'.) Check for updates

Transcription Factor Interplay between LEAFY and
APETALA1/CAULIFLOWER during Floral Initiation’

Kevin Goslin?, Beibei Zhengz, Antonio Serrano-Mislata, Liina Rae, Patrick T. Ryan, Kamila Kwasniewska,
Bennett Thomson, Diarmuid S. O’Maoiléidighs, Francisco Madueifio, Frank Wellmer*?, and
Emmanuelle Graciet”

Smurfit Institute of Genetics, Trinity College Dublin, Dublin, Ireland (K.G., B.Z, L.R,, P.T.R,, KK, B.T., DS.O,,
F.W.); Department of Biology, National University of Ireland Maynooth, Maynooth, Ireland (K.G., E.G.); and
Instituto de Biologia Molecular y Celular de Plantas, CSIC-UPV, Valencia, Spain (A.S.-M., F.M.)

ORCID IDs: 0000-0003-0205-4013 (K.G.); 0000-0002-8828-1809 (A.S.-M.); 0000-0002-0433-0475 (L.R.); 0000-0003-3544-670X (P.T.R.);
0000-0002-3043-3750 (D.S.0O.); 0000-0001-7598-3003 (F.M.); 0000-0002-2095-0981 (F.W.); 0000-0003-3548-8213 (E.G.).

The transcription factors LEAFY (LFY) and APETALA1 (AP1), together with the AP1 paralog CAULIFLOWER (CAL), control
the onset of flower development in a partially redundant manner. This redundancy is thought to be mediated, at least in part,
through the regulation of a shared set of target genes. However, whether these genes are independently or cooperatively
regulated by LFY and AP1/CAL is currently unknown. To better understand the regulatory relationship between LFY and AP1/
CAL and to obtain deeper insights into the control of floral initiation, we monitored the activity of LFY in the absence of AP1/
CAL function. We found that the regulation of several known LFY target genes is unaffected by AP1/CAL perturbation, while
others appear to require AP1/CAL activity. Furthermore, we obtained evidence that LFY and AP1/CAL control the expression
of some genes in an antagonistic manner. Notably, these include key regulators of floral initiation such as TERMINAL FLOWER1
(TFL1), which had been previously reported to be directly repressed by both LFY and AP1. We show here that TFL1 expression is
suppressed by AP1 but promoted by LFY. We further demonstrate that LFY has an inhibitory effect on flower formation in the
absence of AP1/CAL activity. We propose that LFY and AP1/CAL act as part of an incoherent feed-forward loop, a network
motif where two interconnected pathways or transcription factors act in opposite directions on a target gene, to control the

establishment of a stable developmental program for the formation of flowers.

The onset of flowering is a key process during the life
cycle of angiosperms and is controlled by a complex net-
work of signaling pathways, which integrate information
stemming from both environmental and developmental
cues (Fornara et al., 2010). A detailed understanding of
floral initiation is not only important for plant reproduc-
tive biology but is also helpful as a knowledge base for
generating improved crop plants with higher yields.

The morphological changes that go along with the
switch from the vegetative to the reproductive phase
of development culminate in the initiation of floral
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primordia by the inflorescence meristem. These pri-
mordia are programmed to undergo floral organogen-
esis by the activities of so-called floral meristem identity
genes of which LEAFY (LFY), APETALA1 (API), and
the API paralog CAULIFLOWER (CAL) are arguably
most important in the model plant Arabidopsis (Ara-
bidopsis thaliana; O’'Maoiléidigh et al.,, 2014). These
genes have been shown to activate key regulators of
flower development and to suppress the expression of
floral repressors, that is of genes that prevent flowering
when the conditions for reproduction are not favorable
(Busch et al., 1999; Kaufmann et al., 2010, Moyroud
et al.,, 2011; Pajoro et al.,, 2014; Parcy et al., 1998;
Wellmer et al., 2006; Winter et al.,, 2011). Thus, they
appear to constitute a hub in the gene regulatory net-
work that controls flowering.

LFY encodes a plant-specific transcription factor, whose
structure has recently been elucidated in atomic detail
(Hames et al., 2008; Sayou et al., 2016). It is expressed most
strongly on the flanks of the inflorescence meristem in
floral anlagen (i.e. in incipient floral primordia) as well
as in floral primordia at the earliest stages of develop-
ment (Weigel et al., 1992). In contrast, LFY is not expressed
in the inflorescence meristem proper where shoot iden-
tity genes such as TERMINAL FLOWERI (TFL1; Bradley
et al., 1997) prevent cells from adopting a floral fate
(Baumann et al., 2015).
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AP1 and CAL encode closely related MADS domain
transcription factors (Kempin et al., 1995; Mandel et al.,
1992), which act largely redundantly in the control
of floral meristem identity specification. This is best
demonstrated by apl cal double-mutant plants, which
exhibit a severe delay in flower formation and undergo
a massive overproliferation of inflorescence-like meri-
stems (Bowman et al., 1993; Ferrandiz et al., 2000).
AP1/CAL are expressed exclusively in floral primordia
(Kempin et al., 1995; Mandel et al., 1992); thus, their
expression commences later than that of LFY.

Over the years, the regulatory relationship between
LFY and AP1/CAL has become a case example for gene
interactions in the control of developmental transitions.
LFY has been shown to directly activate AP1 and CAL
expression in floral primordia (Wagner et al.,, 1999;
William et al., 2004). AP1 (and probably CAL) then acts
on LFY to reinforce its expression (Kaufmann et al.,
2010; Liljegren et al., 1999). Thus, LFY and AP1/CAL
are part of a positive feedback loop, which ensures that
these floral meristem identity factors are expressed at
high levels in early-stage floral primordia. Genetic ev-
idence suggests that AP1/CAL and LFY then act in part
redundantly to confer floral meristem identity fate.
Specifically, it was shown that flower formation in Ify
apl double mutants is much more severely affected
than in either of the single mutants (Weigel et al., 1992).
Also, the characterization of the gene expression pro-
grams acting downstream of LFY and AP1 through
genomic technologies (Kaufmann et al., 2010; Moyroud
et al,, 2011; Pajoro et al., 2014; Wagner et al., 2004;
Wellmer et al., 2006; William et al., 2004; Winter et al.,
2011) revealed that LFY and AP1 share many target
genes and often bind to adjacent sites in the Arabi-
dopsis genome (Winter et al., 2011). The idea of a shared
set of target genes has been confirmed by the results of a
recent meta-analysis of available genome-wide data
sets for the two transcription factors (Winter et al,,
2015). It was shown that they jointly control the ex-
pression of ~200 genes, which include many known
regulators of flower development. These shared targets
likely provide the molecular basis for the partial re-
dundancy between LFY and AP1/CAL in the control of
floral initiation. However, whether LFY and AP1/CAL
provide independent inputs for the regulation of com-
mon target genes or instead function in a cooperative
manner is currently unknown.

