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4. RESULTS AND DISCUSSION 
My thesis aims to define the role of OsFT-L1 during the floral transition and in determining inflorescence 
architecture, focusing on its molecular characterization during the reproductive development of rice. 
To tackle this topic, I carried out a series of experiments through genetic, molecular and imaging approaches 
discussed below. 

 
4.1 A REGULATORY MODULE INVOLVING THREE FLORIGENS AT THE SAM 
Thanks to an RNA-seq performed in my lab in 2019, comparing the transcripts from SAM of plants exposed 
to SD conditions and plants that remained in LD conditions, we obtained a list of genes differentially 
expressed during floral commitment50.  

Among the genes that were induced at the SAM, together with OsMADS14, OsMADS15 and OsMADS34, we 
identified FLOWERING LOCUS T-LIKE 1 (FT-L1). This gene, a member of the phosphatidyl-ethanolamine-
binding proteins (PEBP), encodes a florigenic protein closely related to Hd3a, RFT1 and AtFT with which it 
shares a high homology in the aminoacidic sequence49 (fig.25).  

 

 

 

 

 

 

 

 

 
Plants overexpressing FT-L1 under the control of a constitutive promoter flower during regeneration in tissue 
culture with stamen-like and pistil-like organs in ectopic positions, indicating that FT-L1 has strong flower-
inducing functions18.  

These data suggest that FT-L1 could have an important role in rice flowering and that its function may be 
downstream of Hd3a and RFT1.  

4.1.1 FT-L1 expression directly depends from florigens and photoperiod   
To investigate the transcriptional dependency of FT-L1 upon the two florigens, we have performed a qRT-
PCR to quantity the transcripts of this gene in leaf and meristem tissues, both in Nipponbare wt lines and in 
the Nipponbare hd3a rft1 double knock-out mutant, whose plants are unable to flower (fig.26A). (Mineri et 
al., manuscript submitted, see Appendix 4 for the entire manuscript)  

Figure 25 - Alignment of FT-L1 with RFT1, Hd3a and Arabidopsis thaliana FT. Sequences for rice proteins 
(OsFT-L1, OsRFT1 and OsHd3a) were taken from MSU (rice) and for Arabidopsis from TAIR (AtFT).  

Note that LOC_Os01g11940.1 is misannotated with the first 100 amino acids having no homology with the 
other florigens. Alignments from the second Methionine give perfect protein match.  
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For what concerns the expression in meristem tissue, in the WT it was observed an increase in gene 
expression together with the progression of panicle development, reaching a peak and then a plateau at the 
floret meristem stage. In the double mutant, FT-L1 transcripts are not detectable revealing that the presence 
of functional Hd3a and RFT1 is essential for FT-L1 induction (fig.26B).   
 

 
We also checked the expression of FT-L1 in meristem tissues of single mutants hd3a and rft1 independent 
lines. In these mutants, too, the transcript abundance is very reduced in particular in rft1, suggesting a 
stronger dependency upon this florigen (fig.26C).  

Conversely, in the leaves of hd3a rft1 double mutants and in the wild type, a mild induction of FT-L1 
transcription was observed. 

Since we demonstrated that FT-L1 activation depends on the florigen and on the photoperiod,  
we wanted to separate the effects of day length induction from those of Hd3a and RFT1 on FT-L1 

transcription. We have, therefore, performed a quantification of FT-L1 transcripts in plants grown under non-
inductive LD conditions and harboring an inducible system for Hd3a or RFT1 (fig.27).  

 

 

 

 

 
 

Figure 26 – Spatio-temporal regulation of FT-L1 expression. A. Picture of an hd3a rft1 double mutant unable to flower even 
after 3 years of growth under SD. B. Temporal expression of FT-L1, in SAMs and leaves of wild type and hd3a rft1 mutants. 
Samples were collected after shifting two-month-old plants from LD to inductive SD conditions C. Quantification of FT-L1 

expression in apices of Nipponbare WT and Nipponbare single mutants hd3a and rft1 at different time points after the shift LD-> 
SD. Each time point in B and C is represented as mean ± standard deviation of two biological and three technical replicates. 

