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Chapter 1 

For a number of reasons, plants have great potential as model organisms for 
addressing a fundamental question in biology: how did body plans diversify? The 
extensive diversity among (even closely related) plant species is particularly 
striking in the system of branches that bear the flowers, which is called the 
inflorescence. Based on their branching pattern, inflorescences are classified into 
three broad types: cyme, raceme and panicle. Arabidopsis and Antirrhinum 
produce racemes, whereas petunia produces a cyme. In forward genetic screens, 
which allow an unbiased identification of developmental mechanisms (as opposed 
to reverse genetics), we isolated petunia mutants that are defective in 
inflorescence branching. We characterized the phenotype of each mutant, 
identified the mutation that caused the phenotype, and determined which 
developmental mechanism was affected. Finally, we discuss the role of the 
identified mechanisms in the diversification of inflorescence architectures. Since 
flowers, leaves and branches are produced by meristems, which are the groups of 
stem cells at the growing tips of shoots, the research presented here is focussed 
on the development of meristems. 

Botanical terminology is rather elaborate, frequently ambiguous and notoriously 
confusing. In chapter two we make a plea for clarity. Also, we give a 
morphological and molecular description of cymose inflorescence development in 
petunia, based on which we argue that the petunia inflorescence does not develop 
by dichotomy, which has been proposed previously, but is truly sympodial. 
Furthermore, we briefly describe the inflorescence branching mutants aberrant leaf 
and flower (alf), double top (dot), extrapetals (exp), evergreen (evg), hermit (her) 
and veggie (veg), and discuss to what extent experimental data of petunia support 
the ‘transient model’. The chapter provides a basis for understanding chapters 
three and four. 

In chapter three we describe the characterization of the extrapetals (exp) 
mutant and the cloning of EXP. The name refers to (one type of) the 
supernumerary floral organs that exp flowers have, but actually the most striking 
defect of exp mutants is that they produce single terminal flowers, instead of 
cymes; sympodial shoots do not develop. The exp mutant has been described 
previously, but the supposed function of EXP was inaccurate. We now show that 
EXP encodes a MADS-box transcription factor that transiently represses floral 
identity in sympodial meristems. Loss-of-function of EXP leads to the premature 
specification of floral identity in sympodial meristems, and, consequently, cymose 
branching is inhibited. Our data reveal part of the previously unknown mechanism 
by which floral identity is delayed in the sympodial meristems of cymes. Similar 
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genes (SHORT VEGETATIVE PHASE (SVP) and AGAMOUS-LIKE24 (AGL24)) 
are also required for the transient repression floral organ identity in the lateral 
meristems of Arabidopsis. However, if SVP and AGL24 are mutated, Arabidopsis 
produces aberrant flowers, but the raceme is not fundamentally altered. Thus, a 
similar mechanism that transiently represses floral identity in lateral meristems has 
a different role in Arabidopsis and petunia. 

The characterization of the hermit (her) mutant and the cloning of HER are 
described in chapter four. her mutants are superficially similar to exp mutants, as 
they also lack sympodial shoots. We found that HER is a class I KNOTTED1-like 
homeobox (KNOX1) gene that is an ortholog of SHOOTMERISTEMLESS (STM) 
from Arabidopsis. We show that, in contrast to EXP, HER is not involved in the 
transient repression of floral identity in sympodial meristems, but rather is required 
for the initiation of sympodial meristems and/or their maintenance, and has a role in 
the termination of the shoot apical meristem. Strong loss-of-function stm mutants 
display a different phenotype than her mutants: they do not develop a shoot apical 
meristem. We did not find evidence of functional divergence between HER and 
STM, and show that the different phenotypes of her and stm are due to 
redundancy between HER and PETUNIA KNOTTED1-LIKE (PKL), which is a 
paralog of HER: her pkl double mutants phenocopy strong stm mutants. pkl single 
mutants are characterized by short internodes between leaves and pairs of bracts, 
and short pedicels. Our results demonstrate how alterations in KNOX1 gene 
expression might have contributed to the extensive diversification of inflorescence 
architectures found in nature. 

Chapter five is a Dutch summary of this thesis. I wrote it for people that are 
(completely) unfamiliar with the subjects that this thesis deals with.
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Abstract 
 

