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Proper timing of the onset to flower formation is critical for reproductive success. Monocarpic plants like Arabidopsis
(Arabidopsis thaliana) switch from production of branches in the axils of leaves to that of flowers once in their lifecycle, during the
meristem identity transition. The plant-specific transcription factor LEAFY (LFY) is necessary and sufficient for this transition.
Previously, we reported that the plant hormone auxin induces LFY expression through AUXIN RESPONSE FACTOR5/
MONOPTEROS (ARF5/MP). It is not known whether MP is solely responsible for auxin-directed transcriptional activation of
LFY. Here, we show that two transcription factors belonging to the AINTEGUMENTA-LIKE/PLETHORA family,
AINTEGUMENTA (ANT) and AINTEGUMENTA-LIKE6/PLETHORA3 (AIL6/PLT3), act in parallel with MP to upregulate
LFY in response to auxin. ant ail6 mutants display a delay in the meristem identity transition and in LFY induction. ANT and
AIL6/PLT3 are expressed prior to LFY and bind to the LFY promoter to control LFY mRNA accumulation. Genetic and
promoter/reporter studies suggest that ANT/AIL6 act in parallel with MP to promote LFY induction in response to auxin
sensing. Our study highlights the importance of two separate auxin-controlled pathways in the meristem identity transition.

The switch to flower formation is a critical step in the
plant life cycle and is accompanied by a transition from
biomass and resource production to resource allocation
to the next generation (Araki, 2001; Poethig, 2003;
Bäurle and Dean, 2006; Blázquez et al., 2006). After
embryonic development, the stem-cell pool containing
shoot apical meristem gives rise to new lateral or-
gans such as leaves or flowers (Steeves and Sussex,
1989). The switch to flower formation is biphasic in
Arabidopsis (Arabidopsis thaliana) and other monocar-
pic plants (Hempel et al., 1997; Ratcliffe et al., 1999;

Poethig, 2003; Yamaguchi et al., 2014). First comes the
transition from the vegetative phase, in which rosette
leaves are produced, to the prefloral inflorescence
phase (Yamaguchi et al., 2014). In this initial phase of
inflorescence development, primordia at the flanks of
the shoot apical meristem form cauline leaves that
subtend secondary inflorescence branches (Ratcliffe
et al., 1999). Once plants are fully reproductively com-
petent, primordia instead give rise to the reproductive
structures, the flowers (Hempel et al., 1997; Ratcliffe
et al., 1999; Poethig, 2003; Yamaguchi et al., 2014). The
transition to the floral inflorescence phase is frequently
referred to as the meristem identity transition.

The plant-specific transcription factor LEAFY (LFY) is
considered a master regulator of the switch from the
prefloral to the floral inflorescence phase. Loss of LFY
function dramatically delays formation of the first flower,
while elevated levels of LFY trigger a precocious onset of
flower formation (Weigel et al., 1992;Weigel andNilsson,
1995). Moreover, spatiotemporal LFY accumulation is a
critical determinant of when and where flowers form
(Blázquez et al., 1997; Yoon andBaum, 2004). Known cues
that direct LFY upregulation are photoperiod, plant age,
and hormones. For example, the MADS-box transcrip-
tion factor pair SUPPRESSOR OF OVEREXPRESSION
OF CO1 (SOC1) and AGAMOUS-LIKE24 (AGL24)
upregulate LFY expression in response to inductive
long day photoperiods (Lee et al., 2008; Liu et al., 2008).
The micro-RNA regulated SBP-box transcription factor
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SQUAMOSA PROMOTER BINDING PROTEIN-
LIKE3 (SPL3), a component of the age-sensing path-
way, also induces LFY expression (Yamaguchi et al.,
2009). In noninductive (short day) growth conditions,
the plant hormone gibberellin is important for upre-
gulation of LFY expression; this response is thought
to be mediated by GAMYB proteins (Blázquez and
Weigel, 2000; Gocal et al., 2001).More recently, a second
hormone, auxin, has been implicated in upregulation of
LFY expression. The AUXIN RESPONSE FACTOR5/
MONOPTEROS (ARF5/MP) directly induces LFY ex-
pression upon auxin sensing (Yamaguchi et al., 2013).
Two evolutionarily conserved and functionally impor-
tant cis regulatory modules have been described for the
approximately 2.3-kilobase-long 59 intergenic region
upstreamof LFY (Blázquez andWeigel, 2000; Yamaguchi
et al., 2013). Thus far, important sequence specific bind-
ing proteins have been linked to only one of these, the
proximal or “P” cis regulatory module. MP specifically
binds to this region. No other cis regions or trans factors
have as yet been implicated in auxin responsiveness of
LFY.

