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Abstract

Cymes and racemes form two broad types of inflorescence architecture. Racemes 
are monopodial and bear axillary flowers, but in cymes the main stem ends in an 
apical flower and is continued sympodially by a series of lateral shoots. In these 
shoots floral identity is delayed by a previously unknown mechanism. We show 
that the MADS-box transcription factor EXTRAPETALS (EXP) transiently represses 
floral identity in the sympodial meristems of petunia. While cymose branching is 
inhibited in exp, loss-of-function of the EXP homologs SVP and AGL24 from Arabidopsis 
causes the premature activation of floral organ identity genes in floral meristems, 
but this does not affect racemose branching. Our data indicate that the repression 
of floral identity that determines cymose and racemose body plans relies on distinct 
pathways that have no obvious mechanistic or evolutionary link, and suggest an 
evolutionary scenario in which cymes and racemes adopted similar means to 
different ends.
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Introduction

Flowering plants are built of very similar organ types, such as leaves, stems and 
flowers, but there is extensive variation in the position, size and number of these 
organs among different species. This is most obvious in the flower-bearing branches, 
known as the inflorescence. Some species, tulip for example, bear a single flower, 
while others generate elaborate inflorescences that contain many flowers. Based 
on the position where flowers and branches are formed, three broad classes of 
inflorescences can be distinguished in nature: racemes, panicles and cymes (Fig. 
1A) (Prusinkiewicz et al., 2007; Rickett, 1944; Weberling, 1989). Racemes, which 
include the inflorescences of Arabidopsis and Antirrhinum, consist of a monopodial 
(continuous) main stem with flowers on its flanks, and may have lateral shoots that 
develop similarly. In panicles the main stem branches several times before each 
shoot terminates in a flower. In cymes, for example the petunia inflorescence, the 
main stem ends in a flower and growth continues from lateral shoots (so-called 
sympodial shoots) that again form terminal flowers, resulting in a sympodial 
(composite) axis (Rickett, 1944). Thus, contrary to racemes, which form flowers 
laterally, cymes form flowers apically, and extend their inflorescences via sympodial 
shoots. Cymes are common in the family Solanaceae, which includes important food 
crops such as eggplant, tomato, and potato (Rickett, 1955). The genetic mechanisms 
by which distinct inflorescence architectures are specified, and how they diverged 
during evolution are still poorly understood. The identification and unraveling of 
these mechanisms is not only important for applications in agronomy, but also 
addresses a fundamental question in evolutionary developmental biology (‘evo-
devo’): how did body plans diversify?

Computer simulation showed that distinct inflorescences may have evolved by 
alterations in the spatiotemporal regulation of the fate, or identity, of meristems, 
which are groups of stem cells at the growing tips of shoots (Prusinkiewicz et al., 2007). 
Genetic evidence showed that racemes and cymes specify floral meristem identity 
via orthologous genes that encode conserved and functionally interchangeable 
proteins (Maizel et al., 2005) that display widely divergent expression patterns 
and genetic regulation (Souer et al., 2008). In racemes, the shoot apical meristem 
is kept indeterminate by the continuous transcriptional repression of floral 
meristem identity genes. For example, in the apex of the racemes of Antirrhinum 
and Arabidopsis, the expression of the orthologous floral meristem identity genes 
FLORICAULA (FLO) (Coen et al., 1990) and LEAFY (LFY) (Weigel et al., 1992) is continuously 
repressed by the homologs CENTRORADIALIS (CEN) (Bradley et al., 1996) and TERMINAL 
FLOWER 1 (TFL1) respectively (Bradley et al., 1997; Ohshima et al., 1997; Shannon and 
Meeks-Wagner, 1991), which are similar to mammalian phosphatidylethanolamine-
binding proteins (PEBPs) (Banfield and Brady, 2000). LFY and FLO are unique, 
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plant-specific transcription factors that specify the floral fate of lateral meristems 
by directly activating the transcription of floral organ identity genes (Krizek and 
Fletcher, 2005). In both tfl1 and cen mutants the normally indeterminate shoot 
apical meristems of Arabidopsis and Antirrhinum terminate in flowers due to ectopic 
expression of LFY and FLO respectively (Bradley et al., 1996; Bradley et al., 1997).

In cymes the situation is more complex, as shoots should not terminate in a flower 
before the next sympodial shoot has been initiated, or else sympodial branching 
would be discontinued. Therefore, theory predicts that the specification of floral 
identity is delayed, or transiently repressed, in sympodial meristems (Prusinkiewicz 
et al., 2007). However, until now, this hypothesis has only been supported by indirect 
genetic evidence. Firstly, constitutive expression of the floral meristem identity 
gene DOUBLE TOP (DOT) from the Cauliflower Mosaic Virus 35S promoter (p35S:DOT) 
inhibits sympodial branching in petunia, and, consequently, reduces the multi-
flower cyme to a single terminal flower (Souer et al., 2008). DOT is the ortholog of 
the Arabidopsis F-box gene UNUSUAL FLORAL ORGANS (Wilkinson and Haughn, 1995), 
and post-translationally activates ABERRANT LEAF AND FLOWER (ALF), which is the 
petunia ortholog of LFY (Souer et al., 2008; Souer et al., 1998). Secondly, analysis of 
evergreen (evg) mutants, which have a defect in the proliferation and outgrowth of 
sympodial meristems, suggested that newly emerging sympodial meristems express 
an unknown inhibitor of floral identity (Rebocho et al., 2008).

To identify this unknown floral repressor in petunia, we analyzed loss-of-function 
mutations in EXTRAPETALS (EXP), which transform the cymose inflorescence into a 
single flower, and thus phenocopy gain-of-function mutants that ectopically express 
floral meristem identity (Souer et al., 2008; Souer et al., 1998). Here we show that EXP 
encodes a MADS-box transcription factor that transiently represses floral identity 
in the sympodial meristems of petunia. EXP is closely related to SHORT VEGETATIVE 
PHASE (SVP), which is a negative regulator of the switch to flowering and has a 
redundant function in determining floral meristem identity in Arabidopsis, but 
has no apparent role racemose branching (Gregis et al., 2006,2008; Hartmann et al., 
2000). With regard to protein function, expression pattern and genetic regulation, 
EXP and SVP are very similar. We discuss that such similar transcription factors 
have such different roles in a cyme and a raceme.
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Figure 1. Recessive mutations in EXP inhibit cymose branching in the inflorescence of petunia.
(A) Three broad types of inflorescence architecture: raceme, panicle and cyme. Red circles, flowers; blue 
triangles, meristems (B) Wild type petunia (left) and exp (right). Note the three successive terminal flowers 
in the wild type inflo rescence (f1-f3) and the single terminal flower in exp. b, bract. (C-F) SEM analysis of 
exp apices compared with wild type apices. Vegetative exp apex surrounded by spirally arranged leaves 
(C), reproductive exp apex showing floral organ primordia in all four whorls (D), reproductive wild type 
apex showing a terminal flower, floral meristem, and a sympodial meristem (E), reproductive exp apex 
that has just started to produce the first flower (F). Note that next to the terminal flower in wild type 
the next sympodial shoot is already well-developed (E), while no sympodial or floral meristem is to be 
seen next to terminal exp flowers (D and F). The dashed line in (F) indicates the area of the exp flower 
that lags behind in development. *, shoot apical meristem; lf, leaf; s, sepal; p, petal; st, stamen; c, carpel 
primordium; sm, sympodial meristem; fm, floral meristem; b, bract. Scale bars, 100 µm. (G) Structure of 
the EXP gene and mutant alleles. Rectangles indicate exons, thick lines introns; open circle, start codon; 
closed circle, stop codon. The triangles represent the dTPH1 transposon insertions in expW2115 and expH2011, 
the brackets in the dashed line indicate the minimal deletion in expE2222, and the G to A substitution at 
the last nucleotide of the second intron in expsym is shown. The uppercase C is the first nucleotide of 
the third exon. (H) EXP encodes a StMADS11-like transcription factor. The neighbor-joining tree is based 
on an alignment of amino acid sequences of conserved domains (Fig. S3). Bootstrap support values are 
displayed above branches as percentages of 1000 replicates. Ph, Petunia hybrida; Sl, Solanum lycopersicon; Am, 
Antirrhinum majus, At, Arabidopsis thaliana; St, Solanum tuberosum.
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Results

