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Abstract

In Arabidopsis the floral identity of meristems is specified by the expression of a 
handful of genes that are activated upon the cues from several pathways leading 
to flowering. One of these genes is LEAFY (LFY) from Arabidopsis, which encodes a 
transcription factor that directly activates the expression of the floral identity 
MADS-box gene APETALA1 (AP1). In petunia, LFY ortholog ABERRANT LEAF AND 
FLOWER (ALF) is also required for floral meristem identity, although its expression 
pattern and genetic regulation has diverged substantially from LFY. We here show 
that PROTEIN INTERACTING WITH EXP #07 (PIE07) is the closest petunia AP1 homolog 
described to date and that PIE07 and AP1 are functionally exchangeable proteins. 
Surprisingly, neither ectopic expression of AP1 of PIE07, nor mutation of PIE07 has any 
effect on the specification of floral meristem identity in petunia, whereas ectopic 
expression promptly induces flowering in Arabidopsis. Moreover, the role of AP1 in 
the specification of the identity of the organs in the outer whorls of the flower is 
not conserved in petunia. These data indicates that also the networks downstream of 
LFY and ALF have drastically changed during evolution, and shows that the genetic 
specification of floral meristem identity in Arabidopsis and petunia has diverged 
further than ever anticipated.
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Introduction

One of the most important events in the life cycle of plants is the switch from 
vegetative to reproductive growth (Poethig, 2003). Signals from multiple pathways, 
that measure parameters such as day length, exposure to cold and plant age, lead 
to the up regulation of a handful of key genes, called “floral integrators”, which 
ultimately activate floral meristem identity genes (Parcy, 2005; Simpson and Dean, 
2002). The expression of these floral meristem identity genes specifies the floral 
fate of meristems and thus is a major factor determining when (flowering time) 
(Krizek and Fletcher, 2005) and where (inflorescence architecture) (Prusinkiewicz 
et al., 2007) flowers are formed. Interestingly, many of the floral integrators and 
floral meristem identity genes that were initially identified in Arabidopsis are widely 
conserved among angiosperms, also in species which flower in different seasons 
(Kobayashi and Weigel, 2007) or generate inflorescences with different architectures 
(Moyroud et al., 2010; Parcy, 2005).

In Arabidopsis thaliana, three important genes in the initiation of flowering 
and the specification of floral identity are FLOWERING LOCUS T (FT), LEAFY (LFY) and 
APETALA1 (AP1) (Parcy, 2005). FT is expressed in the leaves, and up regulation is caused 
by lengthening of daylight periods that are perceived by these leaves (Kardailsky et 
al., 1999; Kobayashi et al., 1999). The FT protein is a mobile signal that is transported 
to the plant apex to induce flowering there (Corbesier et al., 2007; Jaeger and Wigge, 
2007; Mathieu et al., 2007). LFY encodes a unique, plant-specific transcription factor 
that is up regulated in response to several cues (Kanrar et al., 2008; Lee et al., 2008; 
Weigel et al., 1992; Yamaguchi et al., 2009). LFY in turn binds directly to the promoter 
of MADS-box gene AP1, and activates its transcription, which then again induces LFY 
expression in a strong feed-forward loop leading to specification of floral meristem 
identity and the activation of floral organ identity ABC genes (Kaufmann et al., 2010; 
Liljegren et al., 1999; Wagner et al., 1999).

Not surprisingly, ap1 and lfy mutations transform flowers into indeterminate 
shoot-like structures (Irish and Sussex, 1990; Mandel et al., 1992; Weigel et al., 1992), 
whereas ectopic expression of FT, LFY or AP1 (precociously) converts shoots into flowers 
(Kardailsky et al., 1999; Kobayashi et al., 1999; Mandel and Yanofsky, 1995; Weigel and 
Nilsson, 1995). Recently, AP1 was shown to orchestrate the establishment of floral 
meristem identity by down regulating a multitude of genes that are part of the shoot 
developmental program and up regulating many genes that are involved in flower 
formation, by directly binding to their regulatory regions (Kaufmann et al., 2010).

The pathways leading to flowering are much better understood in Arabidopsis 
than in other plant model species. However, homologs of LFY, FT and AP1 have been 
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described for many other species. LFY homologs, were found among others in the 
nightshade (Solanaceae) species tomato (Solanum lycopersicum), tobacco (Nicotiana 
tabacum), potato (Solanum tuberosum), pepper (Capsicum annuum) and petunia (Petunia 
hybrida) (Ahearn et al., 2001; Kim et al., 2008; Molinero-Rosales et al., 1999; Souer et 
al., 1998). Mutants or knock downs of LFY homologs in Solanaceae generally have a 
stronger phenotype than lfy in Arabidopsis, and, like the homologous Antirrhinum 
floricaula (flo) mutant, lack flowers completely (Ahearn et al., 2001; Coen et al., 1990; 
Molinero-Rosales et al., 1999; Souer et al., 1998).