Flowering plants have developed many ways to arrange their flowers. A flower-
bearing branch or system of branches is called an inflorescence. The number of 
flowers that an inflorescence contains ranges from a single flower to endless 
flower-clusters. Over the last centuries, botanists have classified inflorescences 
based on their morphology, which has led to an unfortunate maze of complex 
botanical terminology. With the rise of molecular developmental biology, research 
has become increasingly focussed on how inflorescences develop, rather than on 
their morphology. It is the decisions taken by groups of stem cells at the growing 
tips of shoots, called meristems, on when and where to produce a flower or a shoot 
that specify the course of inflorescence development. Modelling is a helpful aid to 
follow the consequences of these decisions for inflorescence development. The so-
called transient model can produce the broad inflorescence types cyme, raceme 
and panicle, into which most inflorescences found in nature can be classified. The 
analysis of several inflorescence branching mutants has led to a solid 
understanding of cymose inflorescence development in petunia (Petunia hybrida). 
The cyme of petunia is a distinct body plan compared with the well-studied 
racemes of Arabidopsis and Antirrhinum, which provides an excellent opportunity 
to study evolutionary developmental biology (evo-devo) related questions. 
However, thus far, limited use has been made of this opportunity, which is, at least 
in part, due to researchers getting lost in a maze of botanical terminology. We 
discuss some general issues here, while focussing on inflorescence development 
in petunia. 
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Introduction 
 

Flowering plants (angiosperms) are a widespread, diverse and large group of 
approximately 260,000 described species that have long been admired for the 
endless variation in the shape, size and color of their flowers (Bell et al., 2005; 
Krizek and Fletcher, 2005). Besides being appreciated for their beauty, they 
provide us with numerous resources, of which food is arguably the most important 
one. A major determinant of crop yield is the way that a plant arranges its flowers 
(Wyatt, 1982). The flower-bearing branches of a plant are called the inflorescence, 
and the shape of an inflorescence is referred to as the inflorescence architecture 
(Rickett, 1944; Rickett, 1955; Weberling, 1989). Fig. 1 shows four basic 
inflorescence architectures: a single flower (A), raceme (B), cyme (C) and panicle 
(D).         

                                       

 
 

Fig. 1. Four basic inflorescence architectures: (A) a single flower; (B) raceme; (C) cyme; (D) 
panicle. 

 
Perhaps surprisingly, most inflorescences found in nature can be classified into 

one of these broad categories (Prusinkiewicz et al., 2007). Rather elaborate sets of 
descriptive terms are used to characterize subordinate architectural types. As 
straightforward as this classification system may seem, in reality there is no 
generally used, adequate system for the characterization and classification of the 
immensely diverse range of inflorescence architectures. Already over sixty years 
ago, Rickett pointed out that ‘the names applied to inflorescences were confused 
from the beginning’ (Rickett, 1944). Unfortunately, the puzzling maze of 
inflorescence terminologies has still not been solved; it is arguably even more 
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complex now than it ever was. For example, if one is to look up in literature the 
inflorescence type of the well known and extensively studied tomato plant 
(Solanum lycopersicon), one is sure to be left in total confusion, wondering whether 
the tomato inflorescence is correctly called a cyme, raceme, indeterminate cyme, 
racemose cyme, sympodium, or whether yet another new label should be 
introduced to define its inflorescence (Allen and Sussex, 1996; Cooper, 1927; 
Lippman et al., 2008; Molinero-Rosales et al., 1999; Molinero-Rosales et al., 2004; 
Quinet et al., 2006; Welty et al., 2007). Clearly, no science can afford to have its 
descriptive terms, which are supposed to clarify, be such major sources of 
confusion. 

Like tomato, petunia (Petunia hybrida) is a versatile model plant that belongs to 
the diverse Solanaceae family, which includes 3,000 to 4,000 species including 
pepper (Capsicum annuum), tobacco (Nicotiana tabacum), potato (Solanum 
tuberosum) and eggplant (Solanum melongela) (Gerats and Vandenbussche, 
2005; Knapp et al., 2004). Based on combined data from in situ hybridization 
experiments, sequential replica series of developing meristems and molecular 
analyses of mutants that are defective in inflorescence branching, we now have a 
detailed, solid understanding of inflorescence development in petunia at both 
morphological and molecular levels. The purpose of this review is to discuss and 
clear up some of the most relevant aspects of the persistent confusion and 
controversy concerning the classification of inflorescence architectures by means 
of a detailed description of inflorescence development in petunia. 

 
What is an inflorescence? 