Wild type petunia and exp inflorescence development 

In petunia, the shoot apical meristem terminates in a flower, and inflorescence 
development is sympodially continued by a series of two-leaved sympodial shoots 
(Fig. 1B). These leaves are called bracts or prophylls (Napoli and Ruehle, 1996) 
(Chapter 2). In expW2115 mutants the cyme is reduced to a single flower, which has 
supernumerary floral organs, and one or two leaf- or bract-like organs just outside 
the sepal whorl, indicating that EXP is required for the development of sympodial 
shoots (Fig. 1B) (Souer et al., 1998). In forward genetic screens we isolated two 
additional alleles (expH2011 and expE2222) that specify the same phenotype (Fig. S1).

To determine whether exp blocks the initiation of sympodial meristems, or 
their subsequent development, we dissected exp apices that did not yet contain a 
floral bud that was visible with the unaided eye (Souer et al., 1998). In the large 
majority of these apices, the apical meristem dome was either still vegetative (i.e. 
surrounded by spirally arranged leaf primordia), or had switched to flowering and 
generated a flower that had already established organ primordia in all 4 whorls (Fig. 
1C-D). Next to such flowers both a floral and a sympodial meristem were visible in 
wild type (Fig. 1E), but in exp we did not observe lateral meristems (Fig. 1D). It was 
difficult to capture intermediate developmental stages in exp, as only two of the 

~100 examined apices contained a flower in a very early developmental stage. While 
in wild type flowers the five sepal primordia emerge one by one in a spiral pattern, 
and the five petal and stamen primordia appear simultaneously, we observed that 
in exp flowers, the initiation of petal and stamen primordia was uneven, and clearly 
lagged behind in one zone of the flower as compared to the rest of the flower (Fig. 
1F). These underdeveloped zones could be interpreted as sympodial meristems that 
are becoming incorporated into the apex.

Identification of EXP and analysis of exp alleles

expW2115 arose spontaneously among progeny of the EXP+ line W138 and is germinally 
unstable, as it reverts to wild type in ~ 0.5% of progeny. This suggested that expW2115 
contained an insertion of a dTPH1 transposon, which is the major cause of mutations 
in line W138. By transposon display (Fig. S2A) (Van den Broeck et al., 1998) we 
identified a MADS-box transcription factor encoding gene (Fig. 1G-H) that contained 
a dTPH1 transposon insertion in expW2115 mutants, but not in wild type siblings. In 
the eight germinal EXPREV revertants that we analyzed, this dTPH1 element had 
excised and created a footprint that restored the reading frame, while independent 
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excisions that created either a stop codon or a reading frame shift specified an exp 
mutant phenotype (Fig. S2B-C). The expH2011 allele, which also arose spontaneously in 
the W138 background, contains a dTPH1 insertion in the fifth intron (Fig. 1G). The 
dTPH1 insertions in both expH2011 and expW2115 severely reduce mRNA expression (Fig. 
S3A). The expE2222 allele arose spontaneously in an unrelated background. We could 
neither amplify any part of the coding region by PCR from expE2222 homozygotes nor 
detect sequences hybridizing to the full size EXP cDNA on DNA gel blots (Fig S3B), 
which indicates that expE2222 arose by a deletion that eliminated most, if not all, of 
the EXP coding region and an unknown amount of flanking sequences (Fig S3C).

Complementation tests showed that the sympodial (sym) mutation (Napoli and 
Ruehle, 1996) is allelic to exp, therefore we refer to sym as expsym. sym has an early 
flowering phenotype (Snowden and Napoli, 2003), which had gone unnoticed by 
us in exp (Souer et al., 1998). We identified a single-base substitution in the splice 
acceptor site of exon 3 (Fig. S3C) that results in the expression of a non-functional 
mRNA in which exon 3 is skipped and exons 2 and 4 are fused out of frame (Fig. 
S3C-D). Together these data show that the identified gene is identical to EXP and 
that exp is a null phenotype.

EXP is a MADS-box transcription factor 

EXP encodes a MADS-box protein that belongs to a sub-clade of the functionally 
diverse StMADS11-like subfamily (Fig. 1H, Fig. S4) (Becker and Theissen, 2003; 
Hartmann et al., 2000; Lee et al., 2008; Masiero et al., 2004; Szymkowiak and Irish, 
2006; Yu et al., 2002), which includes INCOMPOSITA (INCO) from Antirrhinum and SVP 
from Arabidopsis, which are floral meristem identity genes and negative regulators 
of flowering (Gregis et al., 2008; Hartmann et al., 2000; Masiero et al., 2004). Together 
with its close homolog AGAMOUS-LIKE 24 (AGL24) (Fig. 1D), which is a positive 
regulator of flowering (Michaels et al., 2003), and the floral meristem identity gene 
APETALA1 (AP1) (Mandel et al., 1992), SVP redundantly controls the development of 
floral meristems in Arabidopsis by repressing floral organ identity genes in early 
stages of floral meristem development (Gregis et al., 2008; Liu et al., 2009). EXP is 
most closely related to JOINTLESS (J) of tomato. In j mutants inflorescence meristems 
revert to vegetative growth after the production of a few flowers, which indicates 
that J prevents reversal of sympodial inflorescence meristems to a vegetative state 
(Mao et al., 2000; Szymkowiak and Irish, 2006; Szymkowiak and Irish, 1999).

Several experiments suggest that EXP protein is functionally similar to SVP, INCO 
and J. Firstly, a yeast two-hybrid screen of an inflorescence cDNA library with EXP as 
bait revealed that EXP can dimerize with a similar spectrum of MADS-box proteins 
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(Fig. S5) as SVP, INCO and J (de Folter et al., 2005; Hartmann et al., 2000; Leseberg et 
al., 2008). Furthermore, constitutive expression of EXP from a p35S:EXP transgene in 
Arabidopsis induces late flowering, floral reversions and shoot-like flowers, similar 
to constitutive expression of SVP and INCO (Fig. S6) (Masiero et al., 2004). Also the 
ectopic expression of EXP homologs from rice, barley and Eucalyptus in Arabidopsis 
causes similar phenotypes (Brill and Watson, 2004; Fornara et al., 2008; Trevaskis et 
al., 2007), but no loss-of-function mutants are available for those genes.