The eight members of the AINTEGUMENTA-LIKE/
PLETHORA (AIL/PLT) transcription factor family are
key developmental regulators with partially over-
lapping roles in many aspects of plant development,
including embryogenesis, stem cell specification, mer-
istem maintenance, positioning of lateral organs in the
root and stem, and organ growth (Horstman et al.,
2014). In many instances, the roles of these transcription
factors have been linked to hormones, particularly
auxin (Horstman et al., 2014). Two AIL/PLT proteins,
PLT1 and PLT2, function downstream of auxin in
specification of the root stem cell niche and feed back to
regulate expression of PIN-FORMED auxin efflux
genes, stabilizing an auxin maximum in these cells
(Aida et al., 2004; Blilou et al., 2005). AIL5/PLT5, AIL6/
PLT3, and AIL7/PLT7 control the positioning of lateral
root initiation downstream of ARF7 and ARF19 and
regulate shoot phyllotaxy by promoting auxin biosyn-
thesis in the shoot apical meristem (Prasad et al., 2011;
Hofhuis et al., 2013; Pinon et al., 2013). ANT and AIL6
regulate many aspects of flower development, some of
which have been linked to auxin as well (Krizek, 2011a,
2011b). For example, ANT and AIL6 promote flower
primordia initiation downstream of MP (Yamaguchi
et al., 2013). In floral organ growth, ANT acts down-
stream of the auxin inducible AUXIN REGULATED
GENE INVOLVED IN ORGAN SIZE (ARGOS; Hu
et al., 2003). Other roles of ANT and AIL6 in flower
development, including floral organ initiation, identity
specification, and gynoecium patterning, may also in-
volve auxin (Krizek, 2009).

Here, we show that auxin-activated ANT and AIL6
are redundantly required for the proper timing of the
onset of flower formation. ANT and AIL6 execute this
role by binding to the LFY promoter to induce LFY
expression in incipient primordia. We further demon-
strate that these two AIL/PLT transcription factors act
in parallel with MP to induce LFY expression. Our

study identifies the regions of the LFY promoter and the
transacting factors that mediate auxin responsiveness
of the locus and highlights the importance of the hor-
monal auxin cue in LFY induction at the onset of flower
formation.

RESULTS

MP and Four Conserved Auxin Response Elements
Located in the P Region Are Not Solely Responsible for
Auxin-Mediated LFY Activation

The characterized full-length LFY “promoter”
(henceforth referred to as pLFY) consists of an approx-
imately 2.3-kilobase-long 59 intergenic region upstream
of LFY (Blázquez et al., 1997). pLFY contains two evo-
lutionarily conserved, functionally important regions,
the distal or “D” region and the proximal or “P” region
(Blázquez and Weigel, 2000; Yamaguchi et al., 2013). A
minimal LFY promoter (pGOF9), which only contains
the conserved D and P regions as well as the core pro-
moter (approximately 800 base pairs in total), recapit-
ulates most of the activity of pLFY (Blázquez and
Weigel, 2000). Recently, the auxin responsive tran-
scription factor MP was shown to directly induce LFY
expression upon auxin sensing (Yamaguchi et al., 2013).
MP binds in vivo to a single region of the endogenous
LFY locus, the P region, and MP binding is dependent
on four evolutionarily conserved core auxin response
elements (AuxREs) in the P region (Yamaguchi et al.,
2013). When we mutagenized all four AuxREs in the con-
text of pGOF9 driving a GFP-tagged version of the LFY
cDNA,LFY expressionwasmuch reducedand themutated
minimal promoter pGOF9 was essentially unresponsive to
auxin (Yamaguchi et al., 2013). Auxin responsiveness in the
context of the full-length pLFY has not been studied yet, but
it is known that pLFY contains redundantly acting cis re-
gions (Blázquez and Weigel, 2000).

To testwhether the fourAuxREs in the P region alone are
responsible for auxin-mediated LFY activation by pLFY, we
performed reporter analyses using full-length pLFY pro-
moter. We assayed reporter activity in representative
T2 plants. Synthetic auxin (2,4-dichlorophenoxyacetic
acid [2,4-D]) application triggered an increase in
GUS expression in the pLFY::GUS transgenic plants,
as reported previously (Bai and Demason, 2008;
Yamaguchi et al., 2013; Fig. 1, A and B). We also gen-
erated transgenic plants expressing a pLFYAm::GUS
construct, in which all four AuxREs (TGTC) in the P
regionwere converted to TGgC as previously described
(Muller and Sheen, 2008; Yamaguchi et al., 2013). Sur-
prisingly, pLFYAm::GUS was still responsive to auxin
(Fig. 1B). An auxin-upregulated gene, MP (Lau et al.,
2011), and endogenous LFY served as treatment
controls (Yamaguchi et al., 2013; Supplemental Fig. S1).
Because the same mutations in these AuxREs in the
minimal pGOF9 promoter abolished auxin responsiveness
and because MP only binds to the P region of pLFY
(Yamaguchi et al., 2013), these results suggest that MP is
not solely responsible for auxin-mediated LFY activation
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and that other transcription factor(s) likely act in par-
allel with MP to activate LFY in response to auxin via
regions of the LFY promoter not present in pGOF9.

The Transcription Factors ANT and AIL6/PLT3 Promote
Floral Meristem Identity Upstream of LFY

To identify additional trans factors that could mediate
auxin responsiveness of LFY, we focused on the AIL/
PLT transcription factor family (Horstman et al., 2014).
Among these, ANT and AIL6/PLT3 play important roles
in many aspects of flower development from flower
primordium initiation to cell proliferation in incipient
floral primordia, flower patterning, and elaboration of
floral organ form (Elliott et al., 1996; Klucher et al., 1996;
Krizek, 1999; Mizukami and Fischer, 2000; Krizek, 2009).
Several of these pathways have links to auxin (Krizek,
2011a, 2011b). We hypothesized that ANT and AIL6
might regulate LFY downstream of auxin.
To test this hypothesis, we first compared the spatio-

temporal accumulation ofLFY,ANT, andAIL6 at the times
and in the tissues of interest. When grown in inductive
photoperiod, the first flower appears in 15-d-old plants.
On the basis of quantitative real-time PCR (qRT-PCR),
ANT andAIL6 transcripts start to accumulate in 5-d-old to
7-d-old wild-type seedlings, prior to LFY upregulation
(Fig. 2A). Similar data were obtained when querying
public transcriptomic data (Supplemental Fig. S2; Schmid
et al., 2003). In addition, fluorescence imaging revealed

spatial overlap of LFY, ANT, and, AIL6 protein accumu-
lation in incipient cauline leaf primordia and the first
flower primordia (Fig. 2, B–E; Supplemental Fig. S2). The
spatiotemporal expression of ANT, AIL6, and LFY is con-
sistent with a possible role of ANT and AIL6 upstream of
LFY during the meristem identity transition.

