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SUMMARY

When to form flowers is a developmental decision that profoundly impacts the fitness of flowering
plants. In Arabidopsis this decision is ultimately controlled by the induction and subsequent
activity of the transcription factors LEAFY (LFY), FRUITFULL (FUL) and APETALAL (AP1).
Despite their central importance, our current understanding of the regulation of LFY, FUL and
AP1 expression is still incomplete. We show here that all three genes are directly activated by the
microRNA targeted transcription factor SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
3 (SPL3). Our findings suggest that SPL3 acts together with other microRNA-regulated SPL
transcription factors to control the timing of flower formation. Moreover, the identified SPL
activity defines a distinct pathway in control of this vital developmental decision.

INTRODUCTION

Flowering plants are sessile organisms that use environmental as well as endogenous cues to
optimize the progression through developmental phases. During each developmental phase
distinct structures form from the primordia at the flanks of the shoot apical meristem (Araki,
2001; Poethig, 2003; Steeves and Sussex, 1989), which differ in morphology and function.
Developmental phases and the transitions between them have been well studied in the
reference plant Arabidopsis thaliana. In this species three main phase transitions can be
distinguished: the vegetative phase change, the reproductive or floral transition and the
meristem identity (M) transition. After germination, the first primordia formed give rise to
juvenile leaves. Following the vegetative phase change, adult leaves are formed instead,
which differ from juvenile leaves in many traits (Poethig, 2003). Production of these leaves,
collectively referred to as rosette leaves, ceases following the reproductive transition, which
is regulated by several independent flowering time pathways (reviewed in Kobayashi and
Weigel, 2007; Turck et al., 2008). After this transition, the primary inflorescence grows
upward (bolts) and primordia give rise to secondary inflorescences branches subtended by
cauline leaves (Araki, 2001; Steeves and Sussex, 1989). Finally, the Ml transition controls
the onset of the last developmental phase, in which the primordia give rise to the
reproductive structures, the flowers (Blazquez et al., 2006).

Proper timing of the MI transition is important for fitness of flowering plants (Roux et al.,
2006). This transition is controlled by two types of positive regulators: the plant specific
transcription factor LFY and members of the AP1/FUL clade of MADS-box transcription
factors (Benlloch et al., 2007; Litt and Irish, 2003). The role of these regulators is conserved
in different plant species (Benlloch et al., 2007). Studies in Arabidopsis have shown that
LFY, FUL and AP1 expression increases just prior to the Ml transition, with LFY and FUL
(formerly AGLS8) activated very early, and AP1 upregulation occurring later (for example see
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Hempel et al., 1997). The expression of the three MI genes overlaps at the sites where
flowers are specified, the inflorescence meristem and associated primordia (reviewed in
Kobayashi and Weigel, 2007; Turck et al., 2008). LFY is considered a master regulator of
the M1 transition since loss of LFY function causes the most dramatic delay in flower
formation (Weigel et al., 1992). ful single mutants exhibit significant delays in the Ml
transition (Ferrandiz et al., 2000; Melzer et al., 2008). FUL acts together with other MADS-
box transcription factors including AP1 to regulate this process (Ferrandiz et al., 2000). ap1
single mutants also cause a delay of the M1 transition, and AP1 plays an important role in
this process both downstream of and together with LFY (Bowman et al., 1993). Finally,
elevated levels of either LFY, AP1, or FUL cause a precocious Ml transition, suggesting that
upregulation of any one of these regulators is sufficient to trigger this developmental switch
(Ferrandiz et al., 2000; Mandel and Yanofsky, 1995; Weigel and Nilsson, 1995). Proper
control of the LFY, FUL and AP1 accumulation is therefore key for the correct timing of the
onset of flower formation.

Despite their importance in regulation of a vital developmental transition, our understanding
of the regulation of LFY, FUL and AP1 expression is incomplete. Recently microRNA
regulated SQUAMOSA PROMOTER BINDING PROTEIN (SBP)-box transcription factors
have been implicated in regulation of multiple developmental transitions in Arabidopsis and
other plant species (Cardon et al., 1997; Chuck et al., 2007; Gandikota et al., 2007; Schwarz
et al., 2008; Wu and Poethig, 2006; Xie et al., 2006). Consistent with their role in
developmental timing, transcript accumulation of several members of this family strongly
increases during development (Cardon et al., 1999; Schmid et al., 2003; Wu and Poethig,
2006). Concomitantly, levels of the microRNA miR156 that specifically targets these genes
decrease (Schwab et al., 2005; Wu and Poethig, 2006). How the SBP transcription factors
exert their roles in developmental transitions is an area of intense investigation. We show
here that one well-studied member of this family, SPL3, directly activates LFY, FUL, and
AP1 expression in Arabidopsis identifying a direct molecular link between SPL transcription
factors and one of the developmental transitions they regulate. We further show that SPL3,
together with additional microRNA regulated SPL transcription factors, is required for LFY,
FUL and AP1 upregulation during the MI transition, implicating SPL transcription factors as
a central node in the regulatory network that controls flower formation.

SPL3 upregulates LFY, FUL, and AP1

Mutations in the microRNA regulated transcription factor SPL3 cause no visible phenotype,
most likely because of functional redundancy with other related SPL proteins in Arabidopsis
(Wang et al., 2008; Wu and Poethig, 2006). To examine the role of SPL3 in the Ml
transition, we constitutively expressed the SPL3 mRNA without the microRNA target site in
the 3’UTR (35S:SPL3A; Wu and Poethig, 2006) using a gain-of-function approach.
35S:SPL3A plants exhibited a precocious reproductive transition (fewer rosette leaves
formed) and Ml transition (fewer secondary inflorescences and cauline leaves formed)
compared to the wildtype in both long-day and short-day conditions (Table S1).