EXP mRNA is expressed at the earliest stages of sympodial meristem development

RNA in situ hybridization, and expression analysis of the GUS reporter gene that was 
driven by 1 kb of the EXP promoter (pEXP:GUS), revealed that, during the vegetative 
phase, EXP is expressed in the shoot apical meristem, throughout young leaves and 
in the veins of leaves (Fig. 2A-C). In the inflorescence sympodial meristems emerge 
between an apical floral meristem and the upper bract primordium, and become 
first evident as a small group of cells that expresses EVG (Fig. 2D) (Rebocho et al., 
2008). At this stage EXP is expressed throughout the developing sympodial meristem 
(Fig. 2E-F), while ALF is expressed in the apical floral meristem and in the bract 
primordia, but is excluded from the sympodial meristem (Fig. 2G). As the sympodial 
meristem develops EVG expression ceases quickly, but EXP mRNA expression persists 
in a cup-shaped domain around the center of the meristem (Fig. 2H), which now 
expresses ALF (Fig. 2I); the earliest detectable sign of floral commitment (Souer et 
al., 1998). Thus, the expression of EXP and ALF at these early developmental stages is 
mutually exclusive, which we confirmed by co-localizing EXP and ALF mRNA within 
the same apex (Fig S7). About one day later, the sympodial meristem has transformed 
into a determinate floral meristem, and a new sympodial meristem develops. This 
stage is marked by expression of the floral meristem identity gene DOT, which is first 
detected at the border between the floral meristem and the first sepal primordium 
(Fig. 2H) (Souer et al., 2008). By this time, EXP is no longer expressed in the floral 
meristem, but its expression persists in the pedicel (Fig. 1E and H, Fig. S7B).

Cymose branching is restored in exp/dot double mutants 

To examine the genetic interaction of exp with alf and dot we analyzed double 
and triple mutants. In alf and dot single mutants, floral meristem identity is not 
specified, and, consequently, flowers are transformed into shoots that continue to 
generate sympodial shoots (Fig. 3A) (Souer et al., 2008; Souer et al., 1998). In exp/
alf double mutants, cymose branching is inhibited; only an indeterminate, leafy 
monopodial shoot develops (Fig. 3B) (Souer et al., 1998). Because both phenotypic 
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Figure 2. Expression of EXP during vegetative and reproductive growth of wild type petunia.
(A-C) Expression of EXP during vegetative development as determined by (A) in situ hybridization 
(brownish signal) and (B-C) pEXP:GUS activity assay (blue signal) in leaf primordia (B), and young leaves (C). 
(D-E) In situ hybridization of EVG (red signal) and EXP (brown signal) in the same transverse inflorescence 
section. The section was first stained for EVG (D), and then double-stained for EXP (E). (F-G) Expression of 
EXP (brown, F) and ALF mRNA (dark brown, G) in longitudinal sections of similar stages of inflorescence 
development. (H) In situ hybridization of EXP (brownish) and DOT (red) in one inflorescence apex. (I) 
Expression of ALF (dark brown) at a similar stage of inflorescence development as in (H). From (F-G) to (H-I) 
takes about one day. *, shoot apical meristem; lp, leaf primordium; sm, sympodial meristem; fm, floral 
meristem; f, flower; b, bract; s, sepal primordium. Scale bars, 100 µm. The positions of the transverse (D-E) 
and longitudinal (F-I) sections in the inflorescence apices are indicated in cartoon insets.
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characteristics of reproductive growth, i.e. flower formation and cymose branching, 
are absent, it is difficult to judge whether this structure should be interpreted as a 
vegetative shoot that failed to switch to flowering, or as an indeterminate shoot-like 
flower. However, since the spiral leaf phyllotaxis remains unaltered, the vegetative 
developmental program seems to be continued, and therefore we suspect that the 
switch to flowering is (partially) blocked in exp/alf. Contrary to our expectations, 
the phenotype of exp/dot mutants was very different from that of exp/alf mutants. 
exp/dot mutants did switch from vegetative to reproductive growth, and generated 
an inflorescence with a normal cymose branching pattern in which each flower is 
transformed into a leafy shoot that did not branch and ended with the formation of 
an abnormal pistil (Fig. 3C). The phenotype of exp/alf/dot triple mutants was similar 
to that of exp/alf double mutants, consistent with the idea that exp/alf mutants are 
blocked at an earlier stage than exp/dot (Fig. 3D).

Figure 3. Genetic interactions of exp, alf and dot.
(A) alf single mutant. (B) exp/alf double mutant. (C) exp/dot double mutant. Note that the shoot-like flowers 
(f1-f5) form a cyme and all end in an abnormal pistil (inset). (D) exp/alf/dot triple mutant. (E-F) In situ 
hybridization of EXP mRNA (brownish) in alf (E) and dot (F) inflorescences. Red arrows mark ectopic EXP 
expression. (G) ALF expression (dark brown) in an exp/dot double mutant inflorescence. b, bract; sm, 
sympodial meristem; ‘fm’, homeotically transformed floral meristem. Scale bars, 100 µm. The positions 
of the longitudinal sections in the inflorescence apices are indicated in cartoon insets.
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These findings have important implications: (i) they reveal an unexpected 
difference in the function of ALF and DOT, and (ii) suggest that EXP and ALF (but not 
DOT) have a synergistic role in the switch from vegetative to reproductive growth 
and (iii) they show that EXP is not required for the initiation of sympodial meristems 
per se. Instead, the exp/dot phenotype indicates that exp partially represses the floral 
identity defect of dot, while dot fully represses the branching defect of exp, and thus 
suggests that EXP and DOT act antagonistically. This would imply that the lack of 
cymose branching in exp mutants results from precocious specification of floral 
identity in sympodial meristems and subsequent incorporation into the apical 
flower, similar to the defect caused by constitutive expression of DOT (Souer et al., 
2008).

To examine the antagonistic roles of EXP and the floral identity genes ALF and 
DOT in more detail, we examined gene expression patterns in mutants. In situ 
hybridization showed that EXP is ectopically expressed at the boundary between 
the bract and transformed floral meristem in alf and dot inflorescences, indicating 
that ALF and DOT antagonize EXP in part by repressing its transcription (Fig. 3E-F). 
We could not determine whether exp single mutants ectopically express ALF and 
DOT, since it was virtually impossible to capture exp meristems at the appropriate 
developmental stage (see above). However, we could determine that ALF expression 
in exp/dot double mutants is similar to that in wild type (Fig. 3G), suggesting that 
EXP does not repress floral identity by inhibition of ALF transcription.

p35S:EXP can restore cymose branching in p35S:DOT plants

To determine how EXP antagonizes DOT, we tested whether ectopic EXP expression 
could restore sympodial branching in the inflorescence of p35S:DOT plants. 
Expression of p35S:EXP in wild type did not affect cymose branching and had little or 
no effect on flowering time, but clearly affected flower development. That is, sepals 
were enlarged, sometimes to the size of leaves; corollas were greenish and did not 
fully open (partial loss of petal identity), and flowers were female sterile (Fig. 4A-B). 
The effect of p35S:SVP in petunia was similar to, but milder than that of p35S:EXP 
(Fig. S8A). When introduced in expsym, p35S:EXP rescued the mutant phenotype, and 
restored cymose branching (Fig. 4C-D). Since p35S:EXP was functional, and could 
replace endogenous EXP in cymose branching, we proceeded to cross p35S:EXP to 
p35S:DOT plants.