With regards to the biphasic transition to flower
formation in Arabidopsis, LFY primarily promotes the
transition from the prefloral to the floral inflorescence
phase and has little or no effect on the vegetative
to prefloral inflorescence phase transition. Thus, com-
pared to the wild type, lfy mutants display a large in-
crease in the number of cauline leaves and associated
secondary inflorescences yet little or no increase in the
number of rosette leaves initiated or in the time to
bolting (Weigel et al., 1992; Weigel and Nilsson, 1995;

Figure 1. MP contributes to, but is not solely responsible for, auxin-
mediated LFY activation. A, Diagram of LFY promoter with location of
MP-bound cis elements (AuxREs). Boxes denote conserved regions of
the LFY promoter. Asterisks, AuxREs; red asterisks, MP-bound core
AuxREs; gray asterisks, mutated sites. B, GUS mRNA accumulation
determined by qRT-PCR in reporter constructs driven by full-length
upstream intergenic region (pLFY::GUS) and a version of pLFY::GUS in
which themutated four AuxREs in the P regionweremutated (pLFYAm::
GUS). RNAwas isolated 3 h after application of mock or 2,4-D (10 mM)
solution. Shown is the mean and SEM of GUS expression in represen-
tative transgenic plants normalized over that of UBQ10 (At4g05320).

Figure 2. Spatial and temporal accumulation of ANT, AIL6, and LFY. A,
Temporal upregulation of ANT, AIL6, and LFY mRNA expression in
wild-type plants. The level of gene expression normalized to that of EIF4
is shown relative to themaximal expression level (in 15-d-old plants) set
to 1.0. Shown are mean 6 SEM. B, Section of wild-type seedling at the
time of the meristem identity transition. C to E, Accumulation of pLFY::
GFP-LFY (pLFY::GLFY; C), pANT::ANT-VENUS (D), and pAIL6::AIL6-
VENUS (E) proteins in incipient primordia in seedlings at the time of the
meristem identity transition. Arrowheads mark the first incipient flower
primordium. Asterisks, Inflorescence meristem. Images in B to E are
shown at the same magnification. Bar, 50 mm.
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Hempel et al., 1997; Ratcliffe et al., 1999; Saddic et al.,
2006; Yamaguchi et al., 2009, 2014; Pastore et al., 2011).
To test for a role of ANT and AIL6 in regulating LFY
activity, we therefore next measured the duration of the
prefloral inflorescence phase by counting the number of
cauline leaves and secondary inflorescences formed in
ant-4 and ail6-2 single mutants and in wild-type plants
(Saddic et al., 2006; Yamaguchi et al., 2009). There was
no statistically significant difference between wild type
and ant-4 (P = 0.68) or ail6-2 (P = 0.72) single mutants
with respect to the time to flower formation (Fig. 3A).
This may be due to redundancy between ANT and
AIL6, which are known to have overlapping functions
in other aspects of reproductive development (Krizek,
2009). To further test this hypothesis, we characterized
the timing of the onset of flower formation in ant-4 ail6-2

double mutants. ant-4 ail6-2 displayed a significant in-
crease in the number of cauline leaves and secondary
inflorescences compared with the wild type (P, 1024).
This increasewas as strong as that observed inweak lfy-
5mutants (Fig. 3A). These results suggest that ANT and
AIL6 act redundantly in the timing of the formation of
the first flower in Arabidopsis.

To test whether ANT and AIL6 act upstream of and
in the same pathways as LFY, we provided LFY activity
from a heterologous promoter in the ant-4 ail6-2 double
mutant and again assessed the timing of the onset of
flower formation by counting the number of cauline
leaves and secondary inflorescences generated. ant-4
ail6-2 35S::LFY plants produced significantly fewer
cauline leaves and secondary inflorescences than ant-4
ail6-2 (P , 0.001 and P , 1.0 3 10213, respectively;

Figure 3. Delayed onset of flower formation in ant
ail6 double mutants and phenotypic rescue of this
defect by LFYoverexpression. A, Quantification of the
number of cauline leaves (left) and secondary inflo-
rescence branches (right) formed. n $ 20 for each
genotype tested. P values, Two-sided Student’s t test
relative to the wild type. B, Quantification of the
number of cauline leaves (left) and secondary inflo-
rescence branches (right) formed in wild type, ant-4
ail6-2, 35S::LFY, and ant-4 ail6-2 35S::LFY. n$ 20 for
each genotype tested. Because the number of sec-
ondary inflorescences was not normally distributed,
we performed the Kolmogorov-Smirnov test to cal-
culate P values. Sample minimum, Lower bar; lower
quartile, box; median, red line; upper quartile, box;
sample maximum, upper bar.
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Fig. 3B). The number of cauline leaves in ant ail6 35S::
LFY did not significantly differ from those observed in
35S::LFY plants (P = 0.27; Fig. 3B). Like 35S::LFY plants
(Weigel and Nilsson, 1995), ant-4 ail6-2 35S:LFY plants
formed no secondary inflorescences. Thus, gain-of-LFY
function is epistatic to loss of ANT and AIL6 function.
The delayed meristem identity transition in ant-4 ail6-2
double mutants is hence likely attributable to a role for
ANT and AIL6 upstream of LFY.