The rapid Ml transition in 35S:SPL3A could be due to upregulation of upstream regulators
of LFY, FUL or AP1 (Fig. 1A). To test this possibility, we examined expression of known
activators of the MI genes. We scored two time-points (day four and day ten) in short-day
growth conditions to assess the temporal upregulation of genes in 35S:SPLA compared to
the wildtype. Both time-points precede the Ml transition, which occurs at day 25 in short
day (not shown). The MADS box transcription factors and flowering time regulators SOC1
and AGAMOUS-LIKE 24 (AGL24) are direct upstream transcriptional activators of LFY
(Lee et al., 2008;L.iu et al., 2008). Neither AGL24 nor SOC1 expression was strongly
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elevated in short-day grown 35S:SPL3A seedlings (Fig. 1B). We note that AGL24 levels are
reduced in 35S:SPL3A; the reason for this reduction is currently not clear. The plant
hormone gibberellin induces LFY expression through GAMY B transcription factors in short
day (Achard et al., 2004;Blazquez and Weigel, 2000). Expression of MYB33, which encodes
one of the GAMYB transcription factors known to bind the LFY promoter in vitro (Gocal et
al., 2001), was unaltered in 35S:SPL3A (Fig. S1). FT is a known photoperiod pathway
flowering time regulator that acts upstream of AP1 and FUL (Abe et al., 2005; Teper-
Bamnolker and Samach, 2005;Wigge et al., 2005). FT expression was not much altered in
35S:SPL3A compared to the wildtype (Fig. 1B). Expression of FD, which encodes a bZIP
transcription factor that acts together with FT upstream of AP1 and FUL, was slightly
increased (1.8 fold) at the later time-point, in ten-day-old short-day-grown 35S:SPL3A
plants. Hence, expression of the flowering time regulators was not strongly upregulated in
35S:SPL3A with the possible exception of FD.

By contrast, when we examined expression of LFY, FUL and AP1 in the same conditions,
we observed a strong increase in LFY levels (2.6 fold at day four and 4.4 fold at day ten) and
FUL expression (greater than 25 fold at both time-points) in 35S:SPL3A compared to wild-
type seedlings (Fig. 1C). AP1 upregulation was only observed at day ten (8-fold increase,
Fig. 1C). The combined data suggest that SPL3 activates LFY, FUL, and AP1. To further
test whether LFY, FUL and AP1 were also upregulated by SPL3 in different growth
conditions, we examined their expression in inductive photoperiod (continuous light) in
35S:SPL3A compared to the wildtype (Fig. 1D). Again, the two time-points chosen (day
seven and day nine) precede the Ml transition, which occurs at day eleven under these
growth conditions (Fig 1E, first upregulation of AP1). We observed a very similar increase
in LFY and FUL expression in inductive photoperiod to that observed in short day
conditions (compared Fig. 1D to Fig. 1C). In addition, AP1 levels were strongly increased at
both time-points tested (Fig. 1D). Thus SPL3 may regulate the M1 transition via
upregulation of LFY, FUL, and AP1.

If SPL3 induces LFY, FUL and AP1, we expect temporal and spatial overlap in the
expression of these regulators. In long-day grown wild-type seedlings SPL3, LFY and FUL
levels showed very similar temporal upregulation, increasing gradually from day seven
onward up to the Ml transition at day eleven (first accumulation of AP1; Fig. 1E). The
expression of the three genes increased at a similar rate after the Ml transition and peaked
during late reproductive development (day thirteen to fifteen; Fig. 1E). By contrast, AP1
levels started to increase later (at day nine) and increased at a slow rate up to the Ml
transition. A similar delay in AP1 induction has been observed in short-day grown plants in
response to photoinduction (Hempel et al., 1997;Schmid et al., 2003). After the Ml
transition, AP1 expression increased very rapidly until day 13, likely because of the
elaboration of the first flower primordia, which strongly express AP1 (Fig. 1E;Hempel et al.,
1997). The temporal expression of SPL3, and FUL, LFY and AP1 is thus consistent with a
role for SPL3 in the regulation of the MI genes.

Previous mRNA in situ hybridization data suggests that SPL3, and FUL, LFY and AP1 are
expressed in the inflorescence meristem and associated young flower primordia (Cardon et
al., 1997; Hempel et al., 1997; Mandel and Yanofsky, 1995; Weigel et al., 1992). To test for
spatial expression overlap between SPL3 and FUL, LFY, and AP1, we generated a
translational fusion protein of SPL3 with GFP (pSPL3: GFP-SPL3). This construct contains
the microRNA binding site in the 3’UTR of SPL3. Two independent transgenic pSPL3:GFP-
SPL3 lines showed GFP fluorescence in adult leaves and in the inflorescence meristem
when grown in long-day conditions and did not exhibit early phase transitions (Fig. 1F, Fig.
3C, and data not shown), suggesting that the transgene recapitulates endogenous SPL3
expression and activity. When we compared SPL3 protein accumulation and mRNA
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accumulation of FUL, LFY, and AP1 in young inflorescences (Fig. 1F), we observed co-
expression at the sites of the MI transition in the inflorescence: in incipient flower primordia
(SPL3, FUL and LFY) and very young flowers (SPL3, AP1, LFY and, to a lesser extent,
FUL; Fig. 1F). The observed spatial expression patterns support a role for SPL3 upstream of
FUL, LFY, and AP1 in flower formation.

LFY, AP1 and FUL act genetically downstream of SPL3

Since 35S:SPL3A plants exhibit a precocious Ml transition and elevated LFY, FUL and AP1
levels, this raises the question whether the MI regulators are required for the precocious Ml
transition of 35S:SPL3A plants. We first examined the requirement for LFY by crossing
35S:SPL3A to the Ify-1 null mutant (Schultz and Haughn, 1991). Ify-1 was epistatic to
35S:SPL3A with regard to cauline leaf formation (Table 1). 35S:SPL3A Ify-1 plants formed
the same number of cauline leaves as Ify-1, despite the strong reduction in cauline leaf
number observed in 35S:SPL3A compared to the wildtype (Table 1). In addition, a strong
increase was observed in the number of secondary inflorescences in 35S:SPL3A Ify-1
compared to 35S:SPL3A (Table 1, Fig. 2A). By contrast, Ify-1 had no effect on the number
of rosette leaves formed in 35S:SPL3A (Table 2). 35S:SPL3A plants exhibit a precocious
vegetative phase change (Wu and Poethig, 2006), which was not altered in the absence of
LFY (Table S2). Thus, consistent with its known role (Blazquez et al., 1997; Weigel et al.,
1992), LFY is specifically required for the precocious Ml transition observed in 35S:SPL3A.