Values were normalized on the housekeeper UBQ. DAS, days after shift. 0 das represents a vegetative meristem (VM) stage, 7 
das corresponds to the inflorescence (IM) stage, 12-15 das corresponds to the primary branch meristem (PBM) stage, while 22 

corresponds to the secondary branch meristem (SBM) stage. 
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Figure 27 - Schematics of the inducible system. The GVG chimeric protein is expressed under the GOS2 promoter 
to produce the inducible part of the vector. T indicates the terminator67. G-V-G is composed by GAL4 yeast 

transcription factor DNA-binding domain, VP16 herpes viral protein transactivating domain, and GR rat 
glucocorticoid receptor domain93. In the second module there are Hd3a or RFT1 coding sequences under the 

control of the 4x UPSTREAM ACTIVATION SEQUENCE (UAS)67. 
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These lines are composed by two modules: a GOS2 constitutive promotor driving expression of the GVG 
chimeric protein (G-V-G, composed by GAL4 yeast transcription factor DNA-binding domain, VP16 herpes 
viral protein transactivating domain, and GR rat glucocorticoid receptor domain93) to produce the inducible 
part of the vector and Hd3a or RFT1 coding sequences under the control of the 4x UPSTREAM ACTIVATION 
SEQUENCE (UAS) to produce the effector component of the vector67. The lines obtained, proGOS2:GVG 
4×UAS:Hd3a and proGOS2:GVG 4×UAS:RFT1 were referred to as Hd3aind and RFT1ind, respectively.  

 

 

 

 

 

 

 

 

 

FT-L1 expression increases in the apex of both inducible lines after the dexamethasone induction (fig.28). 

In conclusion, we can assume the two florigens are not only necessary but also sufficient to allow FT-L1 
expression to be activated in the SAM. 

To evaluate the dependency of FT-L1 transcription from the photoperiod we run diurnal time courses to 
quantify FT-L1 expression under continuous LD (fig.29A) and SD (fig.29B). These data indicate that FT-L1 
expression is not detected in LD and it is limited to SD conditions with the peak reached during the night.  

 

 

 

 

 

 

 

 

 

 

Figure 29 - Diurnal expression pattern of FT-L1 in meristems sampled under LD (A) and SD (B) photoperiodic 
conditions. Nipponbare (NB) WT meristem were sampled at different time points.  ZT, Zeitgeber, represents time from 
light on. Data are mean ± standard deviation of two biological replicates, each of which composed of three technical 

replicates. Values were normalized on the housekeeper UBQ. 
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Figure 28 - Quantification of FT-L1 expression in meristems of 
Hd3a and RFT1 inducible plants.  Plants were grown under LD 

and treated with dexamethasone (dex) or mock to induce 
expression of either Hd3a or RFT1. SAMs were collected 16 h 

after the treatment. Each condition is represented by six points 
corresponding to two biological replicates each including three 

technical replicates. Values were normalized on the housekeeper 
UBQ. Differences are statistically different with P<0.01** and 

P<0.001*** based on unpaired two-tailed Student’s t-test with 
Welch correction between dex and mock. 
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Taken into consideration all these evidences, data underly atypical characteristics for this gene that, despite 
being closely related to the florigens, shows meristematic expression. However, a specific function in the 
leaves could not be ruled out, in particular because FT-L1 expression increased in leaves after the 
commitment, in SD conditions (fig.26B).  
 
In order to further investigate the residue of FT-L1 expression in the leaf we quantified FT-L1 expression in 
lines lacking the florigens’ repressors, that strongly induce Hd3a and RFT1 transcription in leaves (fig.30). 
These lines, already published by Goretti et al. in 2017 include crosses between Nipponbare (NB) harboring 
WT alleles for the flowering repressor genes Hd1, PRR37 and Ghd7 and Erythroceros Hokkaido (EH) harboring 
mutations in these same repressors20.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the EH hd1 prr37 ghd7 wild type background, the levels of FT-L1 expression were very high early during a 
LD time course, indicating that these three flowering repressors were necessary to maintain low FT-L1 
transcription in the leaves. Two independent recombinant lines harboring only hd1 loss-of-function alleles, 
also showed higher FT-L1 expression compared to lines with functional Hd1, PRR37 and Ghd7 alleles. 