In this study, we investigated the regulatory rela-
tionship between LFY and AP1/CAL by determining
the effects on gene expression that a specific activation
of LFY has in the absence of AP1/CAL function. We
found that while LFY can regulate some known targets
independently of AP1/CAL, other genes appear to re-
quire the input of both classes of factors. We also found
evidence for an antagonistic regulation of certain tar-
gets by LFY and AP1/CAL. Notably, these comprise
several known regulators of floral induction, including
TFL1. We show that LFY activity leads to an inhibition
of flower formation in the absence of AP1/CAL func-
tion and propose that the antagonism between LFY and
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AP1/CAL contributes to a tight control of the onset of
flower formation.

RESULTS

The Transcriptional Program Controlled by LFY in the
Absence of AP1/CAL Function

To test the effects of LFY on gene expression in the
absence of AP1/CAL function, we used a previously
described transgenic line (Wagner et al., 1999), which
constitutively expresses a fusion between LFY and the
hormone-binding domain of the rat glucocorticoid re-
ceptor (LFY-GR) from the Cauliflower Mosaic Virus 355
promoter (p35S; line denoted: p35S:LFY-GR). It has
been shown that the activation of LFY-GR through
treatment of plants with the steroid hormone dexa-
methasone rescues the floral phenotypes of Ify null
mutants, indicating that the fusion protein is fully
functional (Wagner et al., 1999). We introgressed the
p35S:LFY-GR transgene into an apl-1 cal-1 double-
mutant background, which is characterized by a
considerable delay in flower formation and the accu-
mulation of inflorescence-like meristems (Bowman
et al., 1993). Using this line, we collected inflorescence
tissue at different time points (0, 2, 4, 8, and 12 h) after
activation of the LFY-GR fusion protein, as well as from
mock-treated control plants (Fig. 1A). Next, we deter-
mined, through whole-genome microarray analysis
(Supplemental Fig. S1), gene expression changes that
occurred as a consequence of LFY-GR activation and
identified 669 differentially expressed genes (DEGs)
across all time points (Supplemental Data Set 1). As
expected, the number of DEGs identified at the different
time points increased overall over the course of the
experiment (Supplemental Table S1). Similar to what
has been described previously for AP1 (Kaufmann
et al., 2010; Wellmer et al., 2006), we detected a pre-
ponderance of gene repression after LFY-GR activation
in ap1 cal inflorescences (Supplemental Table S1; Fig.
1B). For the majority of genes (507 of 669), differential
expression was observed in more than one time point
(but excluding the 0-d time point), indicating that once
a gene exhibited up- or down-regulation in response to
LFY-GR activation, it was often differentially expressed
also in subsequent time points. A Gene Ontology anal-
ysis of the DEGs revealed an enrichment of terms related
to, for example, the regulation of transcription, meristem
and flower development, and the response to different
phytohormones (Fig. 1C), largely in agreement with
what has been described previously for the gene regu-
latory program that acts downstream of LFY (Winter
et al,, 2011). Thus, in the absence of AP1/CAL function,
LFY’s regulatory activity appears to be overall similar to
that in a wild-type background.

To determine which of the DEGs may be directly
regulated by LFY in apl cal inflorescence-like meri-
stems, we activated LFY-GR in ap1 cal inflorescences
in the presence of the translational inhibitor cyclo-
heximide and conducted microarray experiments to
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Figure 1. Genes controlled by LFY in the absence of AP1/CAL function. A, Experimental set-up of the genome-wide analyses
using inflorescence-like meristems from p35S:LFY-GR ap1 cal plants. CHX, cycloheximide; Dex, dexamethasone. B, K-means
clustering (k = 5) of 669 DEGs identified in the p35S:LFY-GR ap1 cal time course experiment. Log,-transformed expression ratios
(dexamethasone/mock) for the different time points (as indicated) were used for the analysis. C, Gene Ontology terms enriched
among the DEGs at different time points (as indicated). Negative decadal logarithms of P values are shown. D, Response of
selected LFY targets (as indicated) to an activation of LFY-GR in apT cal inflorescences. E and F, Response of AP3 (E) and AG (F) to
an activation of LFY-GR and AP1-GR, respectively, in ap1 cal inflorescences. Data for AP1-GR were taken from Kaufmann et al.
(2010). In D to F, log,-transformed fold-change values (dexamethasone/mock) from microarray experiments are shown.