 
One key source of confusion is the ambiguous meaning of the term 

inflorescence. Nowadays, the inflorescence of a plant is its reproductive part: the 
system of branches that bears the flowers, or other types of sexually reproductive 
structures (Benlloch et al., 2007; Prenner et al., 2009; Rickett, 1944; Rickett, 1955; 
Tucker and Grimes, 1999; Weberling, 1989). Thus, an inflorescence is a structure, 
the end product of a course of development. The original meaning of inflorescence 
was different. Carl Linnaeus applied the term inflorescence to the mode of 
flowering (Linnaeus, 1751; Rickett, 1944), so to him an inflorescence was not a 
structure, but a mode of development. The change in meaning of the word 
‘inflorescence’ is understandable, considering that past botanists were 
predominantly occupied with naming and classifying plants, not so much with 
understanding their development. 
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To understand the confusion that using the two different meanings of 
inflorescence creates, look again at Fig. 1. The single flower (Fig. 1A) and raceme 
(Fig. 1B) are obviously different under both interpretations of inflorescence. 
However, confusion sets in when the raceme and cyme are compared. From a 
developmental biologist’s point of view, a raceme and cyme develop quite 
differently. The raceme shown in Fig. 1B consists of a monopodial (continuous) 
main stem with lateral flowers. By contrast, the main stem of the cyme terminates 
in a flower, and growth continues from lateral shoots that also end in flowers, 
thereby creating a so-called sympodial (composite) main axis that is actually built 
of separate shoots (Rickett, 1944; Rickett, 1955). However, if we regard the 
inflorescence as a flower-cluster, the only difference between the cyme and 
raceme is that the cyme has a zigzag shaped stem, whereas the raceme has a 
straight stem. In nature this may be less obvious; the sympodial axis might 
straighten, creating the false impression of a monopodial axis with lateral flowers. 
Or, alternatively, a monopodial axis might have a zigzag shape. Indeed, practice 
shows that the flower clusters of cymes and racemes cannot be properly 
distinguished. At least in part, this has likely contributed to the ambiguous 
classification of tomato, and other species, as cymes or racemes. Therefore, it is 
reasonable that Troll and Weberling (Troll, 1964-1969; Weberling, 1989), who both 
define the inflorescence as a structure, state in their influential works that the 
‘distinction between cymose and racemose inflorescences is of an artificial nature’, 
and that ‘although a cymose form of branching exists …, … there is no such thing 
as a cymose inflorescence’. After all, under their definition of inflorescence, cymes 
cannot be properly distinguished from racemes. This creates the confusing 
situation in which a plant’s inflorescence may develop by cymose branching, but is 
not classified as a cyme. Regarding inflorescence as a mode of development 
makes the classification of inflorescences much more straightforward. 

According to Rickett (1944) ‘it would be foolish to attempt to change’ the 
definition of inflorescence to its original meaning. However, in present-day research 
it is usually used in this original sense: a mode of development. A prime example is 
the so-called transient model proposed by Prusinkiewicz et al. (2007). Since there 
seems to be a tendency to misinterpret and underestimate the value of the 
transient model (Alvarez-Buylla et al., 2007; Prenner et al., 2009; Prusinkiewicz 
and Coen, 2007), we will discuss its virtues in the next section. 
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The transient model: a unifying inflorescence model 
 

Separate developmental models for different inflorescence types have been 
proposed in the past, however, presuming that different inflorescence types are 
evolutionarily related and have diverged due to genetic changes, a model is 
required that can produce cymes, racemes, as well as panicles. The transient 
model by Prusinkiewicz et al. captures all three architectural types (Koes, 2008; 
Prusinkiewicz and Coen, 2007; Prusinkiewicz et al., 2007). In this model the level 
of a single continuous variable, called vegetativeness, determines whether 
meristems, which are the groups of stem cells at the growing tips of shoots, 
produce flowers or shoots. Vegetativeness is not a substance, but a quantitative 
measure of meristem identity; a simplifying abstraction of the many factors that 
may be of influence on the identity of meristems, such as plant age or complex 
molecular mechanisms. If, during a set time interval (a plastochron), the level of 
vegetativeness in a meristem remains high, it will produce a shoot that consists of 
an internode and a lateral meristem that is subtended by a leaf. However, if 
vegetativeness falls below a certain floral threshold the meristem will transform into 
a flower. If vegetativeness is uniformly decreased in all meristems, then after a 
period of branching all meristems will simultaneously terminate in flowers and a 
panicle will be formed (Fig. 1D). To generate racemes, the level of vegetativeness 
in lateral meristems is transiently decreased; therefore they reach the floral 
threshold before apical meristems do (Fig. 1B). If vegetativeness is transiently 
increased in lateral meristems, apical meristems will terminate in flowers before the 
lateral meristems do; a cymose inflorescence is formed (Fig. 1C). How the levels of 
vegetativeness specify the basic architectures of racemes, cymes and panicles is 
an easily grasped concept, but it is difficult to comprehend the precise course of 
inflorescence development over a number of plastochrons without the aid of 
modelling. Therefore, we recommend experimenting with the model by using the 
available software, to really get a full understanding of how the model works and to 
appreciate its full potential. 