In petunia the LFY ortholog ABERRANT LEAF AND FLOWER (ALF) has an important 
role in floral meristem identity, as alf mutants have green inflorescences that form 
shoots where in wild type a flower would develop. However, in contrast to 35S:ALF 
or 35S:LFY in Arabidopsis, ubiquitous expression of LFY or ALF from the 35S promoter 
in petunia does not result in early formation of flowers (Souer et al., 2008). Also, ALF 
is already expressed well before flowering at the flanks of the vegetative petunia 
meristem, whereas LFY expression coincides with the switch to flowering. These 
data show that ALF is not the limiting factor for the transition to flowering in 
petunia. Instead, DOUBLE TOP (DOT), which is the ortholog of Arabidopsis UNUSUAL 
FLORAL ORGANS (UFO), took over this leading role in petunia (Ingram et al., 1995; 
Levin and Meyerowitz, 1995; Souer et al., 2008).

Souer et al. suggested that in petunia ALF does not specify floral meristem 
identity until it is activated via a post-translational mechanism by F-box protein 
DOT (Souer et al., 2008). In wild type petunia, the start of DOT transcription marks 
the switch to the production of flowers, and ubiquitous expression of DOT triggers 
precocious flowering and single flower inflorescences. That DOT is dependent on 
ALF for its function, is shown by the phenotype of 35S:DOT alf which is identical 
to alf (Souer et al., 2008). Likewise, UFO in Arabidopsis is thought to bind to LFY 
for activation and transcription of the downstream B-type organ-identity gene 
APETEALA3 (AP3) (Chae et al., 2008). The phenotype of ufo is however much weaker 
than that of dot, as ufo does form flowers, which lack petals and stamens, and only 
the first flowers are transformed into secondary inflorescences, whereas in dot all 
flowers are transformed into inflorescence shoots. Therefore, UFO was considered 
to be redundant in the activation of LFY and the specification of floral meristem 
identity in Arabidopsis (Souer et al., 2008). This idea is further strengthened by the 
fact that a dominant negative form of UFO leads to a strong floral meristem identity 
phenotype in Arabidopsis (Chae et al., 2008), similar to that of dot.

FT orthologs from nightshades petunia and tomato, VEGGIE and SINGLE FLOWER 
TRUSS, have been described (Koes et al., 2009; Lifschitz et al., 2006). Both genes, similar 
to FT, promote the onset of flowering. Arabidopsis FT is produced in the leaves, the 
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protein travels to the apex where it binds to the bZIP factor FD and subsequently 
activates, among other genes, AP1 (Abe et al., 2005; Wigge et al., 2005). Whether FT 
orthologs in different species act in a similar way with similar partners is unknown, 
but AP1-like genes have been described from many species other than Arabidopsis, 
also from Solanaceae (Berbel et al., 2001; Guo and Yang, 2008; Hart and Hannapel, 
2002; Huijser et al., 1992; Litt and Irish, 2003; Vrebalov et al., 2002). However, a true 
functional ortholog of major floral meristem identity gene AP1 has never been 
described for petunia.

To date, five petunia MADS-box genes have been identified that belong to the 
AP1 clade. These are PETUNIA FLOWERING GENE (PFG), FLORAL BINDING PROTEIN26 
(FBP26) and FBP29 (Immink et al., 1999; Vandenbussche et al., 2003). Litt and Irish 
reported partial sequences of two other petunia AP1-like genes, PhFRUITFULL (PhFUL) 
and PhFRUITFULL-LIKE (PhFL), of which the 5’ end was not fully cloned (Litt and Irish, 
2003). 

Knock down of PFG by RNA interference resulted in a severe phenotype and a 
complete block of the transition from vegetative to reproductive growth (Immink et 
al., 1999), but it later appeared that mutation of PFG by a dTPH1 transposon insertion 
in the N-terminal MADS-box did not cause any morphological changes, nor changes 
in flowering time (Vandenbussche et al., 2003). This indicates that the full-length 
cDNA RNAi construct used for knock down of PFG, which contained several regions 
that are highly conserved among MADS-box genes, may have silenced also other 
targets. Notably, Immink et al. already showed the additional down regulation of 
FBP26 in the pfg knock downs (Immink et al., 1999). Double pfg fbp26 mutants were 
shown to only have a subtle phenotype, indicating that at least three genes must 
have been knocked down by the PFG RNAi construct.

We here describe a new AP1-like petunia MADS-box gene, PROTEIN INTERACTING 
WITH EXP #07 (PIE07), which was identified in a yeast two-hybrid screen with 
EXTRAPETALS (EXP) (See chapter 4). Phylogenetic analyses indicate that PIE07 is 
the prime candidate to be the petunia ortholog of AP1, whereas PFG, FBP26, FBP29 
appear to be more closely related to Arabidopsis FUL. Transgenic experiments 
indicate that the PIE07 protein is functionally similar to AP1. Despite their close 
evolutionary relationship both the expression patterns of AP1 and PIE07 and their 
role in development completely diverged: gain or loss of function mutations in PIE07 
have no obvious effect on flowering time, inflorescence architecture or floral organ 
identity in petunia. This adds yet another aspect to the idea the genetic control of 
flower development in petunia and Arabidopsis diverged to a much larger extent 
than anticipated.
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Results

PIE07 is an AP1 homolog 

PIE07 was identified as a new petunia MADS-box protein among eleven other 
MADS-box proteins that were isolated in a yeast two-hybrid screen with the floral 
repressor EXTRAPETALS (EXP) as bait (Chapter 4). The full cDNA was isolated (Fig. 
S1) and sequence analysis showed that PIE07 belongs to the MIKC-type of MADS-box 
proteins, which are characterized by an N-terminal DNA-binding MADS domain and 
a second highly conserved region, the K-domain that was named after its similarity 
to the coiled-coil domain of keratin (Thei en et al., 1996).