identify gene expression changes that occur in the ab-
sence of protein biosynthesis. Because cycloheximide is
a cellular toxin, we limited this analysis to a 3-h time
point after LFY-GR activation to curb nonspecific ef-
fects (Fig. 1A). We found that 87 of the 116 (~75%)
DEGs identified in this experiment were also present
among the 669 DEGs identified in the time course ex-
periment and, as expected, these genes were respond-
ing at early time points after LFY-GR activation
(Supplemental Data Set 2; Supplemental Fig. S52). We
also compared the list of DEGs from the time course
experiment to the results from published genome-wide
localization studies for LFY in a wild-type background
(Moyroud et al., 2011; Winter et al., 2011), as well as
to the data from a chromatin immunoprecipitation-
sequencing (ChIP-seq) experiment we conducted using
LFY-specific antibodies we generated and inflores-
cence tissue from dexamethasone-treated p35S:LFY-GR
apl cal plants. In total, we obtained evidence for LFY
binding to 190 of the 669 DEGs (~30%) identified in
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the time-course experiment (Supplemental Data Set 3),
implying that many of the DEGs are indeed direct
LFY targets. In agreement with this idea, we found
among these genes well-characterized LFY targets
such as LATE MERISTEM IDENTITY1 (LMI1; Saddic
et al., 2006), LMI5 (William et al., 2004), SEPALLATA3
(Winter etal., 2011), and EUI-LIKE P450 A1 (Yamaguchi
et al., 2014; Supplemental Fig. S3). The expression of
these genes was up-regulated in response to LFY-GR
activation in agreement with the previous reports
(Fig. 1D). In contrast, other previously identified di-
rect targets, such as the floral organ identity genes
AP3 and AGAMOUS (AG), which are activated by
LFY during early flower development (Parcy et al.,
1998; Winter et al., 2011), showed no significant ex-
pression differences at any of the time points taken. This
is in marked contrast to the strong and rapid induc-
tion of these genes after activation of an AP1-GR fu-
sion protein in apl cal inflorescences (Fig. 1, E and F;
Kaufmann et al., 2010). Because we detected in our
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ChIP-seq experiment LFY binding to the regulatory
regions of these genes (as well as to those of the flo-
ral organ identity genes AP1 and PISTILLATA [PI];
Supplemental Fig. S4), it appears that the lack of a
pronounced transcriptional response for AP3 and AG
in the p35S:LFY-GR apl cal time course experiment
was due to an absence of functional AP1.

Regulatory Interplay between LFY and AP1

A recent meta-analysis of available data sets from
transcriptomics experiments and genome-wide local-
ization studies for LFY and AP1 showed that the two
transcription factors share many (~200) direct target
genes (Winter et al., 2015). While the directionality of
expression changes was identical for most of these
genes, in some cases, opposite transcriptional re-
sponses to LFY or AP1 activation were detected. Be-
cause the expression profiling experiments used for
this analysis were conducted with different plant
material (inflorescences-like meristems of apl cal
double mutants in the case of AP1; 9-d-old wild-type
seedlings in the case of LFY), stage- and/or tissue-
specific differences in the activities of the transcrip-
tion factors could account for these observations. Yet,
it is also possible that AP1 and LFY exhibit at least in
some cases bona fide antagonistic activities. Given that
the available genetic evidence suggest that the two
transcription factors promote the initiation of flower
development in a partially redundant manner, we
considered this possibility unlikely. However, when
we compared the results from the p35S:LFY-GR ap1 cal
time course experiment with a data set stemming from
an equivalent experiment (i.e. p35S5:AP1-GR ap1 cal),
we conducted previously for the analysis of AP1
function (Kaufmann et al., 2010), we not only found, as
expected, a large overlap between the DEGs identified
in the two experiments (143 genes; expected by chance:
~33; Fig. 2, A and B; Supplemental Data Set 1), but also
that the directionality of the observed expression
changes appeared to be reversed for several genes (we
identified 24 possible cases among the 143 DEGs
shared between the data sets; Supplemental Data Set
1). Notably, the genes that showed opposite tran-
scriptional responses included key regulators in-
volved in the control of floral initiation such as TFL1,
FLOWERING LOCUS D (FD; Abe et al., 2005; Wigge
et al., 2005), TEMPRANILLO1 (Castillejo and Pelaz,
2008), and AP2 (Jofuku et al., 1994). The first three of
these genes were down-regulated in response to
AP1-GR activation but up-regulated by LFY-GR (Fig.
2, C-E). Conversely, AP2 expression was promoted by
AP1-GR and repressed by LFY-GR activation (Fig. 2F).
Because these experiments were conducted using the
same tissue, identical time points after activation of
the fusion proteins, as well as similar analysis proce-
dures, it appears that AP1 and LFY have indeed an-
tagonistic activities in the regulation of some of their
target genes.

1100

LFY Activates TFL1 Expression in Absence of AP1/CAL

Of the genes with opposite transcriptional responses,
TFL1 showed the strongest difference in expression
after LFY-GR and AP1-GR activation, respectively. This
result is contrary to the established view that TFL1 is
directly repressed by both LFY and AP1 (Kaufmann
etal., 2010; Liljegren et al., 1999; Winter et al., 2011). We
therefore focused on this gene to validate our obser-
vations and to understand the function of the presumed
antagonistic regulation by LFY and AP1. To confirm the
microarray data, we used quantitative reverse tran-
scription PCR (qQRT-PCR) and detected up-regulation
of TFL1 3 h after dexamethasone treatment of p35S:
LFY-GR ap1 cal plants (Fig. 3A). We next asked whether
the effect of LFY-GR activation on TFLI expression is
caused by direct or indirect regulation. When we acti-
vated LFY-GR in the presence of cycloheximide, we
found that TFL1 expression (as well as expression of the
known direct LFY target LMI1, which we used as a
control; Fig. 3B) increased to an extent similar to that in
plants in which protein biosynthesis had not been
inhibited (Fig. 3A), suggesting that the effect is not
mediated by intermediary proteins. Also, ChIP-qPCR
assays (Fig. 3C) and the results of our ChIP-seq analysis
(Fig. 3D) showed that in ap1 cal inflorescences, LFY-GR
binds to a conserved region ~2.8 to 3.3 kb downstream
of TFL1, which is known to be bound by LFY in a wild-
type background (Moyroud et al., 2011; Winter et al,,
2011) and to be important for proper TFL1 regulation in
the inflorescence (Serrano-Mislata et al., 2016). Taken
together, these results strongly suggest that the induc-
tion of TFL1 by LFY-GR in ap1 cal is mediated by direct
regulation.

An ectopic activation of TFL1 expression has been
reported previously in lines in which a fusion between
LFY and the VP16 transcriptional activation domain
was expressed from the LFY promoter (Parcy et al.,
2002). In fact, this TFL1 overexpression was found to
be partially responsible for the floral reversion phe-
notype observed in pLFY:LFY-VP16 plants, especially
in an ag mutant background (Parcy et al., 2002). Be-
cause LFY normally promotes flowering (Weigel et al.,
1992) and TFL1 represses it (Baumann et al., 2015), this
apparent positive effect of LFY-VP16 on TFL1 ex-
pression was deemed to be antimorphic (Parcy et al.,
2002). Under this scenario, the fusion of the strong
activation domain VP16 to LFY would have converted
the transcription factor from being a repressor of TFL1
expression into an activator. At the same time, it has
been shown that LFY-VP16 can activate the expression
of the floral homeotic gene AG independently of other
factors, suggesting that the fusion protein can also
function as a hypermorph relative to LFY alone (Parcy
et al.,, 2002). Thus, LFY-VP16 may be able to act as a
hypermorph for some target genes and as an anti-
morph for others.