Clearly, inflorescence architectures exist that require further elaboration of the 
transient model. For instance, besides the shoot or flower subtending leaves, 
meristems might produce additional leaves, as is the case in petunia, which we will 
show later. Also, other characteristics are not included in the model, such as the 
three-dimensional organization, branch lengths and the number of lateral 
meristems. However, including those aspects would probably only distract from the 
main focus of the model (Prusinkiewicz and Coen, 2007). As it is, the transient 
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model helps to comprehend the meaning and logic of differently regulated 
molecular mechanisms in the development of distinct inflorescence architectures in 
current model plant species. With research focused on inflorescence development 
still in its infancy, the model serves as a solid reference point based on which 
predictions can be made, hypotheses can be tested and more elaborate models 
can be built. The transient model also breaks with the past habit of labelling 
inflorescence architectures based on subjective criteria, due to loosely defined 
inflorescence types; an issue which we discuss next. 

 
The divergent definitions of cyme, raceme and panicle 
 

Whenever the terms cyme, raceme and panicle are used without further 
description, it is important to be aware that dictionaries and scientific literature 
contain divergent definitions of these terms (Benlloch et al., 2007; Prenner et al., 
2009; Prusinkiewicz et al., 2007; Rickett, 1944; Rickett, 1955). Particularly the term 
panicle should be treated with caution, as its definitions have always been vague 
and ambiguous (Rickett, 1944; Rickett, 1955). Panicles produced by the transient 
model are similar to those in the descriptions of Rickett (1955) and Weberling 
(1989). Definitions of inflorescence architectures often include whether an 
inflorescence is ‘open’ (indeterminate; axes do not terminate in flowers), or ‘closed’ 
(determinate; all axes terminate in flowers). Racemes are usually defined as ‘open’, 
which fits for example Arabidopsis (Arabidopsis thaliana) and Antirrhinum 
(Antirrhinum majus). However, in many (non-model plant) racemes the main axis 
does end in a flower, for instance blackberry and raspberry plants (Rickett, 1955). 
The transient model is in line with the existence of open and closed racemes; it 
depends on the decrease of vegetativeness in apical meristems. If during a plant’s 
lifetime vegetativeness in primary apical meristems reaches the floral threshold, it 
will be a closed raceme, if it does not, it will be an open raceme. Thus, a raceme is 
a monopodial inflorescence that can be either determinate or indeterminate. By 
contrast, cymes are always determinate in the transient model; any given stem is 
terminated by its first flower, and is sympodially continued via a series of lateral 
branches (sympodial shoots). These lateral branches are subtended by leaves, 
which are called bracts. Bracts are useful markers that help to distinguish between 
monopodial and sympodial development. For example, the bracts of Antirrhinum 
subtend the flowers, revealing its monopodial nature; the bracts in the cyme of 
petunia do not subtend the flowers, but the lateral shoots. However, bracts can be 
suppressed; in some species their growth aborts early in development. For 
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instance, judged by the naked eye, Arabidopsis plants may seem bractless, but by 
different techniques it has been shown that floral meristems actually arise in the 
axils of rudimentary bracts (Hepworth et al., 2006; Kwiatkowska, 2006; 
Kwiatkowska, 2008; Long and Barton, 2000). Similarly, no obvious bracts are 
present in the tomato inflorescence, but the presence of rudimentary bracts that 
subtend inflorescence meristems has been shown by scanning electron 
microscopy (Reinhardt and Kuhlemeier, 2002). Despite these reports, both 
Arabidopsis and tomato are still inaccurately described as bractless (Benlloch et 
al., 2007; Prenner et al., 2009).  

We will continue with a detailed description of inflorescence development in 
petunia. Besides the general issues related to inflorescences, we will deal with 
some cyme-specific controversies, and discuss to what extent the transient model 
holds up to our experimental data. 

 
Inflorescence development in petunia 
 
A short history 
 

The first petunia species was collected in the 18th century by the French 
naturalist Philibert Commerson on the north bank of the River Plate in what is now 
Uruguay. It was described for the first time by Jean-Baptiste Lamarck as Nicotiana 
axillaris (Lamarck, 1793). Seen through contemporary eyes, this name is a 
misnomer (Ferguson and Ottley, 1932). First of all, Nicotiana and Petunia are no 
longer considered that closely related that they belong to the same genus. In that 
sense, Antoine Laurent de Jussieu was more accurate in 1803, when he 
unwittingly described Lamarck’s Nicotiana axillaris under the name of Petunia 
nyctaginiflora, thereby founding the genus Petunia, a name he had derived from a 
Native American word for tobacco. In 1888, after a period during which at least 
three different names for the same species had existed (Sims, 1825), the final 
name became Petunia axillaris, which we still use today. However, settling on 
Petunia nyctaginiflora, though perhaps a bit of a tongue twister, would have been 
more appropriate, since axillary refers to the position of the flowers, which is not 
axillary, but rather apical. Apparently, neither Lamarck, nor Jussieu appreciated the 
cymose nature of the petunia inflorescence; the primary axis is terminated by the 
first flower and is continued sympodially by a series of axillary two-leafed shoots, 
which each terminate in a flower (Ferguson and Ottley, 1932; Napoli and Ruehle, 
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1996). Fig. 2A shows a petunia inflorescence. From Fig. 2A it is difficult to judge 
whether the main axis is built of separate shoots (Fig. 2B), or is continuous (Fig. 
2C). Fig. 2D shows the detail of a branching point. The axis that leads directly to 
the flower is continuous; the lateral shoot that leads to the next pair of bracts is an 
autonomous separate shoot that originates in the axil of a bract. This implies that 
the inflorescence of petunia is sympodial, thus a cyme. The petunia flowers are in 
an apical, and the shoots are in a lateral position, which is in contrast to the 
racemose (monopodial) inflorescence of for instance Arabidopsis, which has lateral 
flowers arranged around a continuous primary axis, as illustrated in Fig. 2C. In all 
fairness to Lamarck and Jussieu, both undisputed botanical heavyweights, the 
concepts of sympodial and monopodial would not be introduced for decades 
(Rickett, 1944). It is not our intention to criticize their judgment, but rather to 
illustrate the long history of confusing botanical terminology. 