Figure 1. Characterization of PIE07.
(A) The genomic structure of PIE07. Thick black lines are introns and rectangles are exons. The 5’- and 
3’-untranslated regions are indicated in grey, the MADS domain in black, the K domain is dotted, and 
the start en stop codons are indicated by open and closed circles respectively. The triangle indicates the 
position of the dTPH1 transposon in the pie07-1 allele. (B) PIE07 encodes an AP1-like MADS-box transcription 
factor. The neighbor-joining tree is based on an alignment of amino acid sequences of complete proteins. 
Bootstrap values are displayed above branches as percentages of one thousand replicates. Ph, Petunia 
hybrida; Am, Antirrhinum majus; At, Arabidopsis thaliana; Ca, Capsicum annuum; Nt, Nicotiana tabacum; Ps, 
Pisum sativum; Sl, Solanum lycopersicum; St, Solanum tuberosum.
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Sequence analysis of a genomic fragment, which was generated by PCR, showed 
that PIE07 consists of eight exons and seven introns (Fig. 1A). Comparison of the amino 
acid sequence of PIE07 with known proteins, showed high similarity to Arabidopsis 
AP1, CAULIFLOWER (CAL), and FRUITFULL (FUL), Antirrhinum SQUAMOSA (SQUA), 
and petunia FBP26 and PFG (Fig. S2). These proteins are involved in the specification 
and maintenance of floral meristem identity, and floral organ identity (Ferrandiz 
et al., 2000; Gu et al., 1998; Huijser et al., 1992; Immink et al., 1999; Kempin et al., 
1995; Mandel et al., 1992). MACROCALYX (MC) from tomato is the protein with the 
greatest amino acid similarity to PIE07. mc knock down mutants are characterized 
by enlarged sepals and indeterminate inflorescences (Vrebalov et al., 2002).

When analyzing the AP1-like sequences, we found that the known sequence 
of PhFUL is identical to that of FBP26 except for seven nucleotides at the very 5’ 
end of the available partial PhFUL sequence, in the region encoding the extremely 
conserved MADS-box. Therefore, we assume that these genes are identical and that 
the different nucleotides at the 5’ end most likely result from sequencing errors. 
Furthermore, we were never able to amplify PhFL from petunia and found that 
the reported PhFL sequence is highly similar to that of an AP1-like sequence from 
Hydrangea macrophylla (HmFUL-1). We therefore deem it unlikely that PhFL is indeed a 
petunia sequence and, hence, did not incorporate it in further analyses.

The AP1 subfamily can be divided into two sub-clades; one with AP1 and SQUA, 
and the other containing FUL and PFG (Fig. 1B). The main difference between both 
sub-clades is found in the C-terminal regions of the proteins, which contain specific 
amino acid motifs that appear to have evolved from each other by a frame shift 
in the 3’ end of the gene (Fig. S2) (Litt and Irish, 2003). The petunia genes PFG and 
FBP26 are both members of the FUL-group, FBP29 clusters just outside this FUL-
group, and newly cloned PIE07 belongs to the cluster of AP1 and SQUA.

The very C-terminal ends of AP1 and SQUA contain a CaaX motif, which consists 
of the amino acids CFAA and was shown to be the target sequence for protein 
prenylation (Rodriguez-Concepcion et al., 1999). Prenylation of AP1 is thought to 
trigger the switch of AP1 from meristem identity gene to A-type floral organ identity 
gene (Yalovsky et al., 2000). Although CAL also contains a CaaX motif, it was shown 
not to be prenylated in vitro (Yalovsky et al., 2000). PIE07, like MC and the pea (Pisum 
sativum) homolog PROLIFERATING INFLORESCENCE MERISTEM (PIM) lacks this 
prenylation motif. 
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pie07 mutants develop as wild type 

Vandenbussche et al. developed an elegant system to screen ~1000 petunia W138 
plants for the sequences flanking the actively transposing dTPH1 elements in their 
genome (Vandenbussche et al., 2008). Using this system a dTPH1 transposon insertion 
was identified in the region coding for the K-box of PIE07. This insertion allele, 
named pie07-1, is likely to lead to full knock out of the gene because it disrupts 
the K-box, which is necessary for proper protein-protein interaction (Shore and 
Sharrocks, 1995).

The resulting homozygous pie07-1 mutant appears wild type: it does not flower 
significantly late or early compared to simultaneously grown wild type siblings, has 
a wild type cymose inflorescence (Fig. 2A-B) and also the flowers are wild type (Fig. 
2C-D). Many single petunia MADS-box mutants are wild type, because these genes 
often duplicated and are redundant with one or more paralogous genes (see e.g. 
Rijpkema et al., 2009; Vandenbussche et al., 2003; Vandenbussche et al. 2004). 