While this scenario remains a possibility, the results
of the experiments outlined above strongly suggested
that LFY’s normal function is to promote TFL1 expression,
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Figure 2. Comparison of gene expression programs acting downstream of LFY and AP1. A and B, Overlap between genes differentially
expressed after AP1-GR and LFY-GR activation in ap7 cal inflorescences. Overlaps for different time points (as indicated) are shown in A
for the LFY-GR and in B for the AP1-GR time course experiments. C to F, Antagonistic regulation of selected genes after activation of
AP1-GR and LFY-GR in ap1 cal inflorescences. Log,-transformed expression ratios (dexamethasone/mock) for the different time points
(as indicated) are shown. Data for AP1-GR were taken from Kaufmann et al. (2010). C, TFL1. D, FD. E, TEMPRANILLO]1. F, AP2.

at least in the absence of AP1/CAL activity. Therefore, protein behaving as an antimorph, as previously sug-
the observed ectopic expression of TFL1 in response gested. To further investigate this, we first confirmed
to LFY-VP16 may not be a consequence of the fusion ectopic TFL1 expression in response to LFY-VP16
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florescences after mock treatment (mock), treatments with cycloheximide (CHX) or dexamethasone (DEX) alone, or after a
combined treatment with both cycloheximide and dexamethasone (CHX/DEX). C, Results of ChIP-qPCR experiments. Binding of
LFY to selected known target genes (on the left, as indicated) and negative control regions (on the right; MU through TUB1) was
tested after activation of LFY-GR in apT cal inflorescences. Error bars indicate ses of four biologically independent measurements.
D, Results of ChIP-Seq experiments. Binding of LFY to the TFLT locus was tested after activation of LFY-GR in ap1 cal inflores-
cences. A peak was detected ~2.8 to 3.3 kb downstream of the transcribed region of the gene.

activity. To this end, we used a pTFL1:GUS reporter
construct (Serrano-Mislata et al., 2016) to determine
TFL1 promoter activity in lines expressing LFY-VP16
from the LFY promoter. Largely in agreement with
the previous report (Parcy et al., 2002), we found
pTFL1:GUS activity not only in the shoot meristem as in
the wild type (Fig. 4A), but also in flowers, especially at
the base of gynoecia (Fig. 4, B-D) where the LFY pro-
moter is active at later floral stages (Weigel et al., 1992).
Because the ectopic pTFL1:GUS expression in these
lines could be an indirect effect of prolonged LFY-VP16
activity, we next tested whether an inducible expres-
sion of LFY-VP16 would lead to similar effects. For this,
we analyzed pTFL1:GUS activity in plants expressing
LFY-VP16 under control of a heat shock promoter
(Benlloch et al., 2011). We found that pTFL1:GUS was
broadly activated in wild-type seedlings that had been
subjected to heat shock treatment but not in plants kept
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under normal growth conditions (Fig. 4, E and F).
Taken together, these results, as well as the results of the
experiments with the LFY-GR fusion protein, strongly
suggest that LFY can promote TFL1 expression.

LFY Inhibits Flower Formation in the Absence of AP1/CAL

The results from the experiments outlined above
implied that AP1 and LFY control the expression of
TFL1 and of several other regulators of floral initiation
in an antagonistic manner. To directly test this, we
generated a line that carried p355:LFY-GR as well as an
pAP1:AP1-GR construct (O'Maoiléidigh et al., 2013) in
an apl cal mutant background. Using this line, we
compared the effects of an activation of both fusion
proteins on gene expression to those detected after ac-
tivating either AP1-GR or LFY-GR alone. We found that
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Figure 4. Ectopic expression of TFLT in LFY-VP16 lines. A, pTFL1:GUS
activity in a wild-type inflorescence. Staining was restricted to the shoot
apical meristem. B to D, pTFL1:GUS activity in pLFY:LFY-VP16 inflo-
rescences. B, Staining was observed in the center of the shoot apical
meristem as well as in flowers. C and D, Staining at the base of the
gynoecium (C) and along pedicels (D) in cleared flowers. Arrows point
to ectopic pTFL1:GUS activity in flowers. E and F, Ectopic activation of
pTFL1:GUS in plants expressing LFY-VP16 from a heat shock promoter.
E, Seedlings grown at ambient temperature with pTFL1:GUS activity in
the shoot apical meristem. F, Heat-shocked seedling with additional
staining in cotyledons, leaves, and roots. Asterisks in panels A, B, E, and
F mark the position of the shoot apical meristem.

the simultaneous activation of AP1-GR or LFY-GR
resulted in expression levels for TFL1, FD, and AP2 that
were between those observed for either AP1-GR or
LFY-GR alone (Fig. 5). These results imply that LFY and
AP1 indeed provide opposite and possibly indepen-
dent inputs for the regulation of several key regulators
of flowering.