 
Fig. 2. The petunia inflores-
cence. 
(A) wild type petunia 
inflorescence; (B) schematic 
illustration of a sympodial 
inflorescence; (C) schematic 
illustration of a monopodial 
inflorescence; (D) Close-up 
of a branching point in a wild 
type petunia inflorescence. 
Red arrow pointing at a 
flower indicates a continuous 
primary axis that will end in a 
flower, and to which both 
bracts belong. Green arrow 
indicates a lateral shoot. 
Black arrow indicates the 
cleft between the primary 
axis and the starting point of 
the lateral shoot. F1-9, 
flowers numbered in order of 
development; b, bract. 
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The petunia inflorescence is a monochasium 
 

In petunia, after a given shoot has terminated in a flower, only one sympodial 
shoot develops (Fig. 2A); this type of cyme is called a monochasial cyme, or 
monochasium. A dichasium has two, and a pleiochasium more than two sympodial 
shoots. There are four types of monochasial cymes: the drepanium, rhipidium, 
helicoid cyme (bostryx) and scorpioid cyme (cincinnus), which differ in the positions 
of the successive lateral shoots (Fig. 3). If the successive lateral shoots always 
appear on the same side of the sympodial axis, and the flowers in the resulting 
inflorescence are thus in one plane, with the oldest flower on one side and the 
youngest on the other, this is called a drepanium (Fig. 3A). If, however, the next 
shoot appears on the opposite side of the previous one, the flowers in the resulting 
inflorescence are also in one plane, but in this case new flowers appear in between 
the older flowers. This type of monochasial cyme is a rhipidium (Fig. 3B). In the two 
other types, the successive sympodial shoots appear in an angle between 0 and 
180 degrees to the previous one. If this angle is always in one direction, the result 
is a helicoid cyme, or bostryx (Fig. 3C), in which the flowers are ultimately arranged 
in a helix, and the youngest flower is in the center of the inflorescence. In the 
scorpioid cyme, or cincinnus (Fig. 3D), the new lateral shoots appear alternately on 
one and the other side of the axis. In this case the flowers are in a zigzag pattern, 
and the youngest flower is not in the center of the inflorescence, but on the outer 
edge of the inflorescence. This is why scorpioid cymes are usually (but not always) 
coiled like a scorpion’s tail.  

These botanical terms have been, and still are, misused, mixed up and 
inadequately explained by many (Prenner et al., 2009; Rickett, 1944; Rickett, 1955; 
Welty et al., 2007). This may hardly be surprising, considering that even Asa Gray, 
the most prominent American botanist of the 19th century, failed to grasp the 
essential distinctions, as he reckoned that a single name for all four kinds of 
monochasial cymes would be sufficient, based on the argument that scorpioid and 
helicoid cymes ‘are not always readily discriminated’ (Gray, 1879). We will not only 
show that this distinction is easily made, but also that it is an important aid to 
correctly interpreting molecular data, such as RNA in situ hybridizations. 
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Fig. 3. The four types of 
monochasial cymes: (A) 
drepanium; (B) rhipidium. Note 
that the drepanium and 
rhipidium are flattened in the 
plane of the paper; (C) helicoid 
cyme. Note that the flowers are 
arranged in a helical pattern; 
(D) scorpioid cyme. Note the 
twist that occurs in the 
scorpioid cyme as it turns away 
from the observer. Flowers are 
numbered in order of devel-
opment. The four flowers in the 
lower right corners show top 
views of the inflorescences. 
Illustrations after Gray (1879) 
and Rickett (1955). 
 