ANT and AIL6/PLT3 Directly Induce LFY Expression

To test whether ANT and AIL6 regulate LFY ex-
pression, we examined LFYmRNA accumulation in ant
ail6 mutant relative to wild-type plants. In wild type,

LFY transcripts increased gradually during the meri-
stem identity transition (Fig. 4A). The ant ail6 mutant
showed reduction of LFY expression at all time points
we tested based on qRT-PCR (Fig. 4A). By contrast, no
difference in the expression of a flowering time regu-
lator was observed between wild type and ant ail6
(Supplemental Fig. S3).

To test whether ANT can directly induce LFY, we
generated an inducible version of ANT expressed from
its own promoter (pANT::ANT-GR) in the ant-4 back-
ground. Activation of the pANT::ANT-GR transgene
led to complementation of ant defects in petal and sta-
men growth (Elliott et al., 1996; Klucher et al., 1996),
suggesting that the fusion protein is biologically
active (Supplemental Fig. S4). Dexamethasone (DEX)

Figure 4. ANTand AIL6 directly induce LFY expression. A, Temporal accumulation of LFYmRNA in wild-type and ant-4 ail6-2
double mutant plants. Shown are mean6 SEM. B, LFYmRNA levels in ant pANT::ANT-GR inflorescences treated with mock or
steroid (DEX) solution in the absence (left) or presence (right) of the protein synthesis inhibitor CHX. C, Schematic of the LFY
promoter. Asterisks show possible cis elements. Top: Potential (black asterisks) and likely ANT/AIL6 bound (red asterisks)
C-repeat/DRE coremotifs (CCG). Bottom: Potential (black asterisks) and bound (red asterisks)MP consensusmotifs (core AuxREs).
Regions D (white box) and P (black box) are conserved and functionally important cis regulatory modules of the LFY promoter.
Region IV (gray box) corresponds to the LFY-IV PCR fragment in D. D, Anti-GFP ChIP in pANT::ANT-VENUS (top) and pAIL6::
AIL6-VENUS (bottom) relative to wild-type inflorescences. ANT and AIL6 bind to regions IV and V (which is located in the P
module in C) in vivo. TA3, Negative control locus.
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activation of ant pANT::ANT-GR in inflorescences led
to a 1.7-fold increase in LFY expression relative to
mock-treated ant pANT::ANT-GR (Fig. 4B). To eluci-
date whether the upregulation of LFY upon ant pANT::
ANT-GR activation required protein synthesis, we ex-
amined the effect of ant pANT::ANT-GR activation on
LFY expression in the presence of the protein synthesis
inhibitor cycloheximide (CHX). Simultaneous applica-
tion of CHX andDEX led to increased expression of LFY
after 3 h (Fig. 4B). Thus, ANT can induce LFY in the
absence of protein synthesis.

To further test whether ANT and AIL6 directly modu-
late LFY expression,we probedANT andAIL6 occupancy
at the LFY locus by chromatin immunoprecipitation
(ChIP). Toward this end, we used VENUS-tagged ANT
and AIL6 transgenic lines under the control of their
own promoters (pANT::ANT-VENUS and pAIL6::AIL6-
VENUS; Yamaguchi et al., 2013). By ChIP-qPCR, we
detected selective binding of ANT and AIL6 at two of five
testedpositions at theLFY locus, to PCR fragments LFY-IV
and LFY-V (Fig. 4, C and D; Supplemental Fig. S5). Se-
lective ANT occupancy at LFY-IV and LFY-V regions was

Figure 5. Additive roles for ANT/AIL6 and MP LFY induction. A, Quantification of the number of cauline leaves (top) and sec-
ondary inflorescence branches (bottom) formed in mock- and 2,4-D-treated (10 mM) wild-type (WT) and ant-4 ail6-2 plants. n$

12 for each genotype tested. Sample minimum, Lower bar; lower quartile, box; median, red line; upper quartile, box; sample
maximum, upper bar. P values, Two-sided Student’s t test. B, Top: Diagram of LFY promoter deletion constructs. Boxes denote
critical regions of the LFY promoter (see also Fig. 4C). Broken lines, Deletion. Bottom:GUSmRNA accumulation determined by
qRT-PCR in reporter constructs driven by full-length upstream intergenic region (pLFY::GUS), pLFY::GUS lacking region IV,
(pLFYΔIV::GUS), lacking the P region (pLFYΔP::GUS), or lacking both the P and the IV region (pLFYΔIV, P::GUS). RNA was
isolated 3 h after application of mock or 2,4-D (10 mM) solution. Shown is the mean and SEM ofGUS expression in representative
transgenic plants normalized over that ofUBQ10 (At4g05320). C, Expression of LFYmRNA in mock- and DEX-treated 35S::ANT-
GR/-, pUBQ10::MP-GR/-, or 35S::ANT-GR/- pUBQ10::MP-GR/- inflorescences. Shown are mean 6 SEM. D to F, Expression of
the LFY protein (pLFY::GLFY) in mock- versus DEX-treated 35S::ANT-GR (D), pUBQ10::MP-GR/- (E), or 35S::ANT-GR/-
pUBQ10::MP-GR/- (F) inflorescences. Photos for GFP fluorescence (D–F) are from the same experiment, taken using the same
confocal microscope setting, and shown at the same magnification. White outline, Flower primordium beginning to grow out;
asterisks, inflorescence meristem. Bar, 50 mm.
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confirmed using an independent transgenic line and a
different antibody (compare Fig. 4D and Supplemental
Fig. S6). The LFY-V region corresponds to the proximal (P)
region of the LFY promoter. We will refer to the second
fragment bound by ANT and AIL6 as region IV. This re-
gion contains three C-repeat core motifs (Fig. 4C). These
motifs are bound weakly by ANT in vitro (Nole-Wilson
and Krizek, 2000). No strong ANT or AIL6 binding was
observed to other regions of the LFY promoter (Fig. 4, C
and D). We conclude that ANT and AIL6 associate not
onlywith the P region, but alsowith the adjacent IV region
to activate LFY expression.