Figure 2. pie07-1 mutants develop like wild type.
(A-B) Wild type (A) and pie07-1 (B) inflorescence. One of the flowers of the pie07-1 inflorescence was removed 
to show the tissue behind it (f3 in (B)). (C-D) Wild type (C) and pie07-1 flower (D). f1-f5, flowers numbered 
in order of development from the oldest to the youngest.
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PIE07 is expressed in all meristems and in inner whorls of older flowers

Arabidopsis AP1 is expressed in a spatially and temporally well-defined pattern (Mandel 
et al., 1992). Its mRNA is not detected during vegetative growth of Arabidopsis, but 
when reproductive development commences and floral meristems are formed on 
the flanks of the SAM, AP1 expression fills the young floral meristem dome. When 
the flowers reach floral stage 3-4 (Smyth et al., 1990) and form sepals, AP1 mRNA is 
confined to the outer whorls of the flower (Bowman et al., 1993). The expression 
of AP1 in the outer whorls is thought to be necessary to specify the identity of the 
two outer floral whorls (Mandel et al., 1992). This so-called floral organ identity 
A-function has, however, not been found in other species to date.

To examine the PIE07 expression pattern, in situ hybridization was performed 
on wild type petunia inflorescence apices with an antisense probe comprising the 
complete coding sequence (Fig. 3). As our in situ hybridization procedure involves a 
treatment with RNAseI, hybrids containing even only few mismatches are degraded. 
Hence, cross-hybridization of the probe to other RNAs is eliminated, even when 
similarity is very high (Rebocho et al., 2008).

Figure 3. PIE07 is expressed in all meristems and in inner whorls of developing flowers.
(A-F) In situ hybridization of PIE07 mRNA in wild type inflorescences. PIE07 mRNA is detected in the inner 
cell layers of axillary meristems (A), sympodial meristems (B) and stage 2 floral meristems (C). (B) shows 
the centre of the sympodial meristem and is from the same top as (C), which depicts the centre of the 
floral meristem. In stage 3 floral meristems (D) PIE07 mRNA is seen in the inner whorls, but not in the 
incipient sepals. In stage 6 floral meristems (E) PIE07 is expressed in the inner cell layers of the carpel 
only, and expression is further confined to the gynoecium (arrow) in stage 10 (F). am, axillary meristem; 
br, bract; ca, carpel; fm, floral meristem; lf, leaf; pe, petal; se, sepal; sm, sympodial meristem; st, stamen. 
Scale bars are 100 µm.
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In petunia, PIE07 mRNA accumulates in all meristems in inflorescence apices: 
as determined by in situ hybridization, PIE07 is expressed in tunica layer 3 of young 
dormant meristems in the axils of the bracts, which are assumed to still be vegetative 
(Fig. 3A). Furthermore, it accumulates throughout lateral sympodial meristems 
(Fig. 3B) and young floral meristems (Fig. 3C). Although the floral meristem can 
morphologically not be distinguished from the sympodial meristem in this stage 
of development, based on phyllotaxy the position of the floral meristem can be 
determined (Castel et al., 2010). In later stages of floral development, when sepal 
primordia emerge, and later when petal and stamen primordia are clearly visible, 
PIE07 expression is confined to the central region of the flower, where the carpels 
will appear (Fig. 3D-E). In well-developed floral buds PIE07 mRNA is observed only in 
the emerging placenta (Fig. 3F).

The PIE07 expression pattern is comparable to that of the potato FUL-like gene 
POTM1, as the signal is confined to the inner floral organs when the flower develops, 
instead of to the outer whorls like AP1 (Hart and Hannapel, 2002; Mandel et al., 1992). 
However, PIE07 mRNA is not found in stamens, whereas POTM1 is clearly expressed 
there. The expression of PIE07 in inner whorls of the flower is the opposite of the 
expression pattern of AP1, CAL, SQUA and PIM, which are active during later stages 
of floral development in the sepals and petals only (Berbel et al., 2001; Bowman et 
al., 1993; Huijser et al., 1992; Kempin et al., 1995). In short, although the expression 
pattern in primary vegetative meristems has not been determined, it appears that 
PIE07 is expressed in all aerial tissues with meristematic activity.

Ectopic expression of PIE07 in Arabidopsis causes a 35S:AP1-like phenotype

To determine whether PIE07 is a functional equivalent of AP1, as might be expected 
based on the high sequence similarity, the two genes were constitutively expressed 
in Arabidopsis and petunia. Therefore, the AP1 and PIE07 coding regions were cloned 
between the 35S promoter of Cauliflower Mosaic Virus and the NOPALINE SYNTHASE 
3’ end (NOS) sequences, and the resulting constructs (35S:AP1 and 35S:PIE07) were 
stably transformed to both Arabidopsis and petunia by Agrobacterium-mediated 
transformation.