Plants containing both p35S:EXP and p35S:DOT flowered prematurely like p35S:DOT 
single mutants, but had normal leaves instead of the curled petaloid leaves that 
are typical of p35S:DOT (Fig. S8B). Most importantly, p35S:EXP frequently restored 
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cymose branching in a p35S:DOT background. These cymes contained wild type 
flowers, however, after the production of a variable number of flowers, cymose 
branching was consistently discontinued with the formation of a flower that had 
supernumerary floral organs like the flowers in exp and p35S:DOT (Fig. 4E-F, Fig. S8C). 
This reveals a causal relationship between flowers with supernumerary organs and 
the absence of a sympodial shoot. These data provide independent evidence that EXP 
represses the activity of DOT. The fact that p35S:EXP can also suppress the p35S:DOT 
phenotype implies that EXP does not, or not only, repress DOT transcription, but 
rather a downstream or parallel process that is required to establish floral identity. 
This is consistent with the observation that DOT mRNA expression in p35S:EXP and 
wild type inflorescences is identical (Fig. S8D-E). However, we could not determine 
whether the onset of DOT expression was altered in exp mutants (see above).

EXP can repress target genes of DOT: B-type floral organ identity genes 

Expression of p35S:DOT results in ectopic expression of B- and E-type floral organ 
identity genes (Krizek and Fletcher, 2005) in leaves, and their partial transformation 
into petals (Souer et al., 2008). However, expression of p35S:EXP abolished the 
p35S:DOT-mediated expression of the B-type type organ identity genes GREENPETALS 
(GP) and FLORAL BINDING PROTEIN 1 (FBP1) (van der Krol et al., 1993) (Fig. 4G), and 
the formation of petal tissue (Fig. S8B). This reveals that EXP can repress the 
transcriptional activation of at least one subset of DOT-target genes.

However, the repression of GP and FBP1 alone is not sufficient to restore cymose 
branching. We tested this by crossing p35S:DOT into gp mutants, which lack 
expression of both GP and FBP1 in the petal whorl, and consequently make sepals 
instead of petals (van der Krol et al., 1993; Vandenbussche et al., 2004). Despite the 
lack of B-gene expression, p35S:DOT still induced single flower inflorescences in gp 
mutants (Fig. S9). Furthermore, it has been reported previously that the exp and 
gp mutations are additive; double mutants produce petal lacking, single flower 
inflorescences (Souer et al., 1998). Thus, the exp phenotype is not, or not only, due to 
the failure to repress B-type organ identity genes.
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Figure 4. Constitutive expression of EXP and DOT has antagonistic effects on inflorescence development.
(A) Wild type petunia inflorescence. (B) p35S:EXP inflorescence. Compared with wild type, sepals 
are enlarged, petals are greenish and flowers do not fully open. (C) expsym mutant. (D) expsym mutant 
complemented by a p35S:EXP transgene. (E) exp-like, single flower inflorescence typical of p35S:DOT. (F) 
Inflorescence of wild type petunia expressing both p35S:EXP and p35S:DOT. Note that after four flowers 
(f1-f4) branching stops, and while f1 to f3 have normal numbers of floral organs, the last flower f4 has 
supernumerary floral organs (marked by white arrow). See also Fig. S8C. (G) RT-PCR on leaves of wild type, 
p35S:EXP, p35S:DOT, and p35S:EXP/p35S:DOT plants. p35S:EXP inhibits DOT-mediated transcription of B-type, 
but not E-type, MADS-box organ identity genes. The number of PCR cycles are indicated next to the gene 
names. -, water control; +, positive control.
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Discussion

In cymose inflorescences, the delayed specification of floral identity in lateral 
meristems (Koes, 2008; Prusinkiewicz et al., 2007) may either be accomplished by 
the delayed expression of positive regulators of floral meristem identity, or by the 
transient expression of (a) floral repressor(s). Because the constitutive expression of 
the floral identity gene DOT reduces the petunia cyme to a single flower (Souer et al., 
2008), we reasoned that loss-of-function mutants with a similar phenotype, such as 
exp, might define (part of) this hypothetical repressor function. However, also other 
kinds of defects, for instance that block the initiation of sympodial meristems, 
would cause such a phenotype. Our results show that EXP is not required for the 
initiation of sympodial meristems, but transiently represses their floral fate. This 
finding provides a missing piece of the puzzle of how cymes develop, and offers 
insight into the evolution of organism form in general.

It is striking that EXP and JOINTLESS (J) from tomato are so closely related, yet have 
opposite functions. While J is expressed in all types of meristems and prevents the 
reversion of sympodial inflorescence meristems to a vegetative state (Szymkowiak 
and Irish, 2006; Szymkowiak and Irish, 1999), EXP transiently represses floral identity 
in sympodial meristems. The discrepancy between the function of J and EXP might 
be due to differences in their expression pattern, the encoded proteins, and/or by 
differences in the way that petunia and tomato develop (see Fig. S10 for details). 
Alternatively, it might be that the functional EXP-homolog is not J, but another 
tomato gene.

The continuous repression of floral identity in the apical meristems of the 
racemose Arabidopsis and Antirrhinum inflorescences depends on the PEBP-like 
proteins TFL1 and CEN. However, molecular and genetic data indicate that TFL1/
CEN homologs do not specify cymose branching in tomato, tobacco and pepper 
inflorescences (Amaya et al., 1999; Elitzur et al., 2009; Pnueli et al., 1998). In turn, 
the EXP homologs SVP and INCO do not specify racemose branching in Arabidopsis 
and Antirrhinum (Hartmann et al., 2000; Masiero et al., 2004). This suggests that 
the repression of floral meristem identity in cymes and racemes relies, perhaps 
surprisingly, on distinct pathways that have no obvious mechanistic or evolutionary 
link. 

In Arabidopsis, SVP is a negative regulator of the switch to flowering and, 
redundantly with AGL24, transiently represses floral organ identity genes during the 
early stages of flower development. The transient repression of floral organ identity 
in lateral (floral) meristems by SVP resembles the repression of floral identity by EXP 
in lateral (sympodial) meristems of petunia. However, the distinct phenotypes of 
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exp and svp/agl24 show that this repression mechanism affects the development of 
both species in different ways. During evolution, a transcription factor may acquire 
a different function through alterations in (i) the encoded protein (ii) its expression 
patterns and genetic regulation or (iii) downstream target genes. We discuss each 
point below.

Firstly, SVP and EXP dimerize with a similar array of MADS box proteins in yeast, 
and cause similar a phenotype when constitutively expressed in Arabidopsis and 
petunia (Fig. 4A-B, S6, and S8A), which is indicative of similar proteins properties.

Secondly, the expression patterns of EXP and SVP are very similar. Both genes are 
expressed during vegetative growth throughout the shoot apical meristem, in leaf 
primordia, and in the veins of leaves (Fig. 2A-C) (Hartmann et al., 2000; Li et al., 2008). 
After the switch to flowering, SVP mRNA disappears from the apical meristem and 
is transiently expressed in lateral (floral) meristems. In stage two floral meristems, 
SVP is restricted to the lower part of the meristem, and its expression completely 
ceases after stage 3, when the first lateral organ primordia are formed (the sepals) 
(Hartmann et al., 2000; Liu et al., 2007; Smyth et al., 1990). Similarly, EXP is transiently 
expressed in the lateral (sympodial) meristems of petunia (Fig. 2). The difference 
is that the lateral meristems of petunia first produce two bracts before producing 
sepals; they do not terminate in a flower as quickly as the lateral meristems of 
Arabidopsis do.