This behavior correlates with a phenotype of early flowering of genotypes lacking Hd1, PRR37 and Ghd7 or 
Hd1 only. Therefore, FT-L1 is regulated by repressors of the florigens in leaves, and an increase of its 
transcription correlates with early flowering. 
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Figure 30 - Quantification of FT-L1 expression in leaves of genotypes derived from the cross between Nipponbare (NB, Hd1 
PRR37 Ghd7) and Erythroceros Hokkaido (EH, hd1 prr37 ghd7). These genotypes are described in detail in !" . Briefly, lines 

inheriting mutations in Hd1, PRR37, Ghd7 or their combinations flower early and derepress Hd3a and RFT1 expression under LD. 
Each time is represented as mean ± standard deviation of three technical replicates and two biological ones. Values were 

normalized on the housekeeper UBQ. 
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4.1.2 FT-L1 carries out its function in the meristem  
To understand whether FT-L1 expression in leaf still holds any biological significance, indicative of a specific 
function in that tissue, we have performed a flowering time under LD on mis-expressing lines (fig.31).  

We have cloned FT-L1 downstream of two different tissue-specific promoters: pOSH194, that is a meristem- 
and stem-specific promoter and pRPP16 95, a vasculature-specific promoter, driving expression in companion 
cells and phloem parenchyma cells. We then transformed the constructs in the FT-L1 mutant P95S (see 
Results and Discussion, section 4.2).   
As controls, we transformed rice with an empty vector, and with Hd3a as main positive control. 
 

 

 

 

 
 

The overexpression of FT-L1 under pOSH1 causes, in both independent lines, a strong early flowering 
phenotype, when compared to the controls WT, FT-L1P95S and the empty vector. The same early phenotype 
is observed also in pOSH1:Hd3a and pRPP16:Hd3a lines. In pRPP16:FT-L1 line, instead, no early flowering 
phenotype is recorded, pointing out FT-L1 inability to rescue the mutant phenotype when mis-expressed in 
the leaves. 

Thanks to this last approach it was possible to understand that FT-L1 is a promoter of the floral transition 
acting only at the meristem and not in leaves.   
 
4.1.3 Spatial and temporal expression of FT-L1   
In order to obtain information about the spatial expression of FT-L1 at the meristem, we have performed in 
situ hybridizations on Nipponbare WT tissues exposed to SD induction. As negative control, we decided to 
use meristems at the vegetative stage, as qPCR data indicated lack of FT-L1 expression at this developmental 
phase. 
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Figure 31 - Flowering time of Volano misexpressors of FT-L1 and Hd3a under LD conditions. The background of each 
misexpressor line is FT-L1P95S. pRPP16 is a vasculature-specific promoter while pOSH1 is meristem- and stem-specific 

promoter. Data are presented using box plots. ** P<0.01 and *** P<0.001 are obtained based on unpaired two-tailed 
Student’s t-test with Welch correction between misexpressors and FT-L1P95S or between FT-L1P95S and the wild type. 

Each dot represents one plant and is color-coded depending on the genotype. 
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The panel of fig.32A-E shows a combination of pictures obtained together with our collaborator Taiyo Toriba, 
after different hybridization experiments and using two independent probes designed on FT-L1 (see 

Materials and Methods for further details). Since hybridization signals from both probes displayed the same 
pattern and were consistent with each other, we are showing pictures taken from both experiments. These 
indicate that FT-L1 is not expressed during vegetative growth at the SAM (fig.32A), consistent with real time 
data, while from inflorescence to reproductive meristems stages the expression is visible and strong. The 
expression at the IM is localized in the outer layers of the meristem and also in the young leaf primordia 
(fig.32B).   
For what concerns the expression into subsequent stages, we observed a strong signal in both primary and 
secondary branch meristems - PBM and SBM - (fig.32C,D) suggesting a hypothetical role in these tissues. In 
these stages, transcription is not uniform but rather shows a gradient, with a high expression detected at the 
base of the branch meristem and progressively decreasing towards the tip (see yellow arrow tip). The signal, 
then, still persists into spikelet meristems and in the floret meristem, particularly where palea and lemma 
form fig.32E.   
To further confirm these expression data, a pFT-L1:eYFP reporter line was constructed, where the expression 
of the reporter gene is regulated by the pFT-L1 promoter (fig.33A-D).  