Ectopic expression of AP1 from the 35S promoter in Arabidopsis leads to plants 
that flower extremely early, form (compound) terminal flowers and have cauline 
leaves that tend to curl (Fig. 4A-B) (Mandel and Yanofsky, 1995; Weigel and Nilsson, 
1995). 35S:PIE07 in Arabidopsis gives a similar phenotype: among approximately 50 
kanamycin resistant primary 35S:PIE07 transformants, many flowered after forming 
only a few rosette leaves, whereas control plants that were transformed with an 
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empty vector formed a wild type rosette (Fig. 4A and C). In the early flowering 
35S:PIE07 plants, the apical meristem differentiated into a compound terminal 
flower with an aberrant position and number of floral organs (Fig. 4D), a phenotype 
reminiscent of terminal flower1 and 35S:AP1 mutants (Shannon and Meeks-Wagner, 
1991). After self-fertilization of the flowers, often two, three or more siliques would 
form at the end of a shoot (Fig. 4D). Also curled cauline leaves formed and these 
leaves regularly subtended single, terminal flowers (Fig. 4E). The strength of the 
phenotype of 35S:PIE07 varied between lines, presumably due to the influence of 
surrounding DNA at the transgene insertion site.

Figure 4. Ectopic expression of PIE07 in Arabidopsis causes a 35S:AP1-like phenotype.
(A-C) 35S:PIE07 (C) and 35S:AP1 (B) cause Arabidopsis to flower earlier than wild type (A). 35S:PIE07 flowers 
slightly later and forms more rosette leaves than 35S:AP1. Plants were photographed at the same age and 
are shown at the same magnification. Note the terminal flowers (white arrowheads) in both transgenic 
plants. (D) Close-up of the compound terminal flower of 35S:PIE07 in Arabidopsis. Note the supernumerary 
petals and the petaloid sepals. (E) Close-up of a 35S:PIE07 secondary inflorescence consisting of one single 
flower only, which is subtended by a curly cauline leaf. The main inflorescence stem is indicated by 
the white arrow. (F) Complementation of the strong ap1-15 mutant by 35S:PIE07. The primary flowers no 
longer contain secondary or tertiary flowers in the axils of their sepals, and the formation of petals, 
which are absent in ap1-15, is normal (black arrow).
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Although the nature of phenotypic alterations in Arabidopsis 35S:PIE07 plants is 
similar to that of 35S:AP1, the phenotype of 35S:PIE07 was generally less severe than 
that of 35S:AP1 (Fig. 4B-C). That is, the 35S:PIE07 transformants with the strongest 
phenotype flowered later than the strongest 35S:AP1 transformants.

When 35S:PIE07 was transformed into the strong ap1-15 mutant, this led to early 
flowering, comparable to 35S:PIE07 in wild type Arabidopsis. Moreover, the flowers 
contained petals and appeared wild type, whereas ap1-15 flowers have hardly any 
petals, indicating that PIE07 can complement ap1 (Fig. 4F). This, and the similar 
phenotypes of 35S:PIE07 and 35S:AP1, indicates that the PIE07 protein is functionally 
similar to AP1.

Ectopic expression of PIE07 or AP1 has no effect in petunia

To our surprise, the same transgenes, when transformed to petunia line W115, 
did not cause any morphological alterations (Fig. 5A-F). Nineteen primary 35S:AP1 
transformants and six primary 35S:PIE07 transformants were examined, and all of 
them had a wild type phenotype, even though high levels of AP1 or PIE07 mRNA 

Figure 5. 35S:AP1 and 35S:PIE07 in petunia are wild type.
(A-F) 35S:AP1 and 35S:PIE07 inflorescences and flowers are indiscernible from wild type W115. (G) RT-PCR 
on leaf tissue of individual plants from two families segregating for 35S:AP1 (left) and 35S:PIE07 (right) 
showing high expression of the transgenes. + and -: plants positive and negative, respectively, for the 
transgenes as determined by PCR on gDNA samples; c, negative controls (no template).
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could be detected in their leaves by RT-PCR. Several 35S:AP1 and 35S:PIE07 lines were 
back-crossed to W115 to be able to assess more subtle effects of the transgenes 
on the flowering time in a segregating population. The segregating progeny was 
scored by PCR for possession of the transgene. Neither petunia plants ectopically 
expressing AP1, nor those over expressing PIE07 flowered obviously earlier than 
siblings that lacked the transgenes, even though high levels of PIE07 or AP1 mRNA 
were maintained in these second-generation transformants (Fig. 5G-H).

Discussion

The divergence of inflorescence architectures may be due to alterations in 
the spatio-temporal regulation of the floral identity of meristems (Prusinkiewicz 
et al., 2007). In Arabidopsis floral meristem identity is regulated in time and space 
primarily via the transcription of LFY and the same seems true for other species, 
like aspen and citrus, which are trees with a perennial life style (Pena et al., 2001). 
In the cymose petunia inflorescence floral identity is primarily regulated via ALF, 
but here the activity of ALF is controlled in time and space via a post translational 
mechanism that involves the activation of ALF by the F-box protein DOT, rather 
than via transcription of the ALF gene. This switch from transcriptional to post-
translational regulation of ALF/LFY is associated with the variation in the positions 
where flowers appear (inflorescence architecture). It results from alterations in the 
expression patterns of ALF/LFY as well as of DOT and its Arabidopsis ortholog UFO, 
which are due to modifications of cis-regulatory elements in case of UFO/DOT and of 
the trans-regulatory network in case of ALF/LFY (see Chapter 3). 

