1 software was used. For FLIM assays a Leica MultiPhoton Falcon Dive was used with the software Leica Application Suite LAS X FLIM/
FCS, Version 3.5.6.

Data analysis MS Excel v.2211; GraphPad Prism v.8.0.1; P-TRAP IRD Bioinformatics (https://www.quantitative-plant.org/software/p-trap); PyMOL Molecular
Graphics System, Version 1.2r3pre, Schrodinger, LLC.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated or analysed during this study are included in this published article (and its supplementary information files). Protein 3D structure of FT-L1 was
modelled based on available structure of monomeric AtFT (PDB id 6igh.1).
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Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size flowering time data were collected from 10 plants/genotype, at least. Gene expression was quantified using three technical replicates.
Data exclusions  No data were excluded, no pre-exclusion criteria were determined.

Replication Experimental findings were reproduced by, at least, one biological repetition of the experiment. Results of biological replicates were
consistent among them.

Randomization  Plants were allocated randomly among groups.

Blinding No blinding was performed. Several different researchers collected the data under various conditions and repeated the experiments. We
exclude biases in data collection.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Dual use research of concern

Antibodies

Antibodies used For immunodetection, rabbit anti-FT (ASO6 198 Agrisera), rabbit anti-H3 (AS10 710 Agrisera) were used as primary antibodies at
1:1,000 and 1:5,000 dilutions, respectively. Secondary anti-rabbit antibodies (AS09 602Agrisera) were used at 1:10,000 dilutions. For

chromatin immunoprecipitation Normal Rabbit Immunoglobulin G (IgG) (whole molecule, purified, FUJIFILM Wako Code No.14-0955)
was used.
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Validation Primary antibody was first tested on rice lines overproducing the protein of interest and on mutants that do not produce the protein.
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