The T1 generation plants were screened by PCR to select those carrying the transgene. Positive plants were 
grown with WT as negative control and then analyzed at the confocal. A negative control is also provided by 
transgenic plants at the vegetative stage.  
In these transcriptional marker lines, coherently with ISH, no expression was detected in the vegetative stage 
(fig.33A) while the signal was observed in both primary and secondary branch stages. At these developmental 
phases eYFP was observed to sharply decrease in the PBMs and SBMs, reaching a minimal expression at the 
meristem tip (fig.33B-C). Expression was strong at the base of the spikelet but again was reduced in FM 
(fig.33E). 
Therefore, FT-L1 is not expressed in newly divided cells of primary and secondary meristems, but its 
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P*--&)&#$.1/! 0$! $%*+! -.,)&$! +$05&! 63"=/! R;80A234! -.D,)&+>&#>&! ?0+! ;&$&>$&;! ,#.1! *#! $%&! .,?&)! F0)$! ,-! $%&!
(&)*+$&(/!*#!F0)$*>D.0)!*#!$%&!&(F$1!5.D(&+/!ED$!*+!0E+&#$!*#!$%&!DFF&)!,)50#+!6-*578<3=7  !
"#!$%&!0)$*>.&/!$%&!0D$%,)+!+D55&+$&;!$%0$!R;80!F0)$*>*F0$&+!*#!*#-.,)&+>&#>&!;&J&.,F(&#$!;D&!$,!$%&!F)&+&#>&!

!"#$%&'() '*'+,(-'.%/0&"1'2/3-2"4-0"/1'"1'"1'.+,(-5+,(- *6!7'0%-18#&1"3'.2-108'-0'09&'89//0'-.&:'-0',";;&%&10'80-#&8'<=>?=@A'/;'09&'
"1;2/%&83&13&'B&%"80&B'-1,'!CD A. V, vegetative-stage plants. Vas, stem vasculature. B. R1, initial stage of floral transition with first 
bract formation. im, inflorescence meristem. C. R2, early stage of primary branch meristem initiation. br, bract; pbm, primary branch 

meristem. D. R3, late stage of primary panicle branch initiation. E. R4, final stage of primary branch formation and initiation of 
secondary branch meristem (sbm). F. Fl., floral organ development after R4. eg, empty glume; fm, floret meristem; le, lemma; sl, 

sterile lemma. (Scale bars, 50 μm.) !"  

 

!"#$%&'(@*'E.-0"/ *0&B./%-2'-33$B$2-0"/1'/;'09&'!F*G>'.%/0&"1'H-8&,'/1'#!F*G>56!7'-1,'.!F *G>5!F*G>5&I!7'B-%J&%'2"1&8D 
Longitudinal sections, 50 μm thick, of shoot apices positive to the transgene were imaged at the confocal Nikon Eclipse Ti2 inverted 

microscope and Zeiss LSM880 laser scanning confocal microscope. Stages included VM (K), IM (L), PBM (M), SBM and SM (N), SM and 
FM (O), FM (! ). St, stamens; Pa, palea; Le, lemma; rGl, rudimentary glumes; sGl, sterile glumes. Green signal represents the 
fluorophore eYFP.  Experiments shown were repeated five times and this panel includes pictures from both the knock-in and 

translational marker lines approaches. 
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Figure 36 - Scheme of the FT-L1 gene!"#$%&'"()*)" +,"-.(/*+0)1"+*"2")3-* , "/*1"4"+*5.-*,!"$6)"57-",+*(8)"(9+1),"1),+(*)1":-."56)"
)1+5+*(")3;).+<)*5"/.)".);.),)*5)1"7+56 "=8/>?"8+*),!",(@AB"'"+,"1),+(*)1"=)57))*"56)":+.,5")3-*"/*1"56)":+.,5"+*5.-*C"76+8)",(@AB"

D"+,"=)57))*"56)"56+.1")3-*"/*1"56)"56+.1"+*5.-*!"E8/>?"=-3),".);.),)*5"FG"/*1"4G"H$@,I"E89)"=-3),"/.)"56)")3-*,"76+8)"J)88-7"
8+*),"/.)"56)"+*5.-*,!"K+0)"-:"56)"/:-.)<)*5+-*)1")8)<)*5, "+,"*-5"1./7*"5-" ,>/8)!""
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Figure 38 - Sequences of ft-l1 mutant alleles aligned against the wild type!"$6)"/88)8),"/.)"56)",/<)",6-7*"+*":+(!4 L"
/*1"/.)" /8+(*)1"7+56"MB##$!"B,",6-7* "+*"56)"8)()*1C"56)";-,+5+-*"-:"56)",(@AB,"+,"9*1).8+*)1"+*"56)"N$"/88)8)!"$6+,"

:+(9.)"+,":./<)1"/.-9*1"56)"-8+(-, "8->/5+-*!"