35S:SPL3A ful-2 plants had MI phenotypes identical to those of strong loss-of-function ful-2
single mutants (Ferrandiz et al., 2000), both with respect to the number of secondary
inflorescences and of cauline leaves formed (Table 1, Fig. 2 B). Thus, ful-2 is epistatic to
35S:SPL3A in regulation of the Ml transition. ful-2 also partly suppressed the precocious
reproductive transition observed in 35S:SPL3A (Table 1), suggesting that upregulation of
FUL expression contributes to the early flowering of 35S:SPL3A. These findings are
consistent with the previously described strong and subtle roles of FUL in regulation of the
MI and the reproductive transition, respectively (Ferrandiz et al., 2000; Melzer et al., 2008).
In addition, ful-2 partially suppressed the precocious vegetative phase transition of
35S:SPL3A (Table S2), suggesting a potential novel role for FUL in vegetative phase
change. Hence FUL may act downstream of SPL3 in all three developmental transitions.

AP1 is also required for the precocious Ml transition in 35S:SPL3A (Table 1, Fig. 2C). Like
the strong ap1-10 mutant (Schultz and Haughn, 1993), 35S:SPL3A ap1-10 plants often
continued to produce secondary inflorescences or branched flowers after the 201" node, and
the remaining plants showed a strong increase in the number of secondary inflorescences
formed (8.4 in 35S:SPL3A ap1-10 compared to 5.8 in ap1-10 plants; Table 1). In addition, a
slight increase in the number of cauline leaves was observed in 35S:SPL3A ap1-10 (Table
1). As expected based on the role of AP1 as an Ml regulator (Bowman et al., 1993), ap1-10
had no effect on the vegetative transition (Table S2) or reproductive transition
(Tablel;Cardon et al., 1997) of 35S:SPL3A. Taken together these analyses provide strong
support for the hypothesis that SPL3 acts upstream of LFY, AP1 and FUL in the same
genetic pathway to control flower formation.

SPL3 directly regulates expression of Ml genes

Our combined findings suggest a possible direct role of SPL3 in the upregulation of LFY,
FUL, and AP1. Therefore, we computationally identified candidate SPL transcription factor
binding sites in the LFY, FUL and AP1 loci (Fig. 3D) using a matrix-based approach
(http://www.athamap.de/index.php; Galuschka et al., 2007). To test whether SPL3 directly
regulates MI gene expression by binding to any of these cis elements, we probed SPL3
occupancy on genomic DNA in vivo by chromatin immunoprecipitation (ChlIP). Towards
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this end, we generated GFP-tagged 35S:SPL3A (35S:SPL3A-GFP and 35S:GFP-SPL3A).
Both transgenes recapitulated the phenotype of 35S:SPL3A (Table 1, Fig. 3A and data not
shown). The tagged SPL3 protein was constitutively expressed (Fig. 3B, and data not
shown) and localized to the nucleus (inset in Fig. 3B). Using two independent transgenic
lines and two different polyclonal anti-GFP antibodies, the same genomic regions showed
selective SPL3 occupancy in 35S:SPL3A-GFP plants (Fig. S2), suggesting that the assay
accurately detects SPL3 binding.

No candidate SPL binding sites were identified in the LFY promoter, but consensus binding
sites were present in the first exon/intron as well as in the second intron of LFY (region three
and region four, respectively, Fig. 3D). Using ChIP-qPCR, we detected strong and selective
occupancy of SPL3 at region 3 of the LFY locus, which contains three consensus SPL
binding motifs (Fig. 3E). By contrast, the predicted SPL binding sites in the second intron of
LFY (region 4) were not bound (Fig. 3E). The close proximity of the three predicted SPL3
binding sites in region 3 of the LFY locus (less than 200 bp apart) is below the resolution
limit of ChIP-gPCR since average size of the sonicated DNA is 500 bp. Thus, we were
unable to determine which of the three consensus binding sites in region 3 are occupied by
SPL3. We also tested for SPL3A-GFP occupancy at LFY promoter regions previously shown
to be important for photoperiodic induction or gibberellin dependent induction (regions 1
and 2 in the diagram in Fig. 3D; Blazquez and Weigel, 2000). No strong SPL3 binding was
observed for either region (Fig. 3E). Hence SPL3 binds regulatory regions outside of the
LFY promoter in vivo.

A large number of predicted SPL binding sites are present in the FUL distal and proximal
promoter as well as in FUL introns (Fig. 3D). We selected four regions to test for SPL3
occupancy by ChIP-gPCR. SPL3 did not bind to the distal FUL promoter (region 1, Fig.
3E). By contrast, strong SPL3 binding was observed in region 2, which contains a cluster of
promoter proximal candidate SPL binding sites (Fig. 3E, Fig. S2; Lannenpaa et al., 2004). In
addition, we observed strong SPL3 occupancy in region 3 in the first FUL intron (Fig. 3E).
Again the ChIP resolution does not allow us to determine which of the predicted SPL
binding sites in region 2 or 3 of FUL are occupied by SPL3. Region 4 of FUL, which
contains a putative SPL binding site in the fifth intron, was not bound by SPL3. Hence SPL3
binds regulatory regions in the FUL locus.