Moreover, the genetic control of EXP and SVP displays some striking resemblances. 
SVP is ectopically expressed on the adaxial surface of sepals in floral meristem 
identity mutant backgrounds (Gregis et al., 2008; Liu et al., 2007). This resembles 
the misexpression of EXP in the floral meristem identity mutants alf and dot at the 
boundary between the bract and the homeotically transformed floral meristem (Fig. 
3E-F). Thus, the transcription of both EXP and SVP in lateral meristems is repressed by 
floral meristem identity in a similar way. Also, similar to exp, loss-of-function of SVP 
and its closest Arabidopsis paralog AGAMOUS-LIKE24 (AGL24) (Fig. 1G) causes the ectopic 
expression of floral organ identity genes in the lateral meristems of Arabidopsis. 
Consequently, these meristems acquire floral fate too early in development, which 
causes defects in flower development (Gregis et al., 2006,2008). 

Figure 5 illustrates how the loss of transient floral repression in the lateral 
meristems of petunia and Arabidopsis affects inflorescence development. In wild type 
petunia the main shoot terminates in a flower, and extension of the inflorescence 
depends on the development of a sympodial shoot, from which the next sympodial 
shoot develops, a pattern that is repeated indefinitely (Fig. 1A). We showed that 
in apical meristems, floral identity represses EXP expression, and that the reverse 
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happens in lateral meristems: EXP represses floral identity there (Fig. 5A). If the first 
sympodial shoot loses floral repression, which happens in exp mutants, both the 
apical and lateral meristem, i.e. the entire apex, will terminate in a flower, and, 
consequently, cymose inflorescence development is inhibited after the production 
of the first flower (Fig. 5B). However, in the racemose Arabidopsis inflorescence, 
TFL1 keeps the apical meristem indeterminate by repressing floral identity, while 
SVP and AGL24 redundantly repress floral identity in lateral meristems (Fig. 5C). 
If these lateral meristems acquire floral fate too early in development, as they do 
in svp/agl24 double mutants, flowers develop that have a reduced number of floral 
organs (Fig. 5D). However, because the apical meristem remains indeterminate, the 
racemose inflorescence architecture is not fundamentally altered. Thus, because of 
the different fates of apical meristems in cymes and racemes, the role of transient 
floral repression by EXP and SVP/AGL24 is different, but the mechanism is strikingly 
similar.

Thirdly, the function of a transcription factor may change by alterations in the 
spectrum of subordinate genes that it controls, for instance by the appearance or 
disappearance of responsive cis-regulatory elements in target gene promoters. Such 
a scenario contributed to divergence of, for example, the function of the HOX-gene 
Ultrabithorax during the evolution of insect wings (Carroll et al., 2004; Wagner, 2007). 
Constitutive expression of both EXP and SVP induces late flowering and shoot-like 
flowers in Arabidopsis, but has little or no effect on flowering and a milder effect on 
flower development in petunia. Also, the early flowering phenotype of svp mutants 
is (slightly) more severe than that of expsym mutants (Hartmann et al., 2000; Snowden 
and Napoli, 2003). Thus, the different effects of p35S:EXP and p35S:SVP in petunia and 
Arabidopsis are largely quantitative rather than qualitative, and are not necessarily 
due to alterations in target genes.

In conclusion, we have identified EXP as a major regulator of the previously 
unknown mechanism that transiently represses floral identity in sympodial 
meristems of petunia. This mechanism is a predicted feature of cymes in general, 
and has different roles in two different body plans. In the raceme Arabidopsis it 
prevents ectopic expression of floral organ identity genes, which would disturb 
flower development, while in petunia it allows that the inflorescence is sympodially 
extended. Arabidopsis and petunia might either have independently recruited the 
same genes, or adopted a conserved mechanism, to repress floral identity in lateral 
meristems for different purposes. Both evolutionary scenarios would have led to 
the situation in which a similar mechanism regulates the development of different 
structures in distinct species.
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Figure 5. The different roles of transient floral repression in the lateral meristems of cymose petunia and 
racemose Arabidopsis illustrated.
(A) In wild type petunia, floral identity is specified in the apical meristem, and in the lateral meristem 
floral identity is transiently repressed by EXP, to allow the formation of new lateral meristems. (B) In exp 
mutants, floral repression is lost in the lateral meristem, and therefore it will it acquire floral fate before 
a new lateral has been initiated. Consequently, the apical and lateral meristems are together converted 
into a single flower, and cymose branching is discontinued. (C) In wild type Arabidopsis, TFL1 keeps the 
apical meristem indeterminate by continuously repressing floral identity. In lateral meristems, SVP and 
ÁGL24 transiently repress floral identity, to prevent floral organs from developing too soon. (D) In svp/
agl24 double mutants, meristem activity in lateral meristems is prematurely lost, due to precautious 
development of floral organs, and therefore flowers develop that have reduced numbers of organs. Note 
that the inflorescence architecture remains racemose. Red, floral identity; blue, non-floral identity; 
white area, stem tissue.
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Materials and Methods

Plant material and mutant analysis

The unstable expW2115 allele arose among progeny of the petunia line W138, which contains about 200 

copies of the 284 bp dTPH1 transposon (Gerats et al., 1990), and the mutation was maintained by inbreeding 

in line W261. Germinal revertants were identified as wild type plants among W261 progeny, and these 

plants were all heterozygous for a revertant allele (EXPR1 to EXPR8) and the expW2115 allele. Revertant alleles 

were made homozygous by three successive rounds of selfing.

The expH2011 allele arose spontaneously in a W138 family that also segregated for hermitD2413 and a 

revertant allele (HERR5) (Chapter 4). expE2222 was identified in the fields of a breeder (Syngenta, Enkhuizen, 

the Netherlands) in a background that is unrelated to W138. The stable recessive expD40 allele arose in 

progeny of expW2115.

To generate exp/alf and exp/dot double mutants, expW2115 was crossed to either ALFW2167/+ or DOTA2232/+ 

heterozygotes, and double heterozygous F1 progeny was self-fertilized. The F2 of exp/alf segregated for 

wild types, alf mutants, exp mutants and exp/alf double mutants. In the F2 of exp/dot only wild types, exp 

mutants and dot mutants segregated, because of linkage of EXP and DOT. Therefore, we screened F2 plants 

that were homozygous for exp by PCR to select individuals that were heterozygous for dotA2232. These were 

self- or cross-fertilized to obtain exp/dot double mutants in the F3, or crossed to EXPW2115/+ALFW2167/+ double 

heterozygotes to obtain F4 populations segregating for exp/alf and exp/dot double mutants and exp/alf/

dot triple mutants. Plants were selected by phenotype and genotyped by PCR using primers flanking 

the dTPH1 insertions in expW2115 (5’-CTCCT T C T T C T C A A C T T CTATG-3’ and 5’-GAGGA T CC A T A G A G C A C A T A-

T TGGAG-3’), alfW2167 (5-‘CAGAT G G G A A C T G C T T G T TGGAG-3’ and 5’-TGGCC T T C C A A A A G T T A T G C ATGTC-3’), 

and dotA2232 (5’-CTATT G A C T T A G C T G T G GCTGG-3’ and 5’-TGGAC A A G G A G G A A T C CAAAC-3’).

p35S:EXP/p35S:DOT double transgenic plants were generated by crossing p35S:EXP plants (as father) to 

p35S:DOT plants (as mother). The progeny was scored by phenotype and analyzed by RT-PCR.