As lfy, alf and homologous mutants in other species have a highly similar defect 
in the transition of (inflorescence) shoots into flowers, we expected that LFY and 
ALF promote the development of flowers through a conserved mechanism. However, 
our data on PIE07 in petunia suggest that this view is too simple and that also 
the networks that operate downstream of LFY and ALF by which floral identity is 
established have diverged to a considerable extent. 

The transcription factor ALF/LFY has two functions: (i) it specifies the floral 
identity of meristems, primarily via the activation of AP1, and (ii) it directly activates 
A-, B- and C-type organ identity genes in different sub-domains of the floral meristem 
(Busch et al., 1999; Lamb et al., 2002; Lohmann et al., 2001; Parcy et al., 1998; Wagner et 
al., 1999). In Arabidopsis, LFY directly activates the expression APETALA1 (AP1) and the 
related CAL gene (Wagner et al., 1999), which are needed for floral meristem identity. 
AP1 in turn activates LFY expression in a feed forward loop leading to robust AP1 and 
LFY expression (Liljegren et al., 1999), and represses numerous flowering time genes 
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which leads to rapid and strong specification of floral meristem identity (Kaufmann 
et al., 2010; Liu et al., 2007; Wellmer et al., 2006; Yu et al., 2004). AP1 is the principal 
target by which LFY specifies floral meristem identity, as (i) expression of AP1 can 
rescue the floral meristem identity defects, though not the organ identity defects in 
lfy mutants (Mandel and Yanofsky, 1995); (ii) AP1 expression is delayed and reduced 
in lfy, while LFY expression is not altered in ap1 mutants (Liljegren et al., 1999; 
Ratcliffe et al., 1999; Ruiz-Garcia et al., 1997; Wagner et al., 1999); and (iii) mutation 
of AP1 strongly reduces the phenotypic effects of 35S:LFY (Weigel and Nilsson, 1995). 

In petunia, however, neither loss- nor gain-of-function mutations of PIE07 led to 
phenotypical alterations, even though the pie07-1 allele contains a dTHP1 transposon 
insertion in the widely conserved K-box. The K-box is necessary for protein-protein 
interaction and therefore the insertion is thought to lead to a non-functional PIE07 
protein (Shore and Sharrocks, 1995). It is possible that pie07 mutants lack defects, 
because the function of PIE07 is (partially) redundant with the FUL-homologs PFG, 
FBP26 and FBP29, analogous to the partially redundant function of AP1, CAL and FUL 
in the onset of flowering and specification of floral meristem identity in Arabidopsis 
(Ferrandiz et al., 2000). Hence, double, triple, or even higher order mutants for pie07, 
fbp26 and pfg may need to be generated to obtain a mutant phenotype and possibly 
phenocopy the non-flowering phenotype of PFG RNAi plants (Immink et al., 1999).

 
However, the finding that constitutive expression of AP1 or PIE07 does not affect 

development in petunia is not easily explained by redundancy of PIE07 function. 
Instead, it indicates that in petunia PIE07 or AP1 alone are either not sufficient to 
trigger flowering and to specify floral identity or are not involved at all in these 
processes. The latter possibility might explain the differences in strength of the alf 
and lfy phenotype. In alf mutants flowers are (nearly) completely transformed into 
inflorescence shoots, whereas in lfy floral identity is only partially lost as flowers-
like structures with leaf like organs in a whorled arrangement do develop. However, 
lfy ap1 double mutants, floral meristem are (nearly) completely transformed into 
inflorescence meristems, as in petunia alf mutants.

Besides determining floral meristem identity, AP1 specifies the identity of the 
perianth organs of Arabidopsis flowers, in concert with LFY and UFO (Mandel et 
al., 1992). The expression of AP1 is confined to the outer whorls of the developing 
flower from stage 3-4 of floral development onwards (Bowman et al., 1993) and is 
necessary to specify the identity of sepals and petals (Mandel et al., 1992) and to 
activate the B-type organ identity genes (Ng and Yanofsky, 2001). Unlike AP1, PIE07 
is not expressed in the outer whorls, but as the flower develops, its expression is 
restricted more and more to the center of the flower (Fig. 3D-F), which makes it very 
unlikely that PIE07 is involved in the A-function in floral organ development like 
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AP1 in Arabidopsis. This adds to other studies showing that the AP2 gene specifies 
(together with AP1) the A-type organ identity function in Arabidopsis (Kunst et al., 
1989), but not in petunia (Maes et al., 2001). Moreover, the miRNA encoded by BLIND 
provides (part of the) A-function in petunia, whereas the homologous miRNA in 
Arabidopsis does not appear to have such a function (Cartolano et al., 2007).

Although ectopic expression of ALF or LFY, and PIE07 or AP1 has no effect in 
petunia, this is different in other Solanaceae, as (i) 35S:LFY causes early flowering in 
both tobacco and pepper (Ahearn et al., 2001; Kim et al., 2008), (ii) ectopic expression 
of AP1 in tomato causes a more rapid progression to the reproductive phase (Ellul 
et al., 2004), and (iii) tobacco constitutively expressing PIM, the AP1 homolog from 
pea, flowered earlier than their non-transformed siblings (Berbel et al., 2001). These 
large differences between the very closely related Solanaceae species are intriguing, 
but remain as yet to be explained.