 
 
 
 
 
 
 
 

 
The petunia inflorescence is a scorpioid cyme 
 
Using the sequential replica method (Williams and Green, 1988), the late Paul 
Green (Silk, 2000) made a day-by-day scanning electron micrograph series of a 
single developing petunia inflorescence apex (Fig. 4). We digitally processed a 
hard copy picture of the series by scanning, coloring and removing the labels 
added by Green. The uncolored, scanned image of the original picture by Paul 
Green is available online as Supplementary Material. The first picture (Fig. 4A) 
shows a well-developed flower on the right (F1), of which all floral organ primordia 
are visible: five sepals, five petals, five stamens, and in the center the two fused 
carpels. To the left of this flower, a floral meristem (fm2), of which at this stage only 
the sepal whorl can be discerned, terminates a lateral shoot. The bracts labeled 
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‘b2’ belong to that same shoot, and in the axil of one of them the next shoot 
appears. The floral meristem at the tip of this shoot has yet to produce the first 
floral organ primordia (sepals), and in the axil of one of its bracts a sympodial 
meristem emerges that will again produce a shoot that consists of two bracts and a 
terminal flower. After a sympodial meristem has produced the two bracts, we label 
it a floral meristem.  
 

Fig. 4. Day-by-day scanning 
electron micrographs of casts 
of a developing petunia 
inflorescence apex. The apex 
shown in (J) is the same 
apex as shown (A), but 9 
days later. F, flower; sm, 
sympodial meristem; fm, 
floral meristem; b, bract, 
bracts that have the same 
number belong the same 
shoot; s, sepal; p, petal; st, 
stamen; c, carpel. Flowers 
and sepals are numbered in 
order of development. Scale 
bar, 100 μm. 
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Following the development of the sympodial meristem and the youngest floral 
meristem (fm3) from Fig. 4A to Fig. 4E, a number of things are noticeable. They 
are best seen in Fig. 4B, and are indicated in Fig. 5. Firstly, the bracts are not 
exactly opposite, but have a divergence angle of about 137.5 degrees: the ‘golden 
angle’ (Kuhlemeier, 2007) (Fig. 5A). Secondly, one bract is slightly ahead in 
development: there is an upper and a lower bract. Sympodial meristems always 
develop in the upper bracts (Fig. 5A). Thirdly, the sepals and bracts appear in a 
continuous spiral pattern (Fig. 5B).  
 

Fig. 5. Details of a wild type 
petunia inflorescence. 
(A) The angle between bracts 
that belong to the same shoot 
approximates 137.5 degrees; 
(B) Bracts and sepals that 
belong to the same shoot 
form a continuous spiral 
pattern; (C) EVG expression 
(red) in a transverse section 
of a wild type inflorescence 
apex. The white arrow 
indicates the sympodial 
meristem. Inset shows an 
evg mutant. F, flower; fm, 
floral meristem; b, bract, 
bracts that have the same 
number belong the same 
shoot; s, sepal; p, petal; st, 
stamen. Flowers and floral 

meristems are numbered in order of development. Scale bars, 100 μm. 
 

From Fig. 4A alone it is immediately clear that petunia is a scorpioid cyme. The 
flowers are not in one plane, which they would be if the inflorescence were a 
drepanium or rhipidium. If it were a helicoid cyme, then the sympodial meristem 
would emerge in the axil of the bract between fm3 and F1, in the middle of the 
image. However, the sympodial meristem arises in the axil of the other bract; at the 
edge rather than in the middle. Another, perhaps more comprehensible way to 
determine the scorpioid nature is to imagine that you are standing on the mature 
flower (F1), facing the next pair of bracts (b2 in this case); then the next flower 
(fm2) would appear to your left. Standing on fm2, the next flower would appear to 
your right. Thus, the position of subsequent flowers would alternate between your 
left- and right-hand sides. Knowing this, we can predict that, standing on the third 
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flower, the fourth flower (fm4) will appear to the left, which indeed it does (Fig. 4F). 
If petunia were a helicoid cyme, subsequent flowers would always appear on the 
same side; either right or left. Knowing that petunia is a scorpioid cyme makes it 
easy to distinguish young floral meristems from sympodial meristems, which are 
morphologically similar through a scanning electron microscope; see Fig. 4B, C 
and G. Also in transverse and longitudinal sections used for in situ hybridization 
experiments it is difficult to determine whether a gene is expressed in sympodial or 
young floral meristems. We experienced this while determining the expression 
pattern of EVERGREEN (EVG) (Rebocho et al., 2008). Since evg mutants lack 
flowers, we intuitively expected that EVG would be expressed in floral meristems. 
However, knowing that petunia is a scorpioid cyme, it was immediately clear from 
RNA in situ hybridization experiments that the meristems that express EVG 
actually are not floral meristems, but sympodial meristems (Fig. 5C).  