The LFY-dependent up-regulation of genes such as
TFL1 and FD, which are repressed in emerging floral
primordia, as well as the down-regulation of AP2,
which is required for normal flower development,
suggested that an activation of LFY-GR might further
delay flower formation in ap1 cal double-mutant plants.
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To test this, we activated LFY-GR in the ap1 cal back-
ground and determined the time of flower formation
relative to mock-treated control plants of the same
genotype. As an additional control, we conducted the
equivalent experiment with p35S:AP1-GR apl cal
plants. While activation of AP1-GR led, as previously
reported (Wellmer et al., 2006), to an immediate and
synchronized onset of flower formation in all plants of
the treatment population, neither dexamethasone nor
mock-treated p35S:LFY-GR ap1 cal plants exhibited an
instantaneous and coordinated flowering response
(Fig. 6A). Most of the latter plants did eventually form
flowers, but only after a very long delay following the
treatment. Notably, the percentage of plants that made
flowers at different time points after the treatment
was considerably higher in the mock-treated than in
the dexamethasone-treated p35S:LFY-GR ap1 cal plants
(Fig. 6B). Thus, activation of LFY-GR in an ap1 cal
double-mutant background led to a significant inhibi-
tion of flower formation relative to the one observed in
ap1 cal plants. To further investigate whether this inhi-
bition depends on a perturbation of AP1/CAL func-
tion, we germinated and grew p35S:LFY-GR and p355:
LFY-GR apl cal plants on dexamethasone-containing
medium and found that flowering occurred earlier in
the former plants than in the latter (Supplemental Fig.
S5). We also tested whether the inhibitory effect on
flower formation we observed after LFY-GR activation
in apl cal plants could be abolished or diminished by
a simultaneous activation of AP1. To this end, we
employed a line that expressed both LFY-GR and a
fusion between AP1 and the hormone binding domain
of the androgen receptor (AP1-AR; O’Maoiléidigh
et al., 2015) in an ap1 cal double-mutant background.
As expected, we found that apl cal plants, in which
AP1 and LFY had been activated at the same time,
responded with an immediate onset of flower formation
(Supplemental Fig. 56). Thus, an activation of AP1 can
abrogate the inhibitory effect of LFY-GR on flowering.

DISCUSSION

Our study aimed at understanding the regulatory in-
terplay between LFY and AP1/CAL, which are master
regulators of floral initiation, a process that is of excep-
tional importance for both plant reproductive biology
and agriculture. By testing the effects of LFY activation
on gene expression in the absence of AP1/CAL func-
tion, we found that several known LFY targets are un-
affected by the perturbation of AP1/CAL function (i.e.
they respond normally to an activation of LFY), while
other genes appear to require the input from both reg-
ulators. We further showed that LFY and AP1/CAL
regulate several genes antagonistically, including some
known to be involved in controlling the initiation of
flower development (Fig. 5). Our results further suggest
that this antagonism leads to LFY suppressing flower
development in the absence of AP1/CAL function (Fig.
6). Thus, in addition to being part of a positive feedback
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Figure 5. Antagonistic activities of LFYand AP1. Ato D, Effects of LFY-GR and AP1-GR activation, or of a simultaneous activation
of both fusion proteins in ap7 cal inflorescences on the expression of selected genes (as indicated). Tissue was collected 3 h after
treating plants with a dexamethasone-containing solution. Log,-transformed fold-change values (dexamethasone/mock) from
gRT-PCR experiments are shown. Error bars indicate ses from four independent measurements.

loop that reinforces their expression and ensures high
levels of activity during the onset of flower formation
(Kaufmann et al.,, 2010; Wagner et al., 1999), LFY and
AP1/CAL appear to be part of an incoherent feed-
forward loop, where LFY promotes expression of
TFL1 but is also involved in activating the TFLI re-
pressors, AP1/CAL (Fig. 6C). In general, an incoher-
ent feed-forward loop is a gene network motif where
two interconnected signaling pathways or transcrip-
tion factors act in opposite directions on a target gene.
The motif is thought to facilitate the time- or dosage-
dependent control of a regulatory output (Kim et al.,
2008). Thus, by providing positive as well as negative
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inputs, LFY might ensure that flower development can
commence only when AP1/CAL levels are sufficiently
high to efficiently activate the expression of other key
floral regulators and to override its own inhibitory ac-
tivity. Hence, this incoherent feed-forward loop may
contribute to the establishment of a stable developmen-
tal program required for the formation of flowers.
Using the shoot identity gene TFLI as an example, we
further characterized the antagonistic activity between
LFY and AP1/CAL and found that TFLI expression is
promoted by LFY but repressed by AP1. The concom-
itant activation of both transcription factors led to ex-
pression levels that are between those obtained after
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Figure 6. Activation of LFY in apT cal mutants delays the onset of flowering. A, Response of p35S:AP1-GR ap1 cal (on the left) and
p35S:LFY-GR apT cal (on the right) plants to treatments with a dexamethasone-containing (Dex) or a mock solution. Images of
inflorescences 4, 6, 10, and 18 d after the treatment are shown. Note the complete lack of floral structures in dexamethasone-
treated p35S:LFY-GR ap1 calplants at the 18-d time point. Scale bars = T mm. B, Onset of flowering in dexamethasone- and mock-
treated p35S:LFY-GR ap1 cal plants. Percentage of plants in a treatment population with visible floral structures are shown. Error
bars indicate ses calculated from three independent measurements. C, Model for the activities of LFY and AP1 (and CAL) during
floral initiation. Left: gene interactions in the wild type; right: gene interactions after inactivation of AP1/CAL. Font size changes for
gene symbols and small arrows indicate up- and down-regulation, respectively. TFL1, LFY, and AP1/CAL appear to be part of an
incoherent feed-forward loop, where LFY promotes expression of TFLT but is also involved in activating the TFLT repressors, AP1/
CAL. At the same time, LFY and AP1/CAL are also part of a positive feedback loop and reinforce each other’s expression through

direct regulation.
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activating either AP1 or LFY alone (Fig. 5), suggesting
that they may provide independent negative and pos-
itive regulatory inputs, respectively. Our finding that
TFL1 is up-regulated upon LFY activation in ap1 cal
inflorescences goes against the established view that
both LFY and AP1 repress TFL1. However, several
previous observations support the idea of LFY actually
promoting TFL1 expression. For example, it has been
shown that the meristem over-proliferation phenotype
of ap1 cal double mutants (or that of ap1 cal fruitful triple
mutants) depends on the activity of both LFY and TFL1
(Ferrandiz et al., 2000). Also, the expression patterns
of LFY and TFL1 were found to overlap in apl cal
inflorescence-like meristems (Ferrandiz et al., 2000),
suggesting that they are not mutually antagonistic.
Further support comes from a recent study of func-
tional elements within the TFL1 promoter, which
showed that the removal of a section of the promoter
located 3’ of the gene, which contains LFY binding sites,
is required for the maintenance of TFLI expression
in the inflorescence meristem (Serrano-Mislata et al.,
2016). Moreover, very recently, it was noted after
reanalyzing published gene expression data (those
from Winter et al., 2011) that an activation of LFY-GR in
wild-type seedlings leads to an up-regulation of TFL1
(Denay et al., 2017. Thus, it appears likely that LFY
activates TFL1 expression at least in the inflorescence
meristem. Because LFY is not expressed in the inflo-
rescence meristem proper (Weigel et al., 1992) it has
been suggested that this process may require LFY
protein movement (Serrano-Mislata et al., 2016), which
has been previously shown to occur (Sessions et al.,
2000).