Figure 37 - Description of FT-L1 CRISPR mutant lines!"$/=8)".);.),)*5,"< 95/*5"/88)8),"-:"#$%&'"+*"56),)"()*)5+>"
=/>?(.-9*1,O":5%8'"?!-!",+*(8)"<95/*5,C"614/":5%8'"?!-!"1-9=8)"<95/*5,"/*1".:5'":5%8'"?!-!"1-9=8)"<95/*5,!""$6)"/88)8),"

()*)./5)1"=J",(@AB"'"/.)"+*1+>/5)1"7+56"8)55).,C"56-,)"()*)./5)1"=J",(@AB"D"/.)"+*1+>/5)1"7+56"*9<=).,!"$6)".),985+*("
()*-5J;),">/*"=)">-<;8)3C")!(!":5 %8'%L"6/.=-.,"/88)8),"B"/*1"P"/5"56)",(@AB'";-,+5+-*C"/*1"/88)8),"'"/*1"4"/5"56)",(@ABD"

;-,+5+-*!"K))"/8,-"#+(!4Q!"

"

Figure 39 - Flowering time of ft-l1, hd3a ft-l1 and rft1 ft-l1 mutants!"B!"R8/*5,"7).)"(.-7*":-."D"<-*56," 9*1)."&S">-*1+5+-*,"/*1"
56)*"+*19>)1"5-":8-7).+*("=J",6+:5+*("56)<"5-"KS,!"S/J,"5-"6)/1+*("7).)">/8>98/5)1",5/.5+*("-*"56)"1/J"-:"56)",6+:5!"E!CT!"R8/*5,"7).)"

(.-7*"9*1)."&S !"S/J,"5-"6)/1+*("7).)"<)/,9.)1"/:5).",-7+*(!"U./;6,"+*" E /*1" T /.)",);/./5)1"=)>/9 ,)".):)..+*("5-" 1+::).)*5"
)3;).+<)*5, "7+56"+*1);)*1)*5"N$,!"S/5/"/.)";.),)*5)1"9,+*("=-3";8-5,! !"V/>6"1-5".);.),)*5,"-*)";8/*5"/*1"= -3";8-5,"+*"B!CE!"/*1"T!"

/*1" /.)">-8-. %>-1)1"1);)*1+*("-*"56)"()*-5J;)C"=/>?(.-9*1">-*5.-8,"/.)",6-7*"+*"(.)J !"V/>6"()*-5J;)"+,"1),>.+=)1"+*":+(!4L!""
W"RXY!YFC"WW"RXY!Y' "/*1"WWW"RXY!YY' "=/,)1"-*"9*;/+.)1 "57-%5/+8)1"K591)*5G,"5%5),5"7+56"N)8>6">-..)>5+-*C"<)/,9.)1".)8/5+Z)"5-"
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Figure 41 - 3D visualization 
of Volano FT-L1 mutants 
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Figure 42 - Flowering time of FT-L1 Volano mutants under SD (A) and natural LD in the field (B). 
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Figure 43 - Quantification of panicle 
branching in FT-L1 Volano mutants 
under SD (A) and natural LD in the 
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Figure 44 – Quantification of panicle traits in over-expressor lines."B!"b9/*5+:+>/5+-*"-:";/*+>8)"=./*>6), "+*"-Z). %
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Figure 45 - Representative pictures of Volano panicles of the indicated genotypes. B!"\-8/*-"N$I"E!"\-8/*-"#$ %&'P95SI"T!"\-8/*-"
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Figure 46 - Quantification of panicle fertility in FT-L1 Volano mutants!"S/5/"+*1+>/5)"56)"<)/*"a",5/*1/.1"1)Z+/5+-*"
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