35S:DOT gp mutants were created by crossing 35S:DOT to the line R100, which contains an EMS induced 

gp allele, and self fertilization of the F1. The F2 progeny was scored by phenotype and analyzed by RT-PCR.

Scanning Electron Microscopy (SEM)

SEM analysis was performed as described previously (Souer et al., 1998).

Isolation of EXP

Because expW2115 is an unstable mutation, and most of the spontaneous mutations in W138 are caused by 

dTPH1 transposons, we anticipated that expW2115 contained a dTPH1 insertion. We used transposon display 

(Van den Broeck et al., 1998) to isolate EXP, following the protocol as described by (Rebocho et al., 2008). 

The full length EXP cDNA was obtained by 5’ and 3’ RACE (First Choice RLM-RACE Kit, Ambion) on cDNA 

from W138 inflorescence apices. The Genbank accession number of EXP is FJ666098.

Phylogenetic analysis

An amino acid sequence alignment of conserved domains (underlined regions in Fig. S4) was generated 

using ClustalX (1.83) (multiple alignment parameters set to: gap opening = 20 and gap extension = 1) 
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(Thompson et al., 1997). The neighbor-joining tree with bootstrap support values (1000 replicates, 

bootstrap support lower than 65% we considered unresolved) was calculated by PAUP 4.0b10 (Swofford, 

2003), rooted with FLC and visualized with TreeView version 1.6.6 (Page, 1996).

Statistical analysis of flowering time

We measured the flowering times of primary Arabidopsis (Columbia) transformants (empty vector control, 

p35S:EXP and p35S:SVP) by the number of rosette leaves at bolting. The plants were grown under a long-

day regime (16 hours light/8 hours darkness). The counted leaf numbers were statistically analyzed using 

One-Way ANOVA in SPSS (SPSS for Windows, Rel. 16.0.1. 2007. Chicago: SPSS Inc.).

DNA gel blot analysis

Genomic DNA was isolated as described by (Souer et al., 1995). 10 µg of genomic DNA was digested with 

EcoRI for 16 hours, phenol/chloroform (1:1) extracted, precipitated, resuspended, size-separated on a 

0.7% agarose gel (Sigma) and blotted onto Hybond-N+ membrane (Amersham). The blot was hybridized 

with a 32P-labeled EXP probe for 16 hrs and washed two times for 15 minutes in 2xSSC/0.1% SDS at 65ºC. 

After one day exposure the signal was detected using a Phosphorimager (GE Healthcare). The blot was 

subsequently stripped by boiling in 0.5% SDS for 5 minutes and re-hybridized with a 32P-labeled 18S 

rRNA probe. The EXP probe was amplified from W138 inflorescence cDNA using primers 5’-AACCA T G-

G C G A G A G AGAAG-3’ and 5’-CGGAT C C C A G C C C G A G T A G G G T A G CCCCA-3’, and the 18S rRNA probe from 

genomic W138 DNA using primers 5’-GAGACT G T G A A A C T G C G A ATGGC-3’ and 5’-GCAAT G A T C T A T C C C-

C A TCACG-3’.

Yeast two-hybrid

A yeast two-hybrid library screen was performed with the full length EXP coding sequence in a pBD-GAL4 

Cam phagemid vector (‘bait’, Stratagene) on a W138 inflorescence cDNA library (up to floral stage 4, (Maes 

et al., 2001)) in pAD-GAL4-2.1 (‘prey’, Stratagene) as described before (Quattrocchio et al., 2006). Yeast strain 

PJ69-4A with HIS3, ADE2 and LacZ reporter genes driven by different GAL4-responsive promoters (James 

et al., 1996) containing the bait was transformed with the cDNA prey library using the lithium acetate 

method (Gietz et al., 1992). The total number of transformants was 1.36 x 106. Colonies were grown for 

a few days on drop-out plates lacking leucine, tryptophan and histidine (-LTH) and were replica plated 

on plates lacking also adenine (-LTHA). Plasmid from HIS+/ADE+ yeast colonies was isolated, transformed 

into Escherichia coli (XL1-blue), sequenced, and interaction of the clones was confirmed by yeast two-hybrid 

assays.

Yeast two-hybrid assays were performed by co-transforming yeast with the EXP bait and the positive 

clones from the yeast two-hybrid library screen described above, or with the full coding sequences of 

FBP2, PFG, EXP and DOT in pAD-GAL4-2.1. 15 µl of overnight culture was spotted onto -LT, -LTH and -LTHA 

selective plates to assay activation of the LacZ, HIS3 and ADE2 reporter genes respectively. lacZ reporter 

activation was assayed by a semi-quantitative overlay assay. Yeast spotted and grown on -LT selective 

plates was permeabilized by chloroform, and subsequently covered with X-Gal containing top-agar (1% 

low melting point agar in 0.1M KPO4 buffer pH 7.0, 10 mg X-Gal, at 42ºC). Pictures were taken after an 

incubation period of 1 to 6 hours at 37ºC.
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RT-PCR analysis of p35S:EXP and/or p35S:DOT plants

Gene expression levels were determined by RT-PCR analysis as described previously (Quattrocchio 

et al., 2006). Total RNA was extracted using TRIzol (Invitrogen) and first strand cDNA was made with 

Superscript reverse transcriptase (Invitrogen) according to the manufacturer’s protocol. RT-PCR on first 

strand cDNA was performed with a reduced number of cycles that prevent saturation, using two gene-

specific primers (Table S1). The PCR products were run on agarose gels (Sigma), blotted onto Hybond-N+ 

membranes (Amersham) and hybridized with 32P-labeled gene-specific probes. Signal was detected by a 

Phosphorimager (GE Healthcare). We used ACTIN as a constitutively expressed positive control.

RT-PCR analysis of mutant alleles

We determined the mRNA profiles of the exp alleles by RT-PCR on first strand leaf cDNA, which was 

made as described above. The RT-PCRs on expW2115 and expH2011 were performed with primers 5’-AACCA-

T G G C G A G A G AGAAG-3’ and 5’-CGGAT C C C A G C C C G A G T A G G G T A G CCCCA-3’, the RT-PCRs on expsym with 

primers exp5 and exp10 (5’-GGAAT T C A A C T G C T A C TACTG-3’ and 5’-GCATT G T C T A T C C A T C A CACAC-3’), and 

primers exp12 and exp15 (5’-GAAAG A A A T T C T T G A G A G GCGTG-3’ and 5’-GGCAA T A A G C A T T T G T TCCTC-3’). 

We took GAPDH as a constitutively expressed control, using primers 5’-GGTCG T T T G G T T G C A AGAGT-3’ 

and 5’-CTGGT T A T T C C A T T A C A ACTAC-3’.