Parcy et al. (2002) found that the expression of an
activated form of LFY, LFY-VP16, from the LFY pro-
moter causes ectopic TFLI expression in flowers, a re-
sult we confirmed and expanded on in this study (Fig.
4). Because it has been shown that LFY-VP16-mediated
TFL1 misexpression causes partial floral reversion, a
phenotype also seen in Ify mutants, LFY-VP16 has been
interpreted as being an antimorphic version of LFY
(Parcy et al., 2002). However, our results showing that
LFY-GR promotes TFL1 expression in apl cal inflores-
cences suggests that LFY-VP16 rather functions as a
hypermorph in this case.

If LFY was a constitutive activator of TFL1, one
would expect to find TFL1 expression in floral anlagen,
where LFY, but not AP1/CAL, is expressed. However,
we never observed TFLI expression in this domain and
there is no evidence from the available literature that
this may occur. Thus, the control of TFL1 expression by
LFY may involve additional components, which might
not be present in incipient floral primordia. The re-
quirement of additional promoting factors with tissue-
and/or stage-specific expression could also explain
why ectopic TFL1 promoter activity was observed in
LFY-VP16-expressing plants (Fig. 4) but has not been
reported for lines expressing LFY from the 35S pro-
moter. Under this scenario, only an activated version of
LFY would be able to overcome the requirement for
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cofactor activity. This would be similar to the previ-
ously reported cofactor-independent induction of the
floral homeotic gene AG in vegetative tissues by LFY-
VP16, which is not seen in p35S:LFY overexpression
lines (Parcy et al., 1998).

Taken together, our results provide evidence for an
unexpected role of LFY in the control of floral initiation
and further highlight the exceptional complexity of the
gene regulatory network that controls this essential
process during plant development. A key question that
remains to be answered is why LFY and AP1/CAL act
sometimes antagonistically, but more often function in
concert. It is possible that these different regulatory
outputs depend on the presence or absence of addi-
tional factors at target gene promoters. A biochemical
characterization of the regulatory complexes that con-
trol floral initiation may be required to unravel the
molecular mechanisms underlying these activities.

MATERIALS AND METHODS
Plant Growth

Unless specified otherwise, plants were grown on a soil:vermiculite:perlite
(5:3:2) mixture at 20°C under constant illumination with cool-white fluorescent
light. For the pTFL1:GUS experiments, plants were grown on a mixture of
sphagnum:perlite:vermiculite (2:1:1) at 21°C under long-day conditions (16 h
light, 8 h darkness). Light was provided by cool-white fluorescent lamps at
150 wmol m 257!

Plant Material

The p35S:LFY-GR ap1-1 cal-1, p355:AP1-GR apl-1 cal-1, pAP1:AP1-GR
ap1-1 cal-1, and pAP1:AP1-AR ap1-1 cal-1 lines have been described previously
(O’Maoiléidigh etal., 2015; Wellmer et al., 2006; Winter et al., 2011). To generate
the p35S:LFY-GR pAP1:AP1-GR apl-1 cal-1 line, the p35S:LFY-GR transgene
was introgressed into pAP1:AP1-GR ap1-1 cal-1 plants. The presence of both
transgenes was determined by genotyping using primer pairs KG2 and KG14
for the p35S:LFY-GR transgene and primers DM400 and DM494 for the pAP1:
AP1-GR transgene. A similar strategy was followed to generate the p35S:
LFY-GR pAP1:AP1-AR apl-1 cal-1 line.

The TFL1 reporter line has been described previously (Serrano-Mislata et al.,
2016). pTFL1:GUS contains the GUS gene flanked by the full-length TFLI reg-
ulatory regions, 2.2 kb of the 5" and 4.6 kb of the 3’ region. The pLFY:LFY-VP16
and pHS:LFY-VP16 lines were kindly provided by Dr. Frangois Parcy and have
been described previously (Benlloch et al., 2011; Parcy et al., 2002).

RNA Extraction

Total RNA was isolated from tissue samples using the Plant Total RNA kit
(Sigma-Aldrich). For microarray experiments, quality of selected RNA samples
was evaluated on a Bioanalyzer instrument using a RNA Nano 6000 kit (Agilent).

qRT-PCR Experiments

Total RNA extracts were treated with the DNA-free kit (Ambion) to remove
genomic DNA contaminations. cDNA synthesis was performed using RNA
preparations, oligo(dT) primers, Ribolock RNase inhibitor, and RevertAid H
Minus reverse transcriptase (all reagents from Thermo-Fisher). Relative tran-
script abundance of selected genes (see Supplemental Table S3 for a list of genes
and primers used) was determined using the Roche LightCycler 480 system and
the LC480 SYBR Green I Master kit (Roche Applied Sciences). Measurements
were taken for four biologically independent sets of samples. LightCycler
melting curves were obtained for the reactions, revealing single peak melting
curves for all amplification products. The amplification data were analyzed
using the second derivative maximum method, and resulting Cp values were
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converted into relative expression values using the comparative Ct method
(Livak and Schmittgen, 2001). Expression of one reference gene, REF1
(At1g13320), was used to normalize the data (Czechowski et al., 2005).

Tissue Collection for Gene Expression
Profiling Experiments

For all experiments, we used ~4-week-old p35S:LFY-GR ap1-1 cal-1 plants.
For each sample, inflorescence tissue from ~25 plants was collected using
jeweler’s forceps as previously described (Wellmer et al., 2006). At least four
biologically independent sets of samples were generated for each experiment.
For the time course experiments, we treated inflorescences with a solution
containing 10 um dexamethasone (Sigma-Aldrich), 0.01% (v/v) ethanol, and
0.015% (v/v) Silwett L-77 (De Sangosse), or with an identical mock solution that
lacked dexamethasone. Using plastic pipettes, the solutions were directly ap-
plied onto the inflorescences so that the cauliflower-like structures were com-
pletely drenched. We then collected inflorescence tissue after 2, 4, 8, and 12 h,
as well as from untreated plants (0-h time point). For cycloheximide experi-
ments, we treated inflorescences of p35S:LFY-GR apl-1 cal-1 plants with a
dexamethasone-containing or a mock solution (as described above) that con-
tained in addition 10 um cycloheximide (Sigma-Aldrich). Tissue was collected
3 h after the treatment. RNA was extracted from samples as described above.