 
ABERRANT LEAF AND FLOWER and DOUBLE TOP as marker genes 
 

Most of the artificial coloring we did was straightforward, as structures such as 
bracts and floral organs are easily recognized by their shapes and positions. 
However, how we determined the sizes of the sympodial meristems in Fig. 4A, F 
and J may seem rather arbitrary; we seemingly could have colored a larger or 
smaller part blue, since at that stage there is no visible separation between floral 
and sympodial meristems. However, we relied on longitudinal sections from RNA in 
situ hybridization of two key genes that specify the floral identity of meristems: 
ABERRANT LEAF AND FLOWER (ALF) and DOUBLE TOP (DOT). ALF is the 
ortholog of LEAFY (LFY), and DOT is the ortholog of UNUSUAL FLORAL 
ORGANS (UFO) from Arabidopsis. In both strong alf and dot mutants, flowers are 
homeotically transformed into shoots that continue to produce bract-subtended 
sympodial meristems, thereby creating very similar flowerless inflorescences (Fig. 
6A) (Souer et al., 2008; Souer et al., 1998).  

Fig. 6 illustrates how the expression patterns of ALF and DOT help to map a 
petunia inflorescence apex. Fig. 6B shows an apparently uniform meristematic 
dome that is enclosed by two bracts. At this stage, it would be impossible to 
accurately draw a line that separates the sympodial meristem from the floral 
meristem. Fig. 6C shows the same inflorescence apex section as in Fig. 6B, but 
now it has been hybridized with a digoxin-labeled antisense RNA probe of ALF. 
This makes the sympodial meristem visible at its earliest stages of development as 
a small area between bract and floral meristem that lacks ALF mRNA.  
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Fig. 6. ALF and DOT as 
marker genes.  
(A) Inflorescence of an alf 
mutant. dot mutants have a 
similar phenotype (not 
shown). Note that shoots 
develop in place of flowers. 
(B) Transverse section of a 
wild type inflorescence apex. 
Note that there is no obvious 
morphological distinction 
between the bract, sympodial 
meristem and floral 
meristem. (C) The same 
transverse section as shown 
in (B), but now hybridized 
with a digoxin-labeled ALF 
antisense RNA probe. Dark 
staining indicates ALF 
expression. Compare with 
(B) and note that the 
sympodial meristem (sm) is 
visible as a region where 
ALF is not expressed.  

(D) Transverse section of a wild type inflorescence apex hybridized with a fluorescin-labeled 
DOT antisense RNA probe. Red color indicates DOT expression. Note that DOT is only 
expressed in the axil of the sepal, not in the axils of the bracts. (E) Weak dominant-negative 
alf phenotype of a transgenic petunia plant that has been transformed with a genomic ALF 
construct (ALFg). White arrows point to lateral shoots that grow from the axils of ectopic 
bracts. b, bract; sm, sympodial meristem; fm, floral meristem, F1-3, flowers in the order of 
development; b1-4, bracts in the order of development, bracts that have the same number 
belong the same shoot. Scale bars, 100 μm. 

 
Another challenge is to morphologically distinguish a meristem with associated 

bract primordia from a floral meristem that has just started to produce sepals. 
However, they can be easily distinguished by molecular criteria, because DOT is 
expressed in the axils of sepals, not in the axils of bracts (Fig. 6D). If DOT is not 
functional, which it is in both dot and alf loss-of-function mutants (Souer et al., 
2008), sepals will develop as bracts, from the axils of which sympodial meristems 
will arise, thus creating a flowerless inflorescence. Besides their specific 
expression patterns, ALF and DOT mRNA are, probably due to relatively high 
expression levels, easy to detect, and are expressed during all stages of 
inflorescence development. These properties make ALF and DOT very suitable 
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marker and control genes relative to which the expression of other genes can be 
mapped. 

Since ALF and DOT are such major determinants of flower formation, and 
therefore inflorescence architecture, it is expected that their reduced activity would 
lead to increased branching. This is obvious in strong transposon-induced alf and 
dot knockout mutants; the flowerless inflorescences (Fig. 6A). Weak alf and dot 
mutants that contain flowers with petal defects have been described, but those 
plants have normal monochasial branching inflorescences (Souer et al., 2008; 
Souer et al., 1998). Until now, intermediate phenotypes have never been 
described. We noticed intermediate alf phenotypes among wild type petunia plants 
that had been transformed with a construct that contains the genomic region of 
ALF (ALFg) (Fig. 6E). Of those plants, the internodes between bracts of the same 
shoot typically are much larger than they are in wild type, which makes it easier to 
see that the lateral shoots, not the flowers, are subtended by bracts. Most 
strikingly, although shoots do end with flowers, lateral shoots develop from the axils 
of leaf-like organs, which in wild type plants would develop as the first sepals. 
Presumably, the first sepal is homeotically transformed into a bract with associated 
sympodial meristem, because floral commitment is delayed due to reduced ALF 
activity. As a result, instead of ending with a single flower, shoots end with cymose 
clusters of flowers (Fig. 6E).  