We previously showed that although the major players in the specification 
of floral meristem identity are conserved between petunia and Arabidopsis, the 
regulation of floral meristem identity diversified significantly between these two 
species (Chapter 3)(Souer et al., 2008; Souer et al., 1998). However, in spite of the 
regulatory differences between ALF and DOT, and LFY and UFO, we presumed that 
activated ALF would further specify floral meristem identity through the activation 
of similar downstream genes as LFY activates in Arabidopsis (Souer et al., 2008). We 
here showed that this is not the case for major LFY target AP1: although 35S:PIE07 
can complement the phenotype of a strong Arabidopsis ap1 mutant, PIE07 and AP1 
are unable to bypass the function of DOT (activation of ALF) and trigger the ectopic 
formation of flowers in petunia. Whereas the absence of a phenotype in pie07-1 
can be explained by redundancy, the wild type phenotype of 35S:AP1 and 35S:PIE07 
indicates that besides the divergence of the regulation of floral meristem identity at 
the level of ALF and DOT, also the network downstream of ALF is drastically rewired 
in petunia compared with Arabidopsis.
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Materials and methods

Isolation of PIE07

PIE07 was identified in a yeast two-hybrid screen with EXTRAPETALS (EXP, see chapter 4). The full 

length PIE07 cDNA was obtained by 5’ and 3’ RACE (First Choice RLM-RACE Kit, Ambion) according to 

the manufacturer’s specifications on cDNA from W138 inflorescence apices. The size of introns was 

estimated by PCR on gDNA, running the fragments on agarose gel and comparing the size of the obtained 

fragments to a marker.

Phylogenetic analyses

An amino acid sequence alignment of the AP1-like proteins (sequences retrieved from GenBank) was 

generated using MUSCLE (Edgar, 2004). All protein sequences used were full length, except for AmFUL, 

which missed part of the N-terminus. The neighbor-joining tree was calculated by PAUP 4.0b10 (Swofford, 

2003), rooted with AGL6, visualized with TreeView version 1.6.6 (Page, 1996). One thousand bootstrap 

samples were generated to determine support for the inferred relationships. Local bootstrap support 

values in percentages are indicated for branches with >50% support.

Characterization of - mutants

The pie07-1 dTPH1 transposon insertion was identified by reverse genetics using the 3D indexed petunia 

insertion database described by Vandenbussche et al. (Vandenbussche et al., 2008). Genotyping of plants 

segregating for pie07-1 was performed by PCR using primers MLY0138 (5’-CAGGA G A A C T G G A G T C AGCTG-3’) 

and MLY0370 (5’- GAAAC A A G C A T A A C A T T C C T G AATGG-3’).

Plant photography

Pictures of plants were taken with a FujiFilm FinePix S2 Pro digital camera. In figures the background 

was blacked out using Adobe® Photoshop® CS2.

In situ hybridization

In situ hybridization was performed as described by Souer et al. (Souer et al., 1996). Digoxigenin-

labeled antisense RNA probes that spanned the full coding sequences were in vitro synthesized with 

T7 polymerase using the digoxigenin labeling kit (Roche) according to the manufacturer’s instructions. 

We included an RNaseA treatment, which eliminates non-specifically bound probe as well as cross-

hybridization to related mRNAs (Rebocho et al., 2008).

Construction of transgenes and plant transformation

The 35S:PIE07 constructs were created by ligating a XbaI/EcoRI-digested PCR fragment that was generated 

with Phusion High-Fidelity DNA Polymerase (Finnzymes) of the cDNA coding sequence in between the 

enhanced 35S promoter and the 35S terminator of the binary vector pGreen1K (Hellens et al., 2000). We 

amplified the PIE07 coding sequence from a petunia W138 meristem cDNA library using primers pie07.10 

(5’-GCTCT A G A A T G G G G A G A G G G A A A G TACAA-3’) and pie07.11 (5’-CGGAA T T C T C A T G T A G G A A A G C A T C C-

ATATG-3’). The AP1 cDNA coding sequence was digested with BamHI from the pAM563 vector (Mandel 
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and Yanofsky, 1995) and ligated into the BamHI site of pGreen1K (Hellens et al., 2000). All constructs were 

(re)sequenced before introduction into plants.

The transgenes were introduced into petunia line W115 using Agrobacterium tumefaciens (strain AGL0) 

mediated leaf disc transformation (Horsch et al., 1985). Arabidopsis thaliana Columbia was transformed 

with the floral dip method using Agrobacterium strain C58C1 (MP90) (Clough and Bent, 1998), and 

transformants were selected on Murashige and Skoog medium (Duchefa) containing 50 mg/l kanamycin 

mono-sulfate.

All plants were grown in a greenhouse. For comparisons of phenotypes plants were grown side by 

side to exclude that any phenotypic differences resulted from variations in greenhouse conditions.

RT-PCR analysis of 35S:AP1 and 35S:PIE07 plants

Gene expression levels were determined by RT-PCR analysis as described previously (Quattrocchio et al., 

2006). RT-PCR on first-strand cDNA was performed with a reduced number of cycles to prevent saturation. 