Tissue Collection for Quantitative RT-PCR Experiments

For qRT-PCR experiments, tissue was collected from untreated control
plants and from plants 3 h after treatment with either a dexamethasone-
containing or a mock solution. For cycloheximide experiments, we treated
inflorescences of p35S:LFY-GR apl-1 cal-1 plants with a dexamethasone-
containing or a mock solution (as described above) that contained 10 um cy-
cloheximide (Sigma-Aldrich).

Gene Expression Profiling Experiments

Gene expression profiling experiments using custom-designed Agilent
Arabidopsis whole-genome microarrays were conducted as previously de-
scribed (Kaufmann et al., 2010).

Data were analyzed using the limma (Linear models for Microarray Analysis)
software package (Smyth, 2004). Background correction was done using the
subtract method with an offset of 50. Within array normalization was performed
using the loess method and 1,000 iterations, while between array normalization
was done using the Aquantile method. To assess the reproducibility of the
microarray experiments, correlograms were generated using the corrgram
package in R. To identify DEGs, a P value cutoff of <0.01 (adjusted to control
the false discovery rate using the Benjamini-Hochberg procedure) and a log,-
transformed fold change value of >0.5 were applied. Gene Ontology analysis
was performed using the online tool DAVID (Huang et al., 2007). Statistical
significance calculations were performed with Fisher’s exact testing. Gene
Ontology terms identified were deemed significant if the P value for enrichment
was <0.01.

To identify candidates for an antagonistic response to LFY-GR and AP1-GR
activation, expression data for DEGs from this study were compared to those
from Kaufmann et al. (2010). Only genes with opposite directionality in ex-
pression changes over more than one time point were selected as candidates.

Generation of a Polyclonal Antiserum for LFY

To generate a LFY-specific antibody, we cloned the cDNA sequence coding
for amino acid residues 223 to 420 of LFY (fragment noted LFY-C) into the
Escherichia coli expression plasmid pET16b (Clontech). For that purpose, the
cDNA fragment was amplified using primers LR177 and LR178 (Supplemental
Table S3). The resulting PCR fragment and plasmid pET16b were then digested
using Ndel/BamHI, and the fragments were ligated together to yield pET16b
LFY-C (pLR48). BL21(DE3) pLysS RARE were transformed with pLR48 and
freshly transformed colonies were resuspended in 500 mL Luria-Bertani me-
dium. Cultures were grown at 37°C until an OD,, ~0.6 was reached. Protein
expression was induced by adding 0.5 mm isopropylthio-3-galactoside to
the culture. After an overnight incubation at 19°C, cells were collected by
centrifugation (5,000¢ for 10 min at 5°C) and kept frozen at —80°C until protein
extraction and purification. Total proteins were extracted by resuspending the
frozen cell pellets on ice in 15 mL resuspension buffer (20 mm Tris-HCl, pH 7.5,
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0.5 M NaCl, 5 mm imidazole, 5 mm dithiothreitol [DTT], 5% glycerol, and 1:100
Complete Protease Inhibitor Cocktail [Roche]). Cells were lysed by sonication,
while keeping the samples on ice for 5 min between sonication cycles. Cell
extract was then centrifuged for 10 min at 18,000¢ at 4°C. Total solLBuble
proteins (supernatant) were collected and used in the subsequent protein pu-
rification of His-tagged C-terminal domain of LFY. His-Select nickel-affinity gel
(800 uL gel slurry; Sigma-Aldrich) was first equilibrated in resuspension buffer.
The total soluble protein fraction was incubated with the equilibrated resin for
1 h at 4°C with rotation. Subsequent steps were carried out on a small chro-
matography column. The flow-through (unbound proteins) was discarded, and
the resin was washed with 5 X 1 mL of Wash1 buffer (20 mm Tris-HCl, pH 7.5,
0.5 M NaCl, 5 mm imidazole, 5 mm DTT, and 5% glycerol), followed by washes
with 5 X 1 mL of Wash2 buffer (20 mm Tris-HCI, pH 7.5, 0.5 M NaCl, 50 mm
imidazole, 5 mm DTT, and 5% glycerol). His-tagged LFY-C was then eluted
using 3X 0.5 mL elution buffer (20 mm Tris-HCI, pH 7.5, 0.5 M NaCl, 380 mm
imidazole, 5 mm DTT, and 5% glycerol). Purified His-tagged LFY-C was dia-
lyzed overnight against Dialysis buffer (20 mm Tris-HCI, pH 7.5, 0.5 M NaCl,
and 5% glycerol) and used for immunizations and production of rabbit poly-
clonal antibodies against LFY (immunization was performed by Biogenes).
Whole serum was used for ChIP experiments.