In situ hybridization

In situ hybridization was performed as described by (Souer et al., 1996) for single label hybridizations and 

adjusted according to (Rebocho et al., 2008) for double label hybridizations. Fluorescein-labeled (DOT and 

EVG) and/or digoxigenin (EXP and ALF) antisense RNA probes that spanned the full coding sequences were in 

vitro synthesized with T7 polymerase using the fluorescein and digoxigenin labeling kits (Roche) according 

to the manufacturer’s instructions. Post-hybridization washes included a 30 minute RNaseA treatment 

to eliminate non-specifically bound probe as well as cross-hybridization to related mRNAs (Rebocho et 

al., 2008). Digoxigenin-labeled probes were detected with an anti-digoxigenin antibody conjugated to 

alkaline phosphatase (Roche Applied Science) and Western Blue stabilized alkaline phosphatase substrate 

(Promega). This results in a brownish signal, which turns dark blue after dehydration in an ethanol series 

and mounting with Eukitt (Agar Scientific). Fluorescein-labeled probes were detected as a red signal using 

an anti-fluorescein antibody conjugated with alkaline phosphatase and Fast Red tablets (Roche).

Construction of transgenes and plant transformation

The p35S:EXP and p35S:SVP constructs were created by ligating BamHI/EcoRI-digested PCR fragments that 

were generated with Phusion High-Fidelity DNA Polymerase (Finnzymes) of their cDNA coding sequences 

in between the CaMV 35S promoter and the CaMV 35S terminator of the binary vector pGreen7K (Hellens 

et al., 2000). We amplified the EXP coding sequence from a petunia W138 meristem cDNA library (see 

‘yeast two-hybrid’ section) using the primers: 5’-CGGGA T C C A A A C C A T G G C G A G A G A G A A GATTC-3’ and 

5’-GGAAT T C T C G C C C T T C A G C C C G A G T A G GGTAG-3’. The SVP cDNA coding sequence we amplified from the 

SVP cDNA in pCR-BluntII TOPO (Hartmann et al., 2000) using primers 5’-CGGGA T  C C A A A C C A T G G C G A G A-

G A A A A GATTC-3’ and 5’-GGAAT T C T C G C C C T C T A A C C A C C A T A C G GTAAG-3’. Transgenic p35S:DOT lines have 

been described in detail previously (Souer et al., 2008).
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The pEXP:GUS construct contains 1 kb of promoter sequence and the first exon of EXP, which is fused 

in frame to the beta-glucuronidase (GUS) reporter gene. The EXP genomic region was obtained by PCR on 

W138 gDNA using primers 5’-GAGCT  A G A A T A C T C A A A G A G TTTGC-3’ and 5’-GCGAG C T C G C T T T T G T T C C C-

TCCTC-3’. The PCR products were NcoI/SstI digested and cloned into plasmid ABC53, which contains 

the GUS gene followed by the 3’-untranslated region of petunia CHALCONE SYNTHASE-a. The complete 

pEXP:GUS cassette was excised with EcoRI and HindIII and ligated into binary vector pGreen0029.

All transgenes were (re)sequenced before introduction into the transformable petunia line W115, 

or in V26/W138 F2 hybrids (expsym/sym) using Agrobacterium tumefaciens (strain AGL0) mediated leaf disc 

transformation (Horsch et al., 1985).

Arabidopsis thaliana (Columbia) was transformed with the floral dip method (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. Care was taken that for comparisons of phenotypes plants 

were grown side by side to exclude that any phenotypic differences resulted from (seasonal) variations 

in greenhouse conditions.

Whole mount GUS staining

Seedlings of four transgenic pEXP:GUS W115 lines were harvested when they had made one to three 

leaves. We accurately followed the whole-mount GUS staining protocol as described in (Weigel and 

Glazebrook, 2002). 

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® software.

GenBank accession numbers

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

following accession numbers: EXP (FJ666098), INCOMPOSITA (AJ699174), JOINTLESS (AF275345), SVP 

(AF211171), STMADS11 (AF008652), STMADS16 (AF008651), AGL24 (AF005158), FLC (NM121052), FBP1/PhGLO 

(M91190/AY532265), FBP2 (M91666), FBP4 (AF335234), FBP5 (AF335235), FBP9 (AF335236), FBP13 (AF335237), 

FBP23 (AF335241), FBP25 (AF335243), FBP26 (AF176783), FBP28 (AF335244), FBP29 (AF335245), GREENPETALS/

PhDEF (AY370519/DQ539416), PFG (AF176782), PMADS12 (AY370527), ALF (AF030171), DOT (EU352681)
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Figure S1. expW2115, expH2011, expE2222 and expsym have similar phenotypes.
(A) expW2115 (B) expH2011 (C) expE2222 (D) expsym. Note that all exp alleles reduce the multi-flower cyme to a single flower.

Figure S2. Cloning of EXP.
(A) Fragment of a transposon display gel. The black arrow indicates the EXP fragment. Genotypes are 
shown above the lanes. +, wild type allele; m, dTPH1 insertion allele; -, stable recessive allele; R7, revertant 
allele (B) Reversion analysis of exp. The region spanning the dTPH1 insertion was amplified from four 
primary germinal revertants (Rx/m), and homozygous mutant (m/m) siblings. PCR analysis of families 
segregating for expW2115 and revertant alleles, using primers flanking the dTPH1 insertion site. Genotypes 
are shown above the lanes. +, wild type allele; m, dTPH1 insertion allele; R1/4/5/6, revertant alleles (C) 
Partial sequences of wild type, expW2115 transposon insertion mutant, revertant and stable mutant alleles. 
The position of dTPH1 in expW2115 is indicated by the triangle, and the target site duplication sequence 
is shown in red. The eight revertant alleles (EXPR1 to EXPR8) specify wild type phenotypes, and contain 
footprints of 0 (EXPR1 to EXPR3), 3 (EXPR4) or 6 (EXPR5 to EXPR8) nucleotides. The six stable recessive excision 
alleles specify exp phenotypes, and contain footprints that cause frame shifts (expH57, expH77, expH84, expC2247, 
and expC2262) or created a premature stop codon (expC2267). Nucleotides that were inserted or deleted after 
dTPH1 excision are underlined or indicated by dashes respectively.