In the terms of the transient model (Prusinkiewicz et al., 2007), both ALF and 
DOT are clear examples of genes required for the reduction of the levels of 
vegetativeness in meristems, so that it reaches the floral threshold, thereby making 
meristems terminate in flowers. Furthermore, the delayed expression of ALF and 
DOT in lateral meristems corresponds to a transient state of high vegetativeness in 
lateral meristems. We discuss whether the transient model could indeed produce 
the observed mutant phenotypes in the next section. 

 
Petunia inflorescence branching mutants and the transient model 
 

The transient model can readily simulate cymose, monochasial inflorescence 
development. However, the transient model produces only one type of 
monochasium: the drepanium. Incorporating the other types would go beyond the 
scope of the model, and really not add any value to it, because in terms of 
vegetativeness each type of monochasium develops similarly. 

Without the activity of DOT or ALF, vegetativeness would remain high in all 
meristems and a flowerless, infinite inflorescence would be the result, which indeed 

26  



Chapter 2 

is what alf and dot mutants look like (Fig. 6A). Following this logic, constitutive 
expression of ALF or DOT would make the level of vegetativeness reach the floral 
threshold prematurely; before bracts with associated new lateral shoots are 
produced. This predicts the production of an inflorescence that contains few 
flowers (Fig. 1A). Indeed, constitutive expression of DOT reduces the multi-flower 
petunia cyme to a single flowered inflorescence (Souer et al., 2008). By contrast, 
constitutive expression of ALF has no effect on inflorescence development 
whatsoever. However, this is because ALF activity depends on the post-
translational activation by DOT, which therefore is the limiting factor. Constitutive 
expression of DOT in the absence of ALF (in alf mutants) has no effect on 
inflorescence architecture either, however, when ALF and DOT are simultaneously 
constitutively expressed, flowering commences at the seedling-stage (Souer et al., 
2008).  

Constitutive expression of DOT, or ALF and DOT together, and alf and dot 
knockout mutants represent two extremes of the level of vegetativeness; a very 
fast decline and a very slow decline respectively. In these cases the outcome may 
seem obvious, but predicting the inflorescence architecture when levels of 
vegetativeness are intermediate is difficult without modeling. Using the software, 
we could reproduce the intermediate alf phenotype (Fig. 5E) by reducing the 
decline of vegetativeness. Thus, the transient model can account for most 
empirical data on ALF and DOT. 

Other inflorescence branching mutants are shown in Fig. 7. In the late-flowering 
mutant veggie, termination of a sympodial meristem in a flower is much delayed; 
instead of two bracts, a series of leaves precedes each flower, but the monochasial 
nature of the inflorescence is unaffected (Fig. 7A and B) (I. Roobeek, unpublished 
results). If the level of vegetativeness is increased in sympodial meristems of 
veggie, increased branching would be expected, but this is not observed. One 
explanation is that lateral meristems have such high levels of vegetativeness that, 
instead of bracts, they produce vegetative leaves first, which do not subtend 
sympodial meristems. In general, bracts are usually smaller and narrower than 
vegetative leaves, but they are difficult to distinguish by morphology alone. In 
addition to morphological clues, certain MADS-box transcription factors are 
expressed in bracts, but not in vegetative leaves, or vice versa (Ferrario et al., 
2003; Immink et al., 2003), by which we have determined the vegetative identity of 
the leaves in veggie inflorescences (I. Roobeek, unpublished data). Thus, even 
though the transient model cannot produce a veggie inflorescence, which is 
because the model does not produce vegetative leaves, but only shoot or flower 
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subtending leaves, the veggie phenotype can be explained in terms of the concept 
of vegetativeness underpinning the model. Both extrapetals (exp) and hermit (her) 
mutants have a single flower inflorescence, similar to transgenic plants that 
constitutively express DOT (Fig. 7C and D); after the main axis has terminated in a 
flower, no sympodial shoots develop. This makes EXP and HER candidate genes 
that control the repression of floral identity in sympodial meristems, or in other 
words, promoters of vegetativeness. Indeed, we have now shown that EXP 
transiently represses floral identity in sympodial meristems. Cymose branching is 
inhibited in exp mutants, because sympodial meristems acquire floral identity 
before they have produced bracts, and become incorporated in the first flower 
(Chapter 3). However, HER does not control the level vegetativeness in sympodial 
meristems, but rather is required for their initiation and/or maintenance (Chapter 4).  

 
Fig. 7. Inflorescences of wild 
type petunia and mutants. (A) 
Wild type; (B) veggie; (C) 
extrapetals; (D) hermit. F, 
flower; b, bract, bracts la-
beled with the same number 
belong the same shoot; l, 
vegetative leaf. Flowers are 
numbered in order of 
development. 
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The exp and her mutants are examples of how similar inflorescence phenotype 
can