Chromatin Immunoprecipitation-Sequencing Experiments

For the identification of LFY-GR binding sites, we collected inflorescence
tissue from ~4-week-old 35S:LFY-GR ap1-1 cal-1 plants, 4 h after treatment with
a solution containing 10 uM dexamethasone (Sigma-Aldrich), 0.01% (v/v)
ethanol, and 0.015% (v/v) Silwet L-77 (De Sangosse). Approximately 500 uL of
inflorescence tissue was vacuum infiltrated four times for 15 min in cross-
linking solution (1% formaldehyde, 10 mm NaPi, pH 7.0, 50 mm NaCl, and
100 mm Suc) at room temperature. The cross-linking reaction was stopped by
adding Gly to a final concentration of 0.1 M and vacuum infiltrating for 5 min.
The tissue was washed three times with water before being ground to a fine
powder in liquid nitrogen. Chromatin was isolated using Extraction buffers 1, 2,
and 3 (Plant ChIP-Seq kit; Diagenode) and resuspended in nuclei lysis buffer
(50 mm Tris-HCI, pH 8.1, 10 mm EDTA, and 1% SDS) and then sonicated to
achieve an average fragment size of ~200 to 500 bp. Cellular debris were re-
moved by centrifugation. The chromatin solution was then diluted to 1 mL with
1X ChIP Dilution buffer (Plant ChIP-Seq kit) and precleared by incubating
60 uL of protein-A agarose beads (50% suspension in 1X ChIP dilution buffer;
Santa Cruz Biotech) for 90 min at 4°C. Fifty microliters of the precleared
chromatin solution was then removed and stored at —80°C to be used as input
control. Immunoprecipitation was carried out using 15 uL of rabbit polyclonal
antibodies raised against LFY-C overnight at 4°C, and 60 uL of protein-A
agarose beads (50% suspension in 1X ChIP dilution buffer; Santa Cruz Biotech)
was added to the chromatin-antibody solution and incubated for 2 h at 4°C. The
beads were then washed five times using 1X ChIP Dilution buffer (Plant ChIP-
Seq kit) before the immunocomplexes were eluted by adding 400 uL elution
buffer 1 (Plant ChIP-Seq kit) and incubating at 65°C for 30 min with shaking at
1,300 rpm. Samples were spun to remove remaining agarose beads and 16 uL of
elution buffer 2 (Plant ChIP-Seq kit) was added with samples being incubated
overnight at 65°C with shaking at 1,300 rpm. The input control samples were
treated similarly, with the addition of 400 uL of elution buffer 1 and 16 uL of
elution buffer 2 (Plant ChIP-Seq kit), followed by overnight incubation at 65°C
with shaking at 1,300 rpm.

DNA was purified and precipitated from these samples using buffers from
the Plant ChIP-Seq kit according to the manufacturer’s instructions. DNA
concentration was measured using the Qubit dsDNA HS assay kit (Thermo-
Fisher). Sequencing of libraries was carried out by the Beijing Genomics Insti-
tute using an Illumina HiSeq 2000 instrument.

Burrows-Wheeler Aligner (Li and Durbin, 2009) was used to map raw data
to the Arabidopsis reference genome (version: TAIR10), using a minimum
quality score of 20. The resulting output file was converted into .bam format
with samtools (Li et al.,, 2009). MACS (model-based Analysis for ChIP-Seq)
version 1.4 (Zhang et al., 2008) was used for peak calling and Integrative Ge-
nomics Viewer (Robinson et al., 2011) for visualization. Peak annotation was
performed using the annotatePeaks.pl script (http://homer.salk.edu).

ChIP-Quantitative PCR Experiments
Tissue was collected from ~4-week-old p35S:LFY-GR apl-1 cal-1 plants
4 h after dexamethasone treatment. ChIP was performed as described above

and relative DNA abundance of selected genomic regions (see Supplemental
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Table S4 for a list of genes and the primers used) was then determined using the
Roche LightCycler 480 system and the LC480 SYBR Green I Master kit (Roche
Applied Sciences). Measurements were taken for four biologically independent
sets of samples. LightCycler melting curves were obtained for the reactions,
revealing single peak melting curves for all amplification products. The am-
plification data were analyzed using the second derivative maximum method,
and resulting Cp values were converted into relative enrichment values using
the comparative cycle threshold method where input DNA was used to nor-
malize the data (Livak and Schmittgen, 2001). Five genomic regions (MU,
ACTIN, BRI1, REF1, and TUBI; Supplemental Table S4) with no known LFY
binding sites were used to normalize the data. Their Cp values were averaged
for each sample.

Analysis of pTFL1:GUS Activity

For the reporter analysis of TFL1 in pLFY:LFY-VP16 inflorescence apices,
pTFL1:GUS and pLFY:LFY-VP16 plants were crossed and a F3 homozygous
line for both transgenes was selected for analysis. A minimum of three inflo-
rescence tips of pTFL1:GUS and pTFL1:GUS; pLFY:LFY-VP16 plants after
bolting were collected and stained for GUS activity as described in Serrano-
Mislata et al., 2016. After staining, a few apices were cleared with a chloral
hydrate solution (72% chloral hydrate and 11% glycerol) for 3 d before
microscopy.

For the reporter analysis of TFL1 in pHS:LFY-VP16 seedlings, the pTFL1:
GUS transgene was introgressed into a pHS:LFY-VP16 background. F1 seeds
were grown on Murashige and Skoog petri dishes (2.2 g/L Murashige and
Skoog medium, 20 g/L saccharose, 0.1 g/L MES, and 6 g/L agar, pH 5.9) for
14 d at 24°C under long-day conditions. Then, one-half of the plates were heat-
shocked for 3 h at 37°C (on three consecutive days) and the other one-half were
kept under normal growing conditions. One day after the last heat shock
treatment, 8 to 10 seedlings per genotype and treatment were stained for GUS
activity as described by Serrano-Mislata et al., 2016.

Accession Numbers

Microarray and ChIP-seq data sets have been deposited with the Gene
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession
numbers GSE96799 and GSE96806, respectively.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Microarray analysis of LFY-GR time course ex-
periment.

Supplemental Figure S2. Activation of LFY-GR in the presence of cyclo-
heximide.

Supplemental Figure S3. ChIP-seq results for known LFY target genes.
Supplemental Figure S4. ChIP-seq results for floral organ identity genes.

Supplemental Figure S5. Flowering after LFY-GR activation in wild-type
and ap1 cal double-mutant plants.

Supplemental Figure S6. Activation of AP1 rescues the late flowering phe-
notype of ap1 cal plant after by LFY-GR activation.

Supplemental Table S1. DEGs identified in the p35S:LFY-GR ap1 cal time
course experiment.

Supplemental Table S2. Primers used for PCR genotyping and the gener-
ation of constructs.

Supplemental Table S3. Primers used for qRT-PCR analysis.
Supplemental Table S4. Primers used for ChIP-qPCR analysis.

Supplemental Data Set 1. DEGs identified in LFY-GR ap1 cal time course
experiment.

Supplemental Data Set 2. DEGs identified after activating LFY-GR in ap1
cal inflorescences in the presence of cycloheximide.

Supplemental Data Set 3. DEGs with LFY binding sites and results of
ChIP-seq experiments.
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