AP1 is a direct target of LFY (Busch et al., 1999; Wagner et al., 1999; William et al., 2004),
therefore the upregulation of AP1 observed in 35S:SPL3A may be an indirect consequence
of the elevated LFY levels in these plants. However, prior in vitro studies in both
Antirrhinum and Arabidopsis instead point to a direct role of SPL3 in AP1 activation (Klein
et al., 1996, Cardon et al. 1997). To examine these possibilities we tested for SPL3A-GFP
occupancy at AP1 regulatory regions using ChIP. A total of five regions were tested (Fig.
3D), including the SPL3 binding site previously identified by electrophoretic mobility shift
assays in the AP1 promoter (region 4; Cardon et al., 1997). We detected strong in vivo SPL3
binding to regions 2, 3 and 4 of the AP1 promoter (Fig. 3E, S2), suggesting that SPL3
occupies multiple binding sites in the AP1 intergenic region. A more distal predicted SPL3
binding motif in the intergenic region upstream of the AP1 transcription start site (region 1)
as well as a predicted SPL binding site at the end of the first intron of AP1 (region 5; Fig.
3D) were not occupied by SPL3A-GFP (Fig. 3E). Hence SPL3 can bind AP1 regulatory
regions in vivo.

These experiments suggest that SPL3 may directly upregulate the expression of LFY, FUL,
and AP1 to cause a precocious MI transition in 35S:SPL3A, strongly implicating SPL3 in
control of this vital phase transition. To further test this hypothesis, we examined whether
SPL also binds to regulatory regions of MI genes in wild-type plants expressing
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pSPL3:GFP-SPL3 (described above). ChIP-gPCR in two independent pSPL3:GFP-SPL3
transgenic lines yielded very similar results (data not shown), suggesting that this construct
likely accurately reflects endogenous SPL3 occupancy on the genomic DNA. Representative
ChIP-gPCR results for seven-day old long-day grown pSPL3:GFP-SPL3 seedlings are
shown in Fig. 3F, with the same regions tested for occupancy as in Fig. 3E. A total of six
regions were strongly and selectively occupied by SPL3 in SPL3:GFP-SPL3 (Fig. 3F),
including region 3 of the LFY locus; regions 2 and 3 in the FUL locus; and regions 2, 3 and
4 of the AP1 locus. The regions occupied by SPL3 in SPL3:GFP-SPL3 are identical to those
bound by SPL3 in 35S:SPL3A-GFP lines. We noted some quantitative differences in relative
binding strength in 35S:SPL3A-GFP compared to pSPL3:GFP-SPL3. These differences may
be due to the different SPL3 protein levels in the two lines. Amplification of SPL3-occupied
regions after ChIP of non-transgenic wild-type plants yielded no detectable signal under
identical conditions (Fig. 3F), indicating the observed enrichment is highly specific. Since
SPL3 binds to regulatory regions in the LFY, FUL, and AP1 loci in seedlings that exhibit
wild-type growth and development, our combined data indicate that LFY, FUL, and AP1 are
direct in vivo targets of SPL3.

SPL3 acts redundantly with other SPL proteins to control the Ml transition

Although SPL3 regulates MI gene expression and directly binds their regulatory regions in
vivo under physiological conditions, spl3 single mutants do not exhibit any morphological
defects, likely due to functional redundancy with other SPL proteins (Wang et al., 2008; Wu
and Poethig, 2006). SPL3 is a member of a family of 16 SBP-box transcription factors in
Arabidopsis, 11 of which (including SPL3) are regulated post-transcriptionally by the
miR156 family of microRNAs (Gandikota et al., 2007; Schwab et al., 2005; Wu and
Poethig, 2006). SPL3 has two close paralogs - SPL4 and SPL5; the three genes are grouped
together into one SBP subfamily (Guo et al., 2008). Members of this SBP subfamily differ
from the remaining seven miR156 targets in two important ways: the genes and cDNAs for
SPL3, SPL4, and SPL5 are much smaller than the other SPL genes and encode primarily the
DNA binding domain. In addition, the miR156 recognition motif is located in the 3’'UTR
and not in the coding region in these three SPLs (Gandikota et al., 2007; Guo et al., 2008;
Schmid et al., 2003; Wu and Poethig, 2006). Because of these observations, we
hypothesized that SPL4 and SPL5 are most likely to have overlapping roles with SPL3.

To test for a role of SPL4 and SPL5 in MI gene expression, we examined expression of LFY,
FUL, and AP1 in plants overexpressing SPL4 or SPL5 without the miR156 target site in the
3’UTR (35S:SPL4A or 35S:SPL5A; Wu and Poethig, 2006). 35S:SPL4A and 35S:SPL5A
plants exhibit similar strength phenotypes as 35S:SPL3A (Table S1; Wu and Poethig, 2006)
and had similar transgene expression levels (SPL4A expression was slightly lower than that
of SPL3A and SPL5A; Fig. S3A). We observed a similar increase in LFY and FUL levels in
ten-day-old 35S:SPL4A and 35S:SPL5A plants grown in short-day conditions as we had for
35S:SPL3A (compare Fig. 1C and Fig. 4A). AP1 levels were only increased in 35S:SPL5A
and not 35S:SPL4A plants, perhaps owing to the slightly lower transgene levels in the latter.
Consistent with this, expression of all three MI genes was increased in 35S:SPL4A and
35S:SPL5A plants grown in inductive photoperiod (Fig. 4B). Since SPL3 levels are not
elevated in 35S:SPL4A and 35S:SPL5A (Fig. S3B), our results suggest that SPL4 and SPL5
act redundantly with SPL3 in upregulation of LFY, FUL, and AP1 expression. However, in
contrast to SPL3 overexpression, which does not result in strong upregulation of any of the
flowering time genes tested (Fig. 1E), overexpression of SPL4 or SPL5 resulted in increased
expression of several flowering time genes (Fig. S4A). Hence although SPL3, SPL4 and
SPLS5 are very similar to one another based on primary sequence and regulate MI gene
expression, they do not have identical roles and activities, even when constitutively
expressed.
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It is difficult to test whether these SPL proteins are necessary for LFY, FUL, and AP1
regulation since spl3 mutants have no morphological defect and no knockout alleles are
available for SPL4 and SPL5 (Wang et al., 2008; Wu and Poethig, 2006). We therefore
instead used transgenic plants overexpressing miR156, a microRNA that targets these and
additional SPL genes. The Arabidopsis genome encodes for six expressed miR156 genes,
which are conserved in different plant species (Xie et al., 2005). Constitutive overexpression
of each of these microRNAs causes a delay in the reproductive transition (Schwab et al.,
2005; Schwarz et al., 2008; Wu and Poethig, 2006), a phenotype opposite to that observed in
plants with elevated levels of SPL3, SPL4, or SPL5 (Tablel; Wu and Poethig, 2006).
Furthermore, miR156b overexpression reduces the expression level of all SPL genes with a
miR156 recognition motif (Schwab et al., 2005). Indeed, we detected a greater than two-fold
reduction of SPL3, SPL4, and SPL5 (Fig. S3C) in a transgenic line overexpressing miR156a
(Wu and Poethig, 2006).

We assayed expression of the MI genes in ten-day-old 35S:miR156a compared to wild-type
seedlings grown in inductive photoperiod. Compared to the wildtype, LFY, FUL, and AP1
expression was markedly reduced in 35S:miR156a seedlings (Fig. 4C). This reduction was
specific, because expression of other genes regulating developmental transitions such as FT
and AGL24 was not reduced in 35S:miR156a (Fig. S4B). These results strongly suggest that
miR156-regulated SBP transcription factors, including SPL3, SPL4, and SPLS5, are required
for upregulation of LFY, FUL, and AP1 in Arabidopsis.

We next wanted to test whether, consistent with the observed molecular phenotype,
35S:miR156a plants exhibit a delayed M1 transition. Unfortunately, we were unable to score
the MI phenotype of these plants. As previously described, 35S:miR156a plants were late
flowering in long day conditions (Wu and Poethig, 2006). In addition, 35S:miR156a plants
exhibit severely reduced apical dominance (Fig. S5; Chuck et al., 2007; Schwarz et al.,
2008; Xie et al., 2005). This phenotype, while potentially highly interesting as discussed
below, disrupts the normal progression of developmental transitions. Hence it was
impossible to assess the timing of the Ml transition in 35S:miR156a plants.

between FT and SPL3

We have identified SPL3 as a new direct upstream regulator of LFY, FUL, and AP1.
Interestingly, the flowering time regulator FT also upregulates these three MI genes.
Together with the bZIP transcription factor FD, FT directly activates AP1 (Abe et al., 2005;
Wigge et al., 2005) and FT/FD either directly or indirectly activate FUL (Teper-Bamnolker
and Samach, 2005). FT is thought to indirectly activate LFY via upregulation of SOC1
(Searle et al., 2006). This raises the possibility that FT may upregulate FUL or LFY via
SPL3 induction. To test whether FT is sufficient to induce SPL3 expression, we generated
transgenic plants overexpressing FT (35S:FT-GFP), which flowered precociously and had a
more rapid Ml transition (fewer cauline leaves and secondary inflorescences formed than in
the wildtype) consistent with previous reports for FT overexpression (Table 2; Kobayashi
and Weigel, 2007). No elevated SPL3 expression was observed in four-day-old 35S:FT-GFP
plants grown in inductive photoperiod. However, SPL3 levels were increased more than
two-fold at day six in this line (Fig. 5A). Since none of the six expressed miR156 precursors
showed a reduced expression in six-day-old 35S:FT-GFP compared to wild-type plants (data
not shown), the observed increase in SPL3 expression is not likely to be mediated by
miR156. Together with previous findings (Schmid et al., 2003), the data suggest that FT acts
at least in part upstream of SPL3. Interestingly, LFY, FUL, AP1, as well as SOC1 levels
were already elevated by day four in 35S:FT-GFP (Fig. 5A). Since upregulation of FUL and
LFY precedes that of SPL3, FT is not likely to activate FUL and LFY via SPL3 induction.
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To further test the regulatory interaction between FT and SPL3, we examined the timing of
developmental transitions in 35S:FT-GFP plants that had strongly reduced SPL levels. F1
progeny of a cross between 35S:FT-GFP and 35S:miR156a still exhibited a precocious
reproductive and MI transition compared to the wildtype (Table 2). Overall the phenotype of
the F1 progeny was additive with plants forming slightly more rosette leaves, cauline leaves,
and secondary inflorescences than the F1 progeny of the control cross (35S:FT-GFP x
wildtype; Table 2). As expected, the F1 progeny of 35S:miR156a crossed to wildtype
flowered much later than wildtype like the 35S:miR156a parental line (Table 2 and data not
shown). The phenotype of 35S:FT-GFP 35S:miR156a plants is shown in Fig. 5B (top). In a
parallel approach, we examined developmental transitions in the F1 progeny of the cross of
35S:SPL3 to 35S:FT-GFP. These plants displayed a more precocious reproductive and Ml
transition than the parental lines (Fig. 5B, bottom). Indeed, 35S:FT-GFP 35S:SPL3A plants
exhibited a strong significant decrease (P<0.0001) in the number of rosette leaves and a
subtle but statistically significant (P<0.001) decrease in the number of secondary
inflorescences formed compared to the control cross (35S:FT-GFP x wildtype; Table 2).
Because 35S:miR156a is not epistatic to 35S:FT-GFP with respect to the reproductive and
MI transition, while 35S:SPL3 enhances 35S:FT-GFP, our genetic data suggest that SPL3
acts at least in part in a pathway parallel to the FT pathway to regulate developmental timing
in Arabidopsis.

DISCUSSION

Proper timing of the onset of reproduction is of central importance for fitness across species
(Roux et al., 2006). Recently, the SBP-box family of transcription factors has been
implicated in regulating this process (Cardon et al., 1997; Schwarz et al., 2008; Wu and
Poethig, 2006). Here we show that the SBP-box transcription factor SPL3 directly activates
the three key MI genes LFY, FUL and AP1 during the Ml transition (Fig. 5C). SPL3 and
related proteins form an independent regulatory pathway in the network that controls the
onset of reproduction in Arabidopsis. These findings provide a major advance in our
understanding of the regulation of this important life history trait. Because of the molecular
and functional conservation of the Ml regulators (Benlloch et al., 2007; Litt and Irish, 2003;
Maizel et al., 2005) and the SPL proteins (Guo et al., 2008; Xie et al., 2006), the identified
regulatory interactions may also play a role in the timing of flower formation in other plant
species.

SPL3, a new direct upstream activator of LFY, FUL, and AP1

The timing of the MI transition is exquisitely sensitive to LFY levels (Blazquez et al., 1997)
and precise spatial and temporal LFY upregulation is likely also important for additional life
history traits such as species-specific inflorescence architecture (Prusinkiewicz et al., 2007)
and irreversibility of the switch to flower formation (Parcy et al., 2002). Thus far very few
direct upstream activators of LFY are known (Gocal et al., 2001; Lee et al., 2008; Liu et al.,
2008) and loss- or gain-of-function mutations in these cause only modest MI phenotypes,
suggesting that additional types of transcriptional regulators are required for LFY
upregulation. Here we identify the SBP-box containing transcription factors as additional
LFY activators.

The LFY promoter, which consists of the entire 2.3 kb intergenic region upstream of LFY
(Blazquez et al., 1997), does not contain any consensus SPL binding motifs (this study;
Cardon et al., 1997). In agreement with this, SPL3 overexpressing plants do not upregulate
expression of a reporter gene whose expression is driven by the LFY promoter (Figure S6).
Hence regulatory elements outside of the LFY promoter are required for upregulation by
SPL3. Indeed, we show that SPL3 strongly binds in vivo to a region in the first exon/intron
of LFY that contains three consensus SPL binding sites. LFY introns are known to be critical
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for proper expression of LFY in monocots (Bomblies and Doebley, 2005; Prasad et al., 2003;
Rao et al., 2008) and recent genome-wide transcription factor binding studies support the
idea that important cis elements may also reside in exons in Arabidopsis (Winter and
Wagner, unpublished; Oh et al., 2009).

Our findings combined with previous studies suggest that LFY accumulation is regulated by
a surprisingly complex array of partly redundantly acting transcription factor families and
regulatory regions (Blazquez and Weigel, 2000; Lee et al., 2008; Liu et al., 2008). This
complexity may form the basis for species-specific differences in induction of flower
formation and of inflorescence architecture.

The MADS-box transcription factor FUL plays a role in both the reproductive transition and
the M1 transition together with other MADS box transcription factors (Ferrandiz et al., 2000;
Teper-Bamnolker and Samach, 2005). More recently, FUL and SOC1 were shown to control
the annual growth habit of Arabidopsis (Melzer et al., 2008). Hence precise regulation of
FUL accumulation is of critical importance for the life strategy of flowering plants. Thus far
no direct upstream activator of FUL is known, although there is evidence that FUL acts
downstream of the photoperiod pathway regulators FT and FD (Abe et al., 2005; Teper-
Bamnolker and Samach, 2005; Wigge et al., 2005). Here we identify SPL3 as a direct
upstream activator of FUL. In addition, we show that FUL is not only required for the
precocious Ml transition, but also for the precocious vegetative phase change and
reproductive transition observed in 35S:SPL3A plants. Moreover, we observed very strong
activation of FUL by SPL3 and occupancy of SPL3 at FUL regulatory regions was highly
robust. Taken together, these findings suggest that FUL is an important target of SPL
transcription factors in control of developmental timing at multiple stages in the plant
lifecycle.

Interestingly, in 35S:miR156a plants, axillary inflorescences bolt prior to the outgrowth of
the primary inflorescence and plants have a multiple rosette phenotype (Fig. S5 and data not
shown; Schwab et al., 2005;Xie et al., 2006). This phenotype is reminiscent of the perennial
growth habit observed in plants with simultaneous downregulation of FUL and SOC1
(Melzer et al., 2008). We show that 35S:miR156a plants have reduced levels of FUL and
SOC1 (Fig. 4C and Fig. S4A). One possibility suggested by our results that warrants further
investigation is that SPL transcription factors may play a role in the regulation of annual
versus perennial growth habit in different species of flowering plants via modulation of FUL
and SOC1 expression.

We show that AP1 is a direct in vivo target of SPL3, with strong occupancy of SPL3 at
multiple regions in the AP1 promoter. In contrast to the upregulation of LFY and FUL by
SPL3, AP1 upregulation is only observed late in non-inductive photoperiod, suggesting that
SPL3 is not sufficient for AP1 activation. A delay of AP1 induction compared to FUL and
LFY upregulation is also observed in wild-type plants in many different growth conditions
(this study; Hempel et al., 1997; Schmid et al., 2003) and may be important for proper
timing of the commitment to floral fate. FT and FD together directly upregulate AP1 (Abe et
al., 2005; Wigge et al., 2005) and we detect a subtle increase in FD levels in 35S:SPL3A
that coincides with AP1 upregulation. While we cannot rule out that other factors contribute
to the delay in AP1 accumulation, our results suggest that FT/FD may be required for AP1
induction by SPL3. This conclusion is supported by the finding that AP1 is more strongly
upregulated in 35S:SPL3A plants grown in inductive photoperiod when FT is present.

The position of SPL3 in the regulatory network controlling the onset of reproduction

The MI transition is the final step in reproductive development and leads to formation of the
first flowers. Recent investigations determined that flowering time regulators directly
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activate Ml genes (Fig. 5C; Abe et al., 2005;Lee et al., 2008;Liu et al., 2008;Wigge et al.,
2005). Since SPL3 and related proteins are important activators of the three main M1 genes,
this raises the question how these proteins fit in the known regulatory network of flowering
time and MI genes. SPL3 and parologous genes are strongly upregulated in response to
inductive photoperiod in an FT-dependent fashion (Schmid et al., 2003). Moreover, we
show that plants overexpressing FT have elevated SPL3 levels. On the other hand, gain-of
SPL3 and FT function are additive and reduction of SPL3 function is not epistatic to gain of
FT function, suggesting that SPL3 and FT act in parallel pathways, which converge on
upregulation of MI genes (Fig. 5C). Similarly, FT and LFY act in parallel pathways that
converge on a common target gene (Abe et al., 2005;Wigge et al., 2005). These regulatory
interactions likely allow exquisite fine-tuning of important developmental decisions through
integration of multiple environmental and endogenous inputs.

Our findings also point to presence of a second SPL3 activation pathway (X in Fig. 5C).
Since we did not detect a decrease in miR156 gene expression in 35S:FT plants with
elevated SPL3 levels it is tempting to speculate that this second pathway may involve post-
transcriptional regulation of SPL3 levels by this family of microRNAs. Future investigation
will be needed to test this hypothesis.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

Accession numbers of all genes used in this study are listed in Table S3. Columbia (Col)
was used as wildtype. Ify-1, ful-2 and ap1-10 mutants have been described (Ferrandiz et al.,
2000;Schultz and Haughn, 1991;Schultz and Haughn, 1993). 35S:SPL3A, 35S:SPL4A and
35S:SPL5A as well as 35S:miR156a have been described (Wu and Poethig, 2006). For
phenotype analysis, plants were grown on soil at 22°C in long-day (16 h light/8 h dark)
conditions using white fluorescent lights (~ 110 umol/m? s) or in short-day (10 h light/14 h
dark) conditions with a 3:1 mixture of white fluorescent and GrowLux lights (~ 120 umol/
m? s). For expression and chromatin immunoprecipitation analysis, plants were grown on
half-strength Murashige and Skoog (MS) medium under long-day (continuous light)
conditions with white fluorescent lights (~ 90 umol/m? s) or short-day (10 h light/14 h dark)
as described above. Seeds were stratified at 4°C for 2 to 4 days and then transferred to 22°C
at day O.

Plasmid construction and transgenic plants

To construct the 35S:SPL3A-GFP and 35S:FT-GFP lines, the coding region of SPL3 and FT
was amplified by PCR with primer sets containing the attB sequence for Gateway-based
cloning, and recombined into pDONR221 using BP reaction (Invitrogen, USA). Primers
used are listed in Table S4. After sequencing, each coding sequence was recombined into
pGWBS5 (Nakagawa et al., 2007) using LR reactions (Invitrogen, USA). The resulting binary
vectors were introduced into Agrobacterium strain GVV3101::pMP90 and transformed into
Col plants. Transgenic plants flowering earlier than wild type were further analyzed.

To construct pSPL3:GFP-SPL3, a 2.9 kb genomic fragment upstream of the ATG and a 0.9
kb fragment downstream of the ATG of SPL3 were cloned before and after eGFP
respectively in the binary vector pPCAMBIA3300 (CAMBIA, Australia) and transformed
into Col plants. Primers used are listed in Table S4.

gRT-PCR and in situ hybridization

RNA extraction and reverse transcription was essentially as described (William et al., 2004)
except treatment with RNase-free DNase (Qiagen, USA) was included and the Superscript
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I11 kit (Invitrogen, USA) was used. Real-time PCR reactions were performed using Power
SYBR Green PCR master mix (Applied Biosystems). The relative amount of a given mRNA
was determined based on the threshold cycle number required for amplification compared to
the standard curve, and then normalized by the expression values of the eukaryotic
translation initiation factor 4A-1 (EIF4A) in each sample. Fold change was calculated by
dividing the normalized value of the experimental genotype by that of the wildtype. The
mean and standard error were determined using one to two biological replicates with three
technical replicates each. Primers used are listed in Table S5.

In situ hybridization was performed as in (Long and Barton, 1998) using probes previously
described (Hempel et al., 1997).

Chromatin Immunoprecipitation

300 mg of 10-day-old seedlings grown in short day conditions (35S:SPL3A-GFP) or 7-day-
old seedlings grown in long day conditions (pSPL3:GFP-SPL3) were employed for ChlP
following the procedure previously described (Kwon et al., 2005; William et al., 2004). Anti
GFP antibodies A6455 (Invitrogen) and ab290 (Abcam) were used. Real-time PCR was
performed using Power SYBR Green PCR master mix (Applied Biosystems). To estimate
SPL3 occupancy on genomic DNA we computed the ratio of ChIP over input DNA (%
Input) by comparing the reaction threshold cycle for each the ChIP sample to a dilution
series of the corresponding input sample. Primers used are summarized in Table S6.

Fluorescence microscopy

GFP fluorescence was visualized using a fluorescent microscope (Olympus, MV X10) or a
confocal microscope (Leica, LCS SL).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SPL3 activates meristem identity gene expression

(A) Schematic representation of the known interactions involved in the meristem identity
(M) switch (see text for details). Flowering time regulators are indicated in orange, Ml
regulators in pink. Solid arrows denote direct interactions, dashed arrows denote direct or
indirect interactions. (B-D) gRT-PCR analysis of flowering time gene (B) or MI gene
expression (C, D) in 35S:SPL3A (SPL30X) compared to wild-type plants. Plants were
grown in short-day (SD) for 4 and 10 days (B, C) or in long-day (LD) for 7 and 9 days (D).
(E) Temporal expression of SPL3, LFY, FUL and AP1 in wild-type plants grown in LD. The
ratio of the expression at each time-point over the final expression level is graphed. (B-E)
Values are mean +/- SEM. Black solid horizontal line: two fold increase, black dotted line:
two fold decrease. (F) Confocal image of pSPL3:GFP-SPL3 (top view of inflorescence
meristem) and in situ hybridization of LFY, FUL and AP1 (longitudinal section through
inflorescence meristem). Arrowheads point to the incipient flower primordium, numbers
denote stages of flower development. Bar: 50um.

Dev Cell. Author manuscript; available in PMC 2010 July 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yamaguchi et al.

Page 16

Fig. 2. The precocious meristem identity phenotype of 35S:SPL3A requires a functional copy of
LFY, FUL and AP1

Phenotype of 35S:SPL3A double mutants with Ify-1 (A), ful-2 (B), and ap1-10 (C). Top:
side view of same age plants. Note the increased number of secondary inflorescences in the
double mutants (left) compared to 35S:SPL3A (right). Bottom: top view of shoot apex close-
ups from 5 cm tall primary inflorescences. Note the leafy appearance of 35S:SPL3A Ify-1
and 35S:SPL3 apl-10 due to the presence of additional cauline leaves. Plants were grown in
LD. Upper panel bar: 1 cm; lower panel bar: 1mm.
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Fig. 3. SPL3 binds regulatory regions of meristem identity genes in vivo

(A) Early flowering phenotype of LD-grown SPL3 overexpressing plants compared to
wildtype. The asterisk marks the primary inflorescence bolt. Bar; 1 cm. Fluorescence image
of 35S:SPL3A-GFP in leaf one (B) and pSPL3:GFP-SPL3 in leaf four (C). Inset in (B);
close-up confocal microscopy image. Bar; 1 mm. (D) Schematic of the LFY, FUL and AP1
loci. Pale blue and green boxes represent untranslated regions and exons, respectively.
Asterisks indicate computationally identified SPL consensus motifs. Pink horizontal lines:
fragments amplified in by gPCR after ChlP. Blue boxes: regulatory regions in the LFY
promoter previously identified (Blazquez and Weigel, 2000). (E, F) gPCR of anti-GFP ChIP
in 35S:SPL3-GFPA (E), pSPL3:GFP-SPL3 and wildtype (F). Plants were grown in SD for
10 days (E) or LD for 7 days (F). Immunoprecipitated DNA enrichment is presented as
percent input DNA. Shown is the mean +/- SEM.
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Fig. 4. SPL4 and SPL5 upregulate meristem identity genes

gRT-PCR analysis of meristem identity gene expression in 35S:SPL4A and 35S:SPL5A
compared to wild-type plants (A, B) and in 35S:miR156a compared to wild-type plants (C).
Plants were grown in SD for 10 days (A) and in LD for 9 days (B) or 10 days (C). Shown is
the mean +/- SEM relative to the wildtype. Black solid horizontal line: two fold increase,
black dotted line: two fold decrease.
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Fig. 5. Regulatory interactions between flowering time and meristem identity regulators

(A) gRT-PCR analysis of the known FT targets LFY, FUL, AP1 and SOC1 as well as SPL3
in 35S:FT-GFP plants grown in LD. Plants were harvested at day 4 and day 6. Shown is the
expression mean +/- SEM relative to the wild type. Black solid horizontal line: two fold
increase. (B) Phenotypes of F1 progeny of 35S:FT-GFP x 35S:miR156a (top) and 35S:SPL3
x 35S:FT-GFP (bottom). Star: secondary inflorescences, arrow: flower subtended by cauline
leaf, asterisk: primary inflorescence. Bar; 1cm. (C) Role of SPL3 in meristem identity
transition. Solid arrows denote direct interactions, dashed arrows denote direct or indirect
interactions. SPL3 directly regulates LFY, FUL and AP1 transcription (red arrows) and acts
in pathway that is partly in parallel with the FT pathway (red dashed arrow).
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Table 1

Effect of loss-of-function of meristem identity genes on phenotype of 35S:SPL3A phenotype

Genotype Number of Rosette Leaves Number of Cauline Leaves  Number of Secondary Inflorescence
wild type (Col) 12.940.2 (30) 3.2+0.1(30) 3.2+0.1(30)
355:SPL3A 5.6 + 0.2 (30) 1.6 +0.1 (30) 1.6 +0.1 (30)
355:SPL3A Ify-1 55+0.2(Il) 11.6+0.9 (11)f 13.4+0.1(11)
Ify-1 13504 (12) 109+ 05 (16) 21.31 0.6 (16)
wild type (Col) 125403 (12)1 27+0.1(12) 2.7+01(12)
35S:SPL3A 55+ 0.2 (42) 15+0.1 (42) 15+0.1 (42)
35S:SPL3A ful-2 9.6+0.4(12) 35+0.2 (]_2)1' 35+0.2 (]_2)T
ful-2 11.8+0.3 (1)t 3.7+02@a" 3.7+02@a"
Wild type (Col) 12.6 +0.5(7) 34+03(7) 34+03(7)
355:SPL3A 5.7%0.2(30) 1.4+0.1 (30)F 14201 (30)
35S:SPL3A apl1-10 5.4 +0.2 (19) 1.8+03 (19)F 8.4+ 16 (9)" 421%&
apl-10 10.9+0.5 (12) 32+01(12) 5.8+ 1.0 (5)* 41.7%&

Shown is the mean + SEM (n).

TNo statistically significant difference (Student's t test, P > 0.4) was detected between the marked genotypes.

;tStatisticaIIy significant difference (Student's t test, P < 0.05) was detected between marked genotypes.

*
Number of secondary inflorescences in plants that ceased secondary inflorescence and branched flower production prior to node 20.

Page 20

& . . . .
% of plants that formed more than 20 secondary inflorescences and branched flowers. Plants were grown on soil at 22°C in long-day conditions

(LDs; 16h light/8h dark, ~ 110 pmollmzls).
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Table 2

Phenotype of 35S:FT-GFP alone and in combination with 35S:miR156a or 35S:SPL3A

Number of Cauline Leaves

Number of Secondary Inflorescence

Genotype Number of Rosette Leaves
Wild type (Col) 11.9+0.3 (12)
35S:FT-GFP 42+0.2 (16)
35S:FT-GFP x 35S:miR156a 3.9+0.2(24)

35S:miR156a x Col 39.1+£1.9(13)

35S:FT-GFP x Col 33+01NF
35S:FT-GFP x 35S:SPL3 2.0+0 (9
35S:SPL3 x Col 5.1+0.2 (15)

2.9+0.1(12)
2.0 £0.1(16)
22+0.1(24)
ND
1.3£0.1 (57)

1.4+0.1 (29)

1.5+0.1 (15)

2.9+0.1(12)

2.1£0.1 (16)

1.8+0.1 (24)
ND

13+0.1 7

1.020.1 (29)F
1.5+0.1 (15)

Shown is the mean + SEM (n). ND denotes not determined.

Plants were grown on soil at 22°C in LDs

;tStatisticaIIy significant difference (Student's t test, P < 0.005) was detected between marked genotypes.
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