Supporting data
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Figure S3. Characterization of the expW2115, expH2011, expE2222 and expsym alleles.
(A) RT-PCR analysis showing that the expW2115 and expH2011 dTPH1 insertions severely reduce the mRNA levels. 
Numbers of PCR cycles are indicated. (B) DNA gel blot showing the deletion of the EXP locus in expE2222. 
The genotypes of the plants are indicated above the lanes. DNA was isolated from wild type (EXP+/+), a 
homozygous dTPH1 insertion mutant (expW2115/W2115), and four individuals from a family segregating for a 
stable recessive excision allele (expD40) and (expE2222). Left, ethidium bromide stained gel; middle, DNA gel 
blot hybridized with a 32P-labeled EXP–specific probe; right, the same blot as the middle panel, but stripped 
and hybridized with a 32P-labeled 18S rRNA-specific probe as hybridization control. (C) Top panel; schematic 
representation of the EXP genomic region. Indicated are the two primer pairs used for RT-PCR (see panel 
D) and the mutations in expW2115 and expsym. Lower panels; schematic representations of EXP mRNA in wild 
type, expW2115 and expsym. Due to the nucleotide substitution in the splice acceptor site of the third exon of 
expsym, the second and fourth exons are joined out of frame, creating a premature stop codon. Open circle, 
start codon; closed circle, stop codon. Grey boxes, open reading frame; black boxes, MADS-box; white boxes, 
5’- and 3’-untranslated regions; black lines, introns. (D) EXP RT-PCR on leaves of wild type and expsym plants. 
Note that the EXP transcript in expsym is shorter, because it lacks the third exon. The primer combinations 
used are indicated under the lanes, see panel C for their positions in EXP.
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Figure S4. StMADS11-like amino acid sequence alignment.
Amino acid residues are shaded black (identical) or grey (similar), with the threshold set to 50% 
using BOXSHADE (http://www.ch.embnet.org/software/ BOX_form.html). Hyphens indicate gaps. The 
underlined regions were used to construct the phylogenetic tree in Fig. 1H.
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Figure S5. A yeast two-hybrid screen with full length EXP fused to the GAL4 binding domain.
We identified twelve cDNAs (PIE01-PIE12) that encode distinct A-type, E-type, FLC-like, and SOC1-like 
MADS-box proteins. Under ‘class’ the type of MADS-box is indicated. FBP2, PFG, EXP and DOT are full 
length clones fused to the GAL4 activation domain that were tested separately for interaction with EXP. 
Note that EXP homodimerizes. Interaction is seen as growth on plates lacking histidine (-His), histidine 
and adenine (-His -Ade), or as blue staining with X-gal (LacZ).
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Figure S6. Similar effects of ectopic EXP and SVP expression in Arabidopsis: late flowering and floral 
reversions.
(A) Arabidopsis (Columbia) transformed with p35S:EXP (left), empty vector control (middle), and p35S:SVP 
(right). Ectopic expression of EXP and SVP causes late flowering compared with the empty vector control. 
See panel (G). (B-D) Top views of inflorescences of p35S:EXP (B) and p35S:SVP (D) showing leafy flowers 
compared with empty vector control inflorescences (C). (E-F) p35S:EXP (E) and p35S:SVP (F) can both cause 
floral reversions. Arrows indicate flowers that are replaced by indeterminate racemose shoots; the 
arrowheads point at the main stem. (G) Bar plot showing the mean number of rosette leaves of primary 
transformants: empty vector control (n=57, µ=12.40, S.E.M.=0.23), p35S:EXP (n=58, µ=15.95, S.E.M.=0.25), 
and p35S:SVP (n=29, µ=25.34, S.E.M.=2.25). Error bars represent 95% confidence intervals of the mean. The 
difference between the means is significant in a two-tailed test with  = 0.02, P ! 0,002 for each of the 
comparisons in One-Way ANOVA.
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Figure S7. Direct comparison of expression of EXP with EVG or ALF in wild type inflorescences by situ 
hybridization.
(A) Dark field micrographs of serial 8 µm thick longitudinal sections (#1 to #10) showing expression of 
EXP mRNA (yellow) and EVG mRNA (red). (B) Bright field micrographs of serial 8 µm thick longitudinal 
sections (#1 to #12) that were alternately hybridized with EXP and ALF mRNA (brown). The cartoon insets 
indicate the positions of the first and last tissue sections. sm, sympodial meristem; fm, floral meristem; 
f, flower. Scale bars, 100 µm.

!"#$%&'()&#*+,,---76 "012.1""---"34$5



chapter 4

87

EXTRAPETALS

Figure S8. Ectopic expression of SVP, EXP and DOT in petunia.
(A) p35S:SVP in petunia only affects flower development. Arrowheads indicate enlarged sepals of flowers 
that do not fully open. (B) Flowers (top) and leaves (bottom) of wild type, p35S:DOT, p35S:DOT in gp, and 
p35S:EXP/p35S:DOT plants. Note that both the supernumerary second-whorl organ and the curly leaf 
phenotype in p35S:DOT and p35S:DOT in gp are suppressed by p35S:EXP. (C) Top and side view of the 
terminal part of a p35S:EXP/p35S:DOT inflorescence branch in which cymose branching discontinued. 
Only and always the last flowers of such branches have supernumerary floral organs (arrows), just like exp 
and p35S:DOT flowers; flowers, which neighbor a sympodial shoot, all have the wild type number of floral 
organs. (D-E) As determined by in situ hybridization, the intensity and pattern of DOT mRNA expression 
(red) in p35S:EXP (D) and wild type (E) inflorescences are identical. sm, sympodial meristem; fm, floral 
meristem; b, bract; s, sepal primordium. Scale bars, 100 µm.
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Figure S9. Down-regulation of B-type genes does not restore cymose branching in p35S:DOT.
(A) p35S:DOT in gp (middle) and p35S:DOT in wild type (right) leads to equally early flowering compared with 
wild type (left), and both make single flower inflorescences. (B) RT-PCR on leaves of wild type, p35S:DOT, 
and p35S:DOT in gp. Transcription of E-type MADS-box genes is up-regulated by p35S:DOT in both wild type 
and gp. Transcription of both B-type MADS-box genes GP and FBP1 is down-regulated in gp, regardless 
of p35S:DOT expression. The number of PCR cycles is indicated next to the gene names. -, water control.
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Figure S10. Inflorescence development in petunia and tomato.
In both tomato (left) and petunia (right) the main stem ends in a flower after the switch to reproductive 
growth. In petunia the inflorescence is sympodially extended by a series of two-leaved shoots. Tomato 
inflorescence development is more complex, as two processes are involved. Firstly, the main axis of tomato 
is built of three-leaved shoots that end in a flower. Secondly, each of these flowers is the first flower of 
a series of flowers that we know as the tomato trusses, which also develop sympodially. Therefore, the 
petunia inflorescence may be compared either to the entire tomato inflorescence, or to a single tomato 
truss. We illustrated two evolutionary scenarios that could lead from a tomato inflorescence structure to 
a petunia inflorescence structure (Indicated as ‘1’ and ‘2’), and vice versa. In the first scenario, the tomato 
inflorescence loses one leaf per vegetative sympodial shoot and all the flowers of a truss (grey), except 
for the first one. In the second scenario, the tomato inflorescence loses the vegetative sympodial shoot 
(grey), and each sympodial shoot in the first (and only) truss gains one leaf per sympodial shoot (grey). It 
is not known whether the tomato or the petunia inflorescence structure is more ancestral. Regardless, 
if sympodial inflorescence meristems in a tomato truss are compared to the sympodial meristems of 
petunia, the expression patterns and associated knockout phenotypes of the key inflorescence genes 
ALF, DOT and EVG in petunia are very similar to those of their tomato homologs (Allen and Sussex, 1996; 
Lippman et al., 2008; Molinero-Rosales et al., 1999; Rebocho et al., 2008; Souer et al., 2008; Souer et al., 
1998). However, EXP and J are a clear exception to this rule. Assuming that a single petunia flower is 
the equivalent of a tomato truss, may explain the different phenotypes of exp and j; petunia would not 
produce a leafy cyme like j mutants do, if it does not produce a flower truss to begin with. However, at 
the same time, it raises questions, for example why the vegetative sympodial shoots are not affected 
in j, and why the above-mentioned key genes are so similar in tomato truss development and petunia 
inflorescence development. Thus, neither way of comparing the inflorescences of petunia and tomato 
provides a straightforward, satisfactory explanation for the opposite functions of EXP and J. This does not 
take away from the importance of the function of EXP to repress floral identity in sympodial meristems of 
petunia. For now, it remains an open question how floral identity is delayed in the sympodial meristems 
of tomato.

tomato petunia
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Table S1. Primers used for RT-PCR analysis
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