The gene-specific primers used are ap1.1 (5’-GCTCT A G A A T G G G A A G G G G T A G G G T T C AATTG-3’) and ap1.2 

(5’-CGGAA T T C C A T G C G G C G A A G C A G C C A A GGTTG-3’) for AP1, and pie07.10 (5’-GCTCT A G A A T G G G G A G-

A G G G A A A G TACAA-3’) and pie07.11 (5’-CGGAA T T C T C A T G T A G G A A A G C A T C C ATATG-3’) for PIE07. The 

PCR products were run on agarose gels (Sigma), blotted onto Hybond-N+ membranes (Amersham) and 

hybridized with 32P-labeled gene-specific probes. We used ACTIN as a constitutively expressed positive 

control, using primers actin2F #2602 (5’-AGATC T G G C A T C A T A C C T T CTACA-3’ ) and actin2R #2603 

(5’-CCMGC A G C T T C C A T R C C AATCA-3’).

GenBank accession numbers

Sequences of the genes used in this study can be found in the EMBL/GenBank database under the 

following accession numbers: AmFUL (AY306139), AGL6 (NM_130127), AP1 (AT1G69120), CAL (NP564243), 

CaMADS6 (AF130118), EXP (FJ666098), FBP26 (AF176783), FBP29 (AF335245), FUL/AGL8 (U33473), HmFUL-1 

(AB454436), MC (AF448521), NtMADS11 (AF385746), PFG (AF176782), PhFL (AY306170), PIE07 (to be submitted), 

PIM (AF461740), POTM1 (U23757) and SQUA (AY306139).
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Figure S1. cDNA sequence of PIE07.
Full cDNA sequence of PIE07. The start and stop codon are shaded, the sequence coding for the MADS-box 
is indicated with a continuous line, the sequence coding for the K-box by a dashed line, and the insertion 
site of the dTPH1 transposon in pie07-1 is indicated by a black triangle.

Supporting data

AGAACTAGTC  TCGAGTTTTT  TTTTTTTATC  ATCTCGTTTT  CATTCTTGTG      50  
AAATATATAG  TAATCATAAC  TAGGGTTTGA  TCAATAGAAA  AATATTTCAG    100  
GGTTCCCATT  TTTAGCTTAT  ATTCTAGCTA  GGAAGATGGG  GAGAGGGAAA    150
GTACAATTAA  GGCGTATAGA  GAATAAAATA  AACAGACAAG  TGACTTTTTC    200
AAAGAGGAGA  GGTGGTTTAC  TGAAGAAAGC  TAATGAAATT  TCAGTACTTT    250
GTGATGCTGA  AGTTGCTTTG  ATTGTGTTCT  CTCATAATGG  CAAAGTCTTT    300
GAGTACTCTT  CTGATTCTTG  TATGGAACAG  ATACTTGAAC  GATATGAGAG    350
ATACTCATAC  GCAGAGAGAC  GTTTGCTGGC  AAGTGATGAA  GCATCGGTGC    400  
AGGAGAACTG  GAGTCAGCTG  GAATATATAA  AACTCAAGGC  TAAGATTGAT    450
CTCTTACAAA  GGAATCACAA  CCATTACATG  GGAGAAGATC  TTGACTCATT    500
GACCCTTAAG  GACATGCAAA  ACCTGGAACA  ACAGCTTGAT  ACCGCTCTTA    550
AGCTTATTCG  ATCAAGAAAG  ACTCAACTCA  TGTATGCGTC  AATCTCCGAA    600
CTACAGAAAA  AGGAAAAGGC  AATCCAGGAG  GAGAATAACA  TTCTATCTAA    650
GGAGATCAAG  GAGAAGGATA  AGACAGTAAG  GCAGCAAGCT  GAATGGCATC    700  
AGCAGAATCA  AGTTCCTTCA  ACATCTTTCC  TCTCACAACC  ACATACTTTC    750  
CTAAACATTG  GAGGTAATAA  CCAAGGGGAA  GCAGCAGAAG  CAAGAAGGAA    800  
TGAACTTGAC  TTAAATCTTG  AATCCTTGTT  TCCATCTCAT  ATGGGATGCT    850  
TTCCTACATG  AATCAACAAA  CTATATATGT  TTCCTCTGAG  TGAGAAATGC    900  
CCTCTTGCTG  GAGTTCAAGT  TTTCCAACTC  TGTGTTCTCA  TCTGGCTATA    950  
TGAGGAGAAA  GATAAGAAGT  TACTCTTGGC  TTGGGAAGTA  CTTAATATTA  1000  
AGTTTCTTTA  TCCGATA                                                                          1017
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Figure S2. Alignment of AP1- and FUL-like amino acid sequences.
Protein sequences were aligned in ClustalX v.1.83 (Thompson et al., 1997) / MUSCLE (Edgar, 2004) and 
similarity was visualized using BOXSHADE (http://www.ch.embnet.org/software/BOX_form.html). Amino 
acid residues are shaded black (identical) or grey (similar) with the threshold set to 50%. Dashes indicate 
gaps that were introduced to optimize the alignment. Note the difference in the C-terminal amino acid 
motifs between AP1- and FUL-likes (boxes) which is caused by the frame shift described by Litt and Irish 
(Litt and Irish, 2003). This alignment was used to calculate the phylogenetic tree in Figure 1B. The MADS-
box is indicated with a continuous line, the K-box by a dashed line.
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