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How different organs are formed from small sets of undifferenti-
ated precursor cells is a key question in developmental biology. To
understand the molecular mechanisms underlying organ specifica-
tion in plants, we studied the function of the homeotic selector
genes APETALA3 (AP3) and PISTILLATA (PI), which control the
formation of petals and stamens during Arabidopsis flower devel-
opment. To this end, we characterized the activities of the trans-
cription factors that AP3 and PI encode throughout flower
development by using perturbation assays aswell as transcript pro-
filing and genomewide localization studies, in combination with
a floral induction system that allows a stage-specific analysis of
flower development by genomic technologies. We discovered con-
siderable spatial and temporal differences in the requirement for
AP3/PI activity during flower formation and show that they control
different sets of genes at distinct phases of flower development.
The genomewide identification of target genes revealed that
AP3/PI act as bifunctional transcription factors: they activate genes
involved in the control of numerous developmental processes re-
quired for organogenesis and repress key regulators of carpel for-
mation. Our results imply considerable changes in the composition
and topology of the gene network controlled by AP3/PI during the
course of flower development. We discuss our results in light of
a model for the mechanism underlying sex-determination in seed
plants, in which AP3/PI orthologues might act as a switch between
the activation of male and the repression of female development.

Flowers are typically composed of four organ types, which are
disposed in four floral whorls. From the outside of the flower to

the center, they are sepals, petals, stamens, and carpels (the sub-
units of the gynoecium). The developmental fate of these different
types of organs is specified by a small number of floral organ
identity genes. The pivotal role of these genes was uncovered
through the analysis of mutants that form flowers with homeotic
transformations, i.e., the replacement of one type of organ with
another (1–4). Based on the morphological defects of the in-
dividual mutants and their genetic interactions, it was proposed
that the floral organ identity genes act in a combinatorial manner
and have distinct functions during flower development, with the
so-called A function genes being required for the formation of
sepals and petals, B function genes for petal and stamen de-
velopment, and C function genes for the formation of stamens and
carpels. This well-established ABC model of floral organ identity
specification (5) has provided, since its introduction more than
20 y ago, an invaluable framework for the analysis of the genetic
mechanisms underlying the formation and evolution of flowers.
Molecular characterization of the floral organ identity genes in

different species revealed that they encode transcription factors
and belong, with few exceptions, to the family of MADS domain
proteins (1–3). The floral organ identity factors were shown to
form higher-order complexes together with flower-specific cofac-
tors, which are also MADS domain transcription factors (6, 7).
Further insights into the molecular functions of these regulators
have come from the recent identification of some of their target
genes and interacting proteins (7–11). Despite this progress, our
understanding of the developmental mechanisms that mediate the
specification and formation of floral organs is still vastly incomplete.

To gain detailed insights into the processes controlled by floral
organ identity factors during morphogenesis, we analyzed the ac-
tivities of the B function regulators APETALA3 (AP3) and PIS-
TILLATA (PI) from Arabidopsis throughout flower development.
AP3 and PI are closely related MADS domain proteins that are
thought to act as obligate heterodimers (12–14). Only few direct
target genes of AP3/PI have been described, which include the A
function gene APETALA1 (AP1) (15), NAP (NAC-like, activated
by AP3/PI) (16), two GATA transcription factors (17), and three
related BANQUO genes (18), which also encode transcriptional
regulators. To unravel the gene network underlying B function on
a global scale, we used gene perturbation assays, transcript pro-
filing, and genomewide localization studies, in combination with
a floral induction system, which allows the analysis of regulatory
processes during early flower development by genomic technolo-
gies. We supplemented these molecular data with a morphological
analysis of the spatial and temporal requirement for AP3/PI
activity during flower development. Taken together, our results
provide a molecular framework for the control of organ specifi-
cation by B function.