ANT and AIL6 Contribute to the Auxin-Mediated
Acceleration of the Switch to Flower Formation in Parallel
with MP

Because auxin triggers acceleration of the switch to
flower formation in Arabidopsis (Yamaguchi et al.,
2013), we next investigated whether ANT and AIL6
contribute to this response. As previously reported
(Yamaguchi et al., 2013), the number of cauline leaves
and secondary inflorescences formed in the wild type
was significantly lower in plants treated with 10 mM 2,4-
D than in those treated with mock solution (P = 0.008;
Fig. 5A). By contrast, the response of ant-4 ail6-2 plants
to the auxin treatment was attenuated (Fig. 5A); the
median number of cauline leaves and secondary inflo-
rescences formed was identical in mock- and auxin-
treated ant-4 ail6-2 plants. However, ant-4 ail6-2
mutant plants still showed some response to auxin (P =
0.03 for cauline leaves and secondary inflorescences).
The residual auxin responsiveness of ant ail6 double
mutants is likely attributable to MP, which also induces
LFY in response to auxin (Yamaguchi et al., 2013). We
conclude that ANT and AIL6 contribute to the auxin-
mediated acceleration of the switch to flower formation
in Arabidopsis but are not solely responsible for this
phenomenon.
Because ANT and AIL6 bind to both the P and the IV

region of LFY promoter, we investigated whether de-
letion of both regions in the context of the full-length
LFY promoter results in loss of auxin responsiveness.
Our findings in Figure 1 above suggest that redundant
activities mask the effect of mutation of the MP-bound
AuxREs in the P region of LFY promoter. In agreement
with this interpretation, pLFYΔP::GUS was still re-
sponsive to 2,4-D (Fig. 5B). We next deleted the IV re-
gion of the LFY regulatory region, which is bound by
ANT and AIL6, but not by MP (Fig. 5B; Yamaguchi
et al., 2013). We did not observe a reduction in auxin
responsiveness by deleting this region alone (pLFYΔIV::
GUS; Fig. 5B). However, when we deleted both the P
region (which is bound by both MP and ANT/AIL6)
and the adjacent IV region (bound only by ANT/AIL6),
we observed loss of auxin responsiveness in pLFYΔIV,
P::GUS (Fig. 5B). An auxin-upregulated gene, MP (Lau
et al., 2011), and endogenous LFY served as treatment
controls (Yamaguchi et al., 2013; Supplemental Fig. S7).
These data support the hypothesis that not onlyMP but

also both ANT and AIL6 contribute to auxin-mediated
LFY induction.

We next assessed whether MP and ANT/AIL6 act in
parallel pathways. Because themp ant ail6 triple mutant
does not form flower primordia (Yamaguchi et al.,
2013), we instead asked this question by providing both
ANT and MP activity conditionally from heterologous
promoters. Simultaneous activation of 35S::ANT-GR/-
and pUBQ10::MP-GR/- led to much stronger induction
of LFY on the basis of qRT-PCR than did activation of
35S::ANT-GR/- or UBQ10::MP-GR/- alone (Fig. 5C).
This suggests an additive effect of the simultaneous
increase in ANT and MP activities on LFY mRNA ac-
cumulation. We also examined the effect of simulta-
neous activation of ANT and MP on LFY protein
accumulation. Consistent with the qRT-PCR data, we
detected a visible increase in LFY protein levels in DEX-
treated 35S::ANT-GR/- pUBQ10::MP-GR/- relative to
DEX-treated 35S::ANT-GR/- or pUBQ10::MP-GR/-
alone (Fig. 5, D–F). The combined data suggest that
MP and ANT act in parallel pathways to induce LFY
expression.

DISCUSSION

The AIL/PLT Transcription Factors ANT and AIL6/PLT3
Directly Induce LFY to Promote the Switch to
Flower Formation

Molecular genetic studies have identifiedmembers of
the AIL/PLT family of transcription factors as central
regulators of Arabidopsis phyllotaxis, flower pri-
mordium outgrowth, flower patterning, and floral or-
gan growth (Elliott et al., 1996; Krizek, 1999, 2009;
Mizukami and Fischer, 2000; Prasad et al., 2011; Pinon
et al., 2013; Yamaguchi et al., 2013). Here, we show that
two members of this family, ANT and AIL6, contribute
to the timing of the onset of flower formation by mod-
ulating LFY expression. The evidence in support of this
conclusion is 3-fold. First, ANT and AIL6 mRNA accu-
mulation precedes that of LFY and all three proteins are
expressed in incipient primordia, where LFY specifies
floral fate. Second, LFY accumulation is delayed in ant
ail6 double mutants. Third, the delayed transition to
flower formation in ant ail6 double mutants was fully
rescued by providing LFY function from a heterologous
promoter, suggesting that LFY acts downstream of and
in the same pathway as ANT and AIL6. Finally, the
induction of LFY by ANT is likely direct as it was pro-
tein synthesis independent and because ANT and AIL6
were recruited to the LFY promoter. We conclude that
ANT andAIL6 act redundantly to control LFY induction
and the timing of flower formation.

ANT and AIL6 both bound to the evolutionarily
conserved proximal region (P) of the LFY promoter,
which is occupied by several other transcription factors
in vivo and in vitro, including MP (Blázquez and
Weigel, 2000; Gocal et al., 2001; Yamaguchi et al., 2013).
ANT and AIL6 also bound to a region of the LFY pro-
moter adjacent to the P region, which we called region
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IV. Thus far, no other transcription factor has been
shown to bind to this region of the LFY promoter. Im-
portantly, only deletion of both the IV and the P region
led to loss of auxin responsiveness in the context of the
full-length LFY promoter. These data support the con-
clusion that ANT and AIL6 contribute to LFY induction
upon auxin sensing. In addition, they uncover a new
region of the LFY promoter that contributes to auxin
responsiveness. DNA binding properties of ANT have
been determined previously (Nole-Wilson and Krizek,
2000). ANT contains two AP2 repeats, and both AP2
repeats are needed to contact DNA. Thus, the ANT
binding site is much longer than those recognized by
other transcription factors (Franco-Zorrilla et al., 2014).
A cis element similar to the in vitro defined ANT
consensus-binding motif [59-gCAC(A/G)N(A/T)TcCC
(a/g)ANG(c/t)-39] is present in the D region of the LFY
promoter, but not in the P region or the IV region,
where we see ANT binding in vivo. ANT can also
weakly bind to the C-repeat/DRE elements that show
some similarity to the ANT consensus site (Stockinger
et al., 1997; Nole-Wilson and Krizek, 2000). We identi-
fied three C-repeat/DRE (CCG) core elements in the IV
region. These elements may recruit ANT and AIL6 to

the LFY promoter. No ANT binding motifs were pre-
sent in the P region. It is currently not understood how
ANT or AIL6 are recruited to this region.

Two Parallel Pathways for Auxin-Mediated LFY Induction

Several pieces of evidence suggest that the AIL/PLT
family proteins ANT and AIL6 act together with other
regulators to mediate auxin-dependent upregulation of
LFY during the switch to flower formation. The delay of
the switch to flower formation in ant ail6 double mu-
tants was similar to that of the lfy-5 hypomorph, but not
as strong as that of the lfy null mutant. In addition,
while ant ail6 mutants displayed a reduced response to
auxin, auxin treatment still accelerated the switch to
flower formation in this genetic background. These
data suggest the presence of another factor that medi-
ates auxin-dependent LFY induction. Some of the
remaining activity may be attributable to another AIL/
PLT family member that acts together with ANT and
AIL6 in this pathway (Aida et al., 2004; Blilou et al.,
2005; Krizek, 2011b; Prasad et al., 2011; Hofhuis et al.,
2013; Pinon et al., 2013). A second, not mutually ex-
clusive possibility is that ANT/AIL6 induce LFY upon
auxin sensing at least in part in parallel with MP
(Yamaguchi et al., 2013; Fig. 6A). Parallel roles for
ANT/AIL6 andMP in this process are supported by the
observed additive effects on LFY mRNA accumulation
of simultaneous activation of MP and ANT. They are
further supported by the combined promoter deletion
and mutation studies presented here and previ-
ously, which implicate both the MP-bound AuxREs
(Yamaguchi et al., 2013) and the ANT/AIL6-bound
region IV in auxin-dependent LFY induction.

Interestingly, ANT and AIL6 are also direct MP tar-
gets in inflorescences (Yamaguchi et al., 2013) and act
downstream of MP in initiation of flower primordia
(Fig. 6B). Data presented here point to parallel roles of
MP and ANT/AIL6 in auxin-directed LFY induction.
There is precedent for this type of transcriptional net-
work, where a transcription factor directly activates
another transcription factor that subsequently acts in
parallel with the first factor. For example,APETALA1, a
MADS-box transcription factor and important regula-
tor of floral fate, is a direct LFY target (Parcy et al., 1998;
Wagner et al., 1999; William et al., 2004; Winter et al.,
2011) and acts in parallel with LFY in the switch to
flower formation (Ruiz-García et al., 1997). The role for
AP1 in parallel with LFY has been attributed to the
presence of a second pathway for AP1 induction that is
independent of LFY (Huala and Sussex, 1992; Abe et al.,
2005; Wigge et al., 2005). Likewise, we predict the
presence of a MP-independent pathway for ANT and
AIL6 induction in response to auxin sensing in inflo-
rescences (Fig. 6 and discussion below).

ANT expression is highly dependent on auxin levels;
treatment of plants with a polar auxin transport inhib-
itor led to a rapid decline in the steady-state levels of
ANTmRNA (Krizek, 2009). One possible mechanism to
account for theMP-independent roles of ANT andAIL6

Figure 6. Regulation of the onset of flower formation by auxin. A,
Model of the onset of flower formation by auxin. The auxin-activated
ARF5/MP transcription factor directly activates LFY. Likewise, ANTand
AIL6/PLT3 directly induce LFY upon auxin sensing to promote the
switch to flower formation. ANT/AIL6 and MPact in parallel pathways.
This suggests the presence of a MP independent pathway for ANT/AIL6
induction by auxin. B, Model of flower primordium initiation by auxin.
Subsequent to the switch to flower formation, which happens once in
the lifecycle of monocarpic plants, both ANT/AIL6 and LFY promote
initiation of primordia. See text for additional details.
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in LFY induction is if auxin can promote ANT and AIL6
accumulation or activity at least in part independently
of MP (Fig. 6). Consistent with this scenario is the
finding thatANT andAIL6 expressionwas reduced, but
not abolished, in mp mutants (Yamaguchi et al., 2013).
Possible candidates for transcriptional regulators acting
in parallel with MP to induce ANT are other ARF
proteins, several of which are strongly expressed in the
shoot apex (Vernoux et al., 2011). Indeed, multiple ARF
proteins act upstream of PLT genes during other stages
of development. For example, MP and ARF7/
NONPHOTOTROPIC HYPOCOTYL4 act upstream of
PLT1 and PLT2 during embryogenesis, and ARF7 and
ARF19 act upstream of AIL6/PLT3, AIL7/PLT7, and
AIL5/PLT5 in lateral root development (Aida et al.,
2004; Hofhuis et al., 2013). In addition, a candidate
upstream regulator of ANT that is not an ARF has been
described in inflorescences, the ARGOS protein (Hu
et al., 2003). The auxin induced ARGOS gene encodes a
protein of unknown function with several predicted
transmembrane domains (Hu et al., 2003) that acts
upstream of ANT in organ size control. In summary,
our data suggest the possibility for two independent
pathways that direct transcriptional changes down-
stream of auxin; this mechanism could act as to prevent
premature or ectopic activation of auxin-responsive
genes.
We show here that during the developmental phase

transition that leads to formation of the first flower,
ANT/AIL6 act together with MP to promote LFY
upregulation in response to auxin (Fig. 6A). After this
transition, which happens once in the life or monocar-
pic plants like Arabidopsis, the shoot apex continu-
ously gives rise to flower primordia (Steeves and
Sussex, 1989). ANT/AIL6, LFY, and as yet unidentified
additional transcriptional regulators together direct
formation of flower primordia (Fig. 6B; Yamaguchi
et al., 2013). Because LFY accumulation is also modu-
lated in incipient flower primordia by ANT and AIL6
(Supplemental Figs. S8 and S9), we posit that during the
initiation of flower primordia, LFY is both an ANT/
AIL6 target and acts in parallel withANT/AIL6 (Fig. 6B).

MATERIALS AND METHODS

Plant Materials and Treatment

All plants for phenotypic analysiswere grownon soil at 22°C to 23°C in a 16 h
light/8 h dark cycle. Seedling plants for expression analysis were grown on
Murashige and Skoog plates at 23°C in a 16 h light/8 h dark cycle. Most plants
were in the Landsberg erecta background except for pLFY::GFP-LFY (pLFY::
GLFY) and pUBQ10::MP-GR, which were in the Columbia background. To
avoid analysis of mixed genetic backgrounds, we performed F1 experiments to
test GLFY expression in 35S::ANT-GR/-, 35S::gAIL6/-, and 35S::ANT-GR/-
pUBQ10::MP-GR/-. The following plant lines were previously described: lfy-
5 (Weigel et al., 1992); ant-4 ail6-2 (Krizek, 2009); pLFY::GLFY (Wu et al., 2003);
pANT::ANT-VENUS, pAIL6::AIL6-VENUS, and 35S::ANT-GR (Yamaguchi
et al., 2013); and pUBQ10::MP-GR (Donner et al., 2009). For RNA isolation and
imaging of GFP experiments, DEX and CHX treatments were performed by
spraying 30-d-old plants oncewith 5mMDEXand/or 50mMCHX, respectively. For
auxin (2,4-D) treatment in wild type and ant-4 ail6-2, to examine the number of
cauline leaves and secondary inflorescences formed, 8-d-old to 16-d-old soil-grown
plants were treated by spraying them with 10 mM 2,4-D once every three days. To

examine the auxin responsiveness of the LFY promoter, 10 mM 2,4-D or mock so-
lutionwas applied to 17-d-old T2 plants by spraying. Samples for mRNA isolation
were taken 3 h after spraying. To prepare 10 mM 2,4-D stock solution, 24.3 mg of
2,4-D was dissolved in 10 mL of 95% (v/v) ethanol. Stock solution was 1/1000
diluted with 0.1% (v/v) dimethyl sulfoxide and 0.01% (v/v) Silwet L-77 before
spraying.Mock solutionwas usedwith 0.1% (v/v) dimethyl sulfoxide, 0.01% (v/v)
Silwet L-77, and 0.095% (v/v) ethanol.

Plasmid Construction and Plant Transformation

For construction of ANT::ANT-GR, ANT-GR (Yamaguchi et al., 2013) was
subcloned into the BamHI/XbaI sites of pCGN1547 containing a 39 NOS ter-
minator sequence. A 6.2-kb ANT promoter fragment was digested out of
pBluescript (Krizek, 2009) withKpnI and ligated intoANT-GR/pCGN1547-nos.
For construction of 35S::gAIL6, a genomic fragment of AIL6 corresponding to
most of the coding region and 900 bp of 39 sequence was obtained by digestion
of BAC F12B17 with KpnI and BamHI and subcloned into BJ36. The first 141 bp
of the AIL6 coding region were added to this genomic fragment by PCR am-
plification of the region with AIL6-27 and AIL6-44 and digestion with KpnI.
This AIL6 genomic sequencewas subcloned into the EcoRI site of pART7, which
contains the 35S promoter. 35S::gAIL6 containing the entire coding region of the
gene and 740 bp of 39 sequence was then subcloned into the NotI site of
pMLBart. Both transgenes were transformed into Landsberg erecta by vacuum
infiltration (Clough and Bent, 1998). To generate the LFY promoter mutation
constructs, site-directed mutagenesis was performed as previously described
(Yamaguchi et al., 2013). The conserved P element uncovered by phylogenetic
shadowing is located2122 bp to2431 bp from the translational start site of LFY
(Yamaguchi et al., 2013). The P elemental adjacent region IV, which contains the
qRT-PCR fragment LFY-IV, is positioned 2432 bp to 21020 bp from the LFY
translational start site. To generate the pLFY ΔIV, ΔP and Δ IV P constructs, PCR
fragments from LFY promoterminus the deleted regionwere incorporatedwith
additional SpeI sites into the SalI and EcoRI sites of the pENTR3C entry vector
and subcloned into the pBGWFS7 binary destination vector. Seeds of transgenic
plants were screened on soil by spraying with glufosinate ammonium (BASTA)
at 1000-fold dilution (Finale, Bayer) five times from 2 d onwards. GUS staining
and qRT-PCR in the presence and absence of auxin was performed in the T1
generation of .25 independent lines. Representative T2 lines were chosen by
the same expression pattern in the emerging inflorescence, as well as mature
inflorescence, after bolting with T1 lines. These T2 lines assayed for GUS, MP,
and endogenous LFY accumulation in the absence and presence of 2,4-D (10 mM).
See Supplemental Table S1 for cloning primers used.

Scanning Electron Microscopy

Tissue for scanning electron microscopy was fixed and dehydrated as de-
scribed previously (Krizek, 1999) and imaged on a FEI Quanta 200 environ-
mental scanning electron microscope.

Confocal Microscopy

Imaging of GFP fluorescence was performed as previously described
(Yamaguchi et al., 2013). Inflorescence apices were dissected to remove older
flowers prior to observation. A vibratome was used for longitudinal sections to
observe primordia at the time of the meristem identity transition. Fifteen-day-
old seedlings were imbedded in 5% (v/v) agar, and 50 mm sections were
prepared. Tissues were imaged for green and red fluorescence using a Leica
confocal microscope (LCS SL) equipped with an argon-krypton ion laser with
the appropriate filter sets for visualizingGFP and propidium iodide. Images are
maximum projection of z-stacks that include the initiating flower primordia.
The same offset and gain settings were used for plants for which signal intensity
was directly compared.

qRT-PCR

For Figures 1B, 2A, 4, A and B, and 5B and Supplemental Figures S1, S3, and
S7, RNA was extracted from seedling apices containing a few leaf primordia.
Older leaves, hypocotyls, and roots were removed by tweezers. For Figure 5C
and Supplemental Figures S8 and S9, RNA was extracted from inflorescence
apices. Older flowers (stage 12 onward) were removed using tweezers. For GUS
qRT-PCR, the 2,4-D responsiveness test was performedwith 17-d-old T2 plants.
RNA extraction, RNA purification, reverse transcription, and RT-PCR were
performed as previously described (Yamaguchi et al., 2013). RT-PCR
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experiments were normalized over the ubiquitously expressed EIF4A orUBQ10
genes (At3g13290 or At4g05320, respectively) or At4g12240 (Supplemental Fig.
S9). The mean and SEM were determined using at least three technical repli-
cates from one representative experiment. Two or three independent experi-
ments were performed. See Supplemental Table S1 for qRT-PCR primers used.

ChIP

ChIP was performed as previously described (Yamaguchi et al., 2013). A
total of 300 mg tissue from inflorescences was used with 10 mL/sample of anti-
GFP antibody A6455 (Invitrogen) or 5 mL/sample of anti-HA antibody 12CA5
(Roche). The signal obtained for the genetic control ChIP (anti-GFP or anti-HA
ChIP performed on same stage nontransgenic plants) was set to 1.0, and the
signal for the experimental ChIP is expressed as fold-increase above the genetic
control signal. The mean and SEM were determined using at least three tech-
nical replicates from one representative experiment. Two or three independent
experiments were performed. See Supplemental Table S1 for ChIP primers
used.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. MP and LFY mRNA accumulation in T2 reporter
lines.

Supplemental Figure S2. Expression of ANT, AIL6, and LFY is develop-
mentally regulated.

Supplemental Figure S3. FLOWERLING LOCUS T (FT) mRNA accumula-
tion in ant ail6 mutant.

Supplemental Figure S4. ant pANT::ANT-GR transgenic plants show com-
plementation of the petal and stamen size defects of ant mutants.

Supplemental Figure S5. Analysis of the LFY locus by ChIP using GFP
antibody.

Supplemental Figure S6. Analysis of ANT-HA binding to the LFY locus.

Supplemental Figure S7. MP and endogenous LFY mRNA accumulation
in reporter lines.

Supplemental Figure S8. LFY expression in ANT and AIL6 loss- and gain-
of-function mutants.

Supplemental Figure S9. Characterization of 35S::gAIL6 transgenic plants.

Supplemental Table S1. Primer sets used in this study.
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