Results
Genes and Processes Controlled by AP3/PI. To unravel the tran-
scriptional program underlying B function, we identified genes
whose expression depends on AP3/PI activity during early flower
development. To this end, we used a floral induction system, which
allows the collection of a large number of flowers that are at ap-
proximately the same developmental stage (19). Morphological
and molecular analyses have shown that flowers produced by this
system can serve as a model for the early phase of flower de-
velopment (19). To perturb B function activity, we introduced the
null mutant alleles ap3-3 and pi-1, respectively, into the floral in-
duction system. Activation of flower development in these genetic
backgrounds led to the formation of flowers with petal-to-sepal
and stamen-to-carpel transformations (Fig. 1 A–E), as expected
for B function mutants. We collected mutant flowers at different
stages of early flower development (stages according to ref. 20)
and compared their gene expression profiles, by whole-genome
microarray analysis, with those of corresponding flowers in which
B function was not affected. As expected, the number of differ-
entially expressed genes identified in these experiments increased
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with progressing flower development due to accumulative effects
of B function perturbation (SI Appendix, Fig. S1). A search
for overrepresented Gene Ontology (GO) terms in the 2,100
differentially expressed genes (Dataset S1) revealed numerous
enriched functional categories (Fig. 1F and SI Appendix, Fig. S2).
These included several implicated in organogenesis and in par-
ticular, in petal and stamen development, in agreement with the
known role of the B function genes during flower formation.
Additional GO terms that were enriched among the differentially
expressed genes included, for example, genes involved in pattern
formation, cellular differentiation, and in the response to the
phytohormone gibberellin, which has important functions during
floral organ development (21). Genes involved in the regulation
of transcription were also highly enriched in the dataset. In fact,
a gene family enrichment analysis showed that transcription
factor families with known roles in flower development were
strongly overrepresented among the differentially expressed genes
(Fig. 1G). We further found regulators of carpel development to
be enriched in the dataset. Notably, a test for coordinated di-
rectionality of expression changes within the enriched GO terms
revealed that these genes were predominantly up-regulated in
very young (i.e., stage ∼3–4) flowers of ap3 and pi mutants (Fig.
1H and SI Appendix, Fig. S2). Because this response occurred
shortly after the onset of AP3/PI expression at stage 3 (13, 14), it
suggested that these carpel developmental genes are normally
repressed by the B function regulators during early flower for-
mation. In agreement with this conjecture is the observation that
the gene CRABS CLAW (CRC), which responded strongly in
the microarray experiments, is precociously expressed in young
floral buds of B function mutants, with its expression expanding
from the fourth into the third floral whorl (22) (SI Appendix,
Fig. S3).

Functions of AP3/PI in Early- and Late-Stage Flowers. Expression
of floral organ identity genes commences during early floral
stages and continues for most of floral organ development (3).
This prolonged expression implies that these genes are not only
involved in the specification of organ primordia but also in the

control of organ maturation during later developmental stages
(10, 23). To gain insights into themolecular basis of these different
activities, we identified genes whose expression depends on the B
function regulators at distinct stages of flower development. To
this end, we conducted conditional gene perturbation experiments
by introducing the temperature-sensitive AP3 mutant allele ap3-1
(4) into the floral induction system. We found that inactivation of
AP3 through a shift from permissive to nonpermissive temper-
atures led to a strong transcriptional response in young floral buds
(stage∼3–4), whereas, in slightly older buds (stage∼6), onlyminor
effects on gene expression occurred (Fig. 1I and SI Appendix, Fig.
S2). In whole inflorescences of ap3-1 mutant plants, representing
flowers predominantly of intermediate and late developmental
stages (24), we again detected widespread transcriptional changes
after a perturbation ofAP3 activity. A GO analysis of the resulting
datasets revealed considerable differences between gene groups
identified as enriched at early and late stages of development (Fig.
1F and SI Appendix, Fig. S2). Furthermore, genes responding early
showed, as expected, a significant overlap (P < 0.0001, Pearson χ2
test) with genes identified as differentially expressed in the null
mutant experiments, whereas genes identified at late stages did
not. The latter genes included many with known roles in micro-
sporogenesis (i.e., pollen formation; Fig. 1F and SI Appendix, Fig.
S2), a process that commences at intermediate stages of flower
development and is completed shortly before anthesis. These
results together provide molecular evidence for an involvement of
AP3/PI in the control of different processes during petal and
stamen organogenesis and indicate that they regulate largely
unique sets of genes at distinct phases of flower development.

Spatial and Temporal Requirement for B Function. We next in-
vestigated whether the strong reduction in the number of differ-
entially expressed genes detected in the ap3-1 microarray
experiments around stage 6 was indicative of a temporarily re-
duced role of the B function regulators in flower development. To
this end, we generated functional artificial microRNAs (amiR-
NAs) (25) against AP3 and PI (Fig. 2 and SI Appendix, Fig. S4 and
Table S1). We then expressed these amiRNAs from an ethanol-
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Fig. 1. Genes and processes controlled by AP3/PI.
(A–E) Floral induction system based on the expres-
sion of a fusion between AP1 and the hormone-
binding domain of the glucocorticoid receptor in
ap1 cauliflower double-mutant plants (19). Inflor-
escences of a control plant (A) and a plant 6 d after
induction of flower formation (B). Mature flowers
generated by the floral induction system (C) and
after introgression of the ap3-3 (D) and pi-1 (E)
alleles. (F) Selected GO terms enriched among
genes differentially expressed in flowers of B func-
tion mutants. Terms specifically identified in late
flower development are marked by a blue box.
Benjamini–Hochberg-adjusted P values are shown.
A comprehensive view of GO terms is presented in
SI Appendix, Fig. S2 and Dataset S3. (G) Gene fam-
ilies and protein domains identified as significantly
enriched (or in one case, that of F-box, cyclin-like, as
under-represented) in the datasets stemming from
the ap3-3 and pi-1 microarray experiments. Benja-
mini–Hochberg-adjusted P values are shown. Gene
families and protein domains are labeled in orange
and red, respectively. (TF, transcription factor.) (H)
Directionality of gene expression changes within
selected GO terms. Terms containing genes pre-
dominantly repressed or activated by AP3/PI are
marked with blue and red boxes, respectively. A
comprehensive view of GO terms is presented in SI
Appendix, Fig. S2. (I) Number of genes identified as
up- and down-regulated in the ap3-1 microarray
experiments.
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inducible promoter system (denoted 35S:AlcR/pAlcA) (26) inWT
plants to allow a controlled perturbation ofAP3 and PI function. A
detailed characterization of the AP3 amiRNA line showed that
a pulsed induction of amiRNA expression led to a prompt and
substantial (Fig. 2D), but time-limited (Fig. 2E), decrease of AP3
mRNA levels, followed by a marked reduction in the levels of the
corresponding protein (SI Appendix, Fig. S4). Moreover, this re-
duction in AP3 activity led to changes in the expression of genes
known or suspected to be transcriptionally regulated by AP3
during early flower development (Fig. 2 G–I), indicating that the
gene knockdown was successful.
By using the inducible amiRNA lines, we assessed floral phe-

notypes at time of anthesis (stage 13) after a pulsed knockdown of
B function gene activity in whole inflorescences (Fig. 3). For this
analysis, we mainly focused on AP3, but obtained similar results
for PI (SI Appendix, Fig. S5). In agreement with the results of
previous studies (4, 27), we found considerable differences in the

morphological aberrations resulting from a loss of B function,
which depended on the stage of development at which gene ac-
tivities were perturbed (Fig. 3 and SI Appendix, Fig. S8). In flowers
in which AP3/PI had been knocked down at intermediate stages
(stage ∼8–10), petal-to-sepal transformations occurred gradually
in consecutive buds. In contrast, stamens in these flowers retained
their identity but became increasingly underdeveloped and did not
dehisce pollen. A complete transformation of stamens into carpel-
like organs was observed in flowers that were at very early stages
(stage ∼2–4) of development during amiRNA induction (Fig. 3).
These results indicate that the specification of stamen identity
occurs significantly earlier than that of petals (SI Appendix, Fig.
S5N). Notably, flowers with stamen-to-carpel transformations
were directly preceded by flowers with an almost WT appearance
(Fig. 3). In these mostly normal flowers, the induction of amiRNA
expression had occurred around the stage for which we observed
only a small number of differentially expressed genes in the ap3-1
microarray experiments. Thus, the requirement of B function
appears to be temporarily reduced upon completion of the earliest
stages of flower development. To test this idea further, we moni-
tored the expression of selected response genes after an amiRNA-
mediated perturbation ofAP3 function at different developmental
stages (Fig. 2F). In agreement with the ap3-1 microarray data, we
found that their responsiveness decreased significantly as flower
development reached more intermediate stages.

Genomewide Localization of AP3/PI Binding Sites. The microarray
experiments described here led to the identification of genes
whose expression depends on AP3/PI activity. To distinguish be-
tween direct and indirect target genes, we identified the binding
sites of AP3 and PI on a genomewide scale. To this end, we gen-
erated constructs that mediate the expression of AP3 and PI, re-
spectively, fused to GFP under the regulatory regions of the
endogenous genes (SI Appendix, Fig. S6). When expressed in ap3
and pi plants, these fusion proteins led to a full rescue of the
mutant phenotypes. Subsequently, we crossed these lines into the
floral induction system and collected floral buds at stage ∼5. With
this material, we conducted ChIP assays with GFP-specific anti-
bodies followed by next-generation sequencing (ChIP-Seq).
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Fig. 2. Effects of an inducible AP3 knockdown. (A–E) Characterization of
a line expressing an ethanol-inducible amiRNA against AP3. (A) WT flower.
(B) ap3-3 mutant flower. (C) Flower of a 35S:AlcR/pAlcA:AP3-amiRNA plant
in which amiRNA expression had been induced by two 24-h treatments (at
an interval of 4 d) with ethanol vapor. (D) Knockdown of AP3mRNA levels in
the floral induction system upon ethanol treatment. Plants were treated
with ethanol vapor 3 d after induction of flower formation, or were mock-
treated, for different time periods (as indicated). (E) Recovery of AP3 mRNA
accumulation after a pulsed induction of AP3-amiRNA expression in the
floral induction system. Plants were exposed to ethanol vapor for 6 h (green
bar) 2 d after the induction of flower development. Following an 18-h re-
covery period, tissue was collected at different time points (as indicated),
and AP3 mRNA levels relative to those in mock-treated flowers were de-
termined. (F) Expression of selected genes (SI Appendix, Table S3, includes
full gene names) in flowers of different stages (s) after an amiRNA-mediated
AP3 knockdown. AP3 mRNA levels in these flowers were compared with
corresponding flowers with unimpaired AP3 activity. (G–I) Transcriptional
response of selected genes known or suspected to act downstream of the B
function regulators after induction of AP3-amiRNA expression in the floral
induction system. Plants were treated with ethanol (EtOH) vapor 3 d after
induction of flower formation or mock-treated for different time periods (as
indicated). In D and G–I, AP3mRNA levels were normalized against the mean
expression in flowers of ethanol and mock-treated plants carrying the 35S:
AlcR/pAlcA:AP3-amiRNA transgene, as well as in flowers of control plants
lacking that transgene, at the 0 h time point. Bars indicate SEM of four (D) or
three (E–I) independent quantitative RT-PCR experiments.
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Fig. 3. Pulsed perturbation of AP3 gene activity reveals multiple roles
during flower development. Flowers formed consecutively by an in-
florescence of a plant carrying a 35S:AlcR/pAlcA:AP3-amiRNA transgene are
shown in a composite image. The plant was treated with a single 24-h pulse
of ethanol vapor, and flowers were photographed at time of anthesis (stage
13). Approximate stages at the time of AP3 perturbation are indicated
(labels mark the beginning of each stage). Red arrows indicate the abrupt
transformation of stamens into carpels in consecutive flowers.
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Analysis of the ChIP-Seq data revealed more than 1,500 high-
confidence binding sites for AP3 and PI in theArabidopsis genome
(Fig. 4 and Dataset S2). To validate the binding data, we tested
and confirmed selected binding sites in independent ChIP
experiments followed by quantitative real-time PCR analysis (Fig.
4B). We also studied the effect of transfer DNA insertions within
binding sites located in the vicinity of the floral regulators UN-
USUAL FLORAL ORGANS (UFO) (28) and RABBIT EARS
(RBE) (29), which respond transcriptionally to the perturbation of
B function (Fig. 2F). We found that these insertions led to phe-
notypes resembling those of the corresponding loss-of-function

mutants (SI Appendix, Fig. S7), implying functionality of the
binding sites.
Further support for the validity of the ChIP-Seq data came from

the analysis of the locations of binding sites in the Arabidopsis
genome. We observed that many of these sites were located in
close proximity to transcription start sites (Fig. 5A), in agreement
with what has been found for other transcription factors in
Arabidopsis (11, 30, 31). We also identified, through de novo pre-
dictions, overrepresented DNA sequence motifs in the regions
bound by AP3/PI. We found CArG box-like sequences (con-
sensus, 5′-CC(A/T)6GG-3′), the canonical binding sites of MADS
domain proteins (12), to be highly enriched (Fig. 5B). In this
analysis, we also identified several other sequence motifs as over-
represented (SI Appendix, Fig. S8). Although we currently do not
know whether they are functionally relevant in the context of
AP3/PI-dependent gene regulation, we noted that G-boxes (con-
sensus, 5′-CACGTG-3′), which serve as binding sites for basic
leucine-zipper and basic helix–loop–helix transcription factors
(32), are significantly overrepresented (P < 0.05) at binding sites
in promoters of genes that are repressed by the B function regu-
lators compared with those of activated genes (Fig. 5C).
The ChIP-Seq experiments described earlier revealed that AP3/

PI associate with many sites in the Arabidopsis genome. In
agreement with the idea that AP3/PI act as obligate heterodimers,
we found that the genomewide binding patterns for AP3 and PI
were very highly correlated (Fig. 5D and SI Appendix, Fig. S8) and,
in many cases, indistinguishable (Fig. 4A). We next compared the
binding data for AP3/PI to those recently published for several
floral regulators, which included theMADS domain proteins AP1
and SEPALLATA3 (SEP3) (11, 30), as well as the structurally
unrelated transcription factors LEAFY (LFY) (31, 33) and AP2
(8). We detected a high degree of correlation in the case of AP1,
SEP3, and LFY, but not for AP2 (Fig. 5D and SI Appendix, Fig.
S8). These results are in agreement with the finding that AP1 and
SEP3 can interact with the B function regulators in the tran-
scriptional complexes that control petal (AP1 and SEP3) and
stamen (SEP3) development, respectively (7), and the observation
that LFY binds to many genes also targeted by AP1 and SEP3
(31). Despite the considerable degree of overlap between the
different datasets, we also detected clear binding pattern dis-
parities (e.g., Fig. 4A). Whether they are the result of different
experimental setups or reflect bona fide differences in the binding
specificities of the transcription factors remains to be elucidated.

Target Genes of the Bifunctional Transcription Factors AP3/PI. A GO
term analysis of the genes bound by AP3 and PI (defined as genes
with at least one binding site in the region from 3 kb upstream to 1
kb downstream of the transcribed sequence) revealed as enriched
many of the same terms as the analysis of the ap3/pi microarray
data described earlier (Fig. 6A). These include, for example, genes
involved in stamen development, pattern formation (i.e., “re-
gionalization”) and in the regulation of transcription. In total, 469
of the 2,100 genes that were detected as differentially expressed in
the null mutant microarray experiments (∼22%; Dataset S1) are
bound by AP3/PI, implying that they are under direct control of
the B function regulators. This list of high-confidence target genes
contains many known floral regulators, including genes involved in
processes such as organ boundary formation and in the response
to different hormones (SI Appendix, Table S2). In agreement with
the results from our microarray experiments, which suggested that
regulators of carpel formation are under transcriptional control of
AP3/PI during early flower development, we found binding sites in
the putative promoters of many of the corresponding genes (Fig.
4A and SI Appendix, Fig. S3). An analysis of the directionality of
gene expression changes of the high-confidence targets genes
revealed a similar number of genes that were up- and down-
regulated upon B function perturbation (Fig. 6B). Thus, AP3/PI
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appear to act as bifunctional transcription factors in the control of
flower development.

Discussion
The genomewide identification of AP3/PI binding sites and target
genes revealed that these transcription factors control the expres-
sion of more than 460 genes, which can be assigned to different
functional categories involved in a multitude of cellular and de-
velopmental processes commonly associated with organogenesis.
This implies that AP3/PI directly participate in the regulation of
many of the pathways and genes that are required for petal and
stamen formation. Our results also show that AP3/PI control dif-
ferent processes during early and late flower development and in-
dicate considerable differences in the spatial and temporal re-
quirement of B function. Through conditional gene perturbation
experiments we found that, in Arabidopsis, the fate of stamens is
specified much earlier than that of petal primordia, which appear
to remain uncommitted until intermediate stages of flower de-
velopment. This finding is in agreement with what has been
reported previously for flowers of Antirrhinum majus (snapdragon)
(27), a species that is distantly related toArabidopsis. Unexpectedly,
morphological and molecular data from our experiments support
the idea of a temporary reduction in the requirement for B function
after stamen primordia have been specified. Thus, the control of
stamen formation by B function appears to be discrete, whereas
that of petal development is more continuous.

It has been suggested that AP3/PI regulate the expression of
only a few transcription factor-coding genes and thus act rela-
tively directly in the control of petal and stamen morphogenesis
(34). However, we detected differential expression for a large
number of such genes in young ap3 and pi mutant flowers (∼13%
of differentially expressed genes; ∼26% of high-confidence tar-
gets). In contrast, in more mature flowers, which are represented
here through the analysis of gene expression in ap3-1 inflor-
escences, the number of differentially expressed genes that code
for transcription factors was much reduced compared with early
stages and similar to their genomewide distribution of ∼6% (35).
These results imply that, during early developmental stages, AP3
and PI mediate floral organ formation to a considerable extent
by controlling the expression of other transcriptional regulators,
whereas, during late stages, AP3/PI may act more directly in the
control of organogenesis or, alternatively, may function through
only a few downstream factors. Together with our discovery that
AP3/PI regulate different sets of genes at distinct phases of
flower formation, these findings suggest that the composition and
the topology of the gene network underlying AP3/PI function
changes considerably over developmental time.
It has been proposed that a key event in the evolution of seed

plants was the establishment of partially nonoverlapping expres-
sion domains of B and C function genes that originated from an
ancient duplication event. Hence, sex determination could be
mediated by a simple switch-likemechanism in which the presence
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or absence of B function results in the formation of male or female
structures, respectively (36). Our results show that, in Arabidopsis,
the B function regulators AP3/PI are bifunctional transcription
factors that activate or repress downstream targets, thus acting as
a context-dependent transcriptional switch. In some cases, this
appears to happen in concert with C function, for example, in the
activation of the key regulator of microsporogenesis, SPL (Figs. 2I
and 4A) (10). On the contrary, we found that AP3/PI suppress
genes, such as those involved in carpel development (e.g., CRC),
which are otherwise activated by C function (9), implying opposing
regulatory roles. Based on these results, we propose that the
molecular mechanism for sex-determination in seed plants
depends on the interplay of synergistic and antagonistic inter-
actions between B and C function regulators.

Materials and Methods
Previously published Arabidopsis strains used in this study included the fol-
lowing: 35S:AP1-GR ap1-1 cal-1 (19), ap3-1 (4), ap3-3 (14), and pi-1 (4). Plants
were grown on a soil:vermiculite:perlite (3:1:1) mixture at 20 °C under

constant illumination with cool white fluorescent light unless indicated
otherwise. Cloning strategies and methods used for PCR-based genotyping
of mutant alleles and transgenes are described in SI Appendix. Plant trans-
formations, quantitative RT-PCR assays, and in situ hybridizations were
carried out as outlined in SI Appendix. Transcript profiling experiments were
done by using custom microarrays (Agilent Technologies) and a previously
described protocol (11). ChIP-Seq analysis was performed, with minor mod-
ifications, as described previously (11). Analysis of microarray and ChIP-Seq
data were done using custom R scripts and functions provided by the Bio-
conductor project. Detailed experimental and data analysis procedures are
provided in SI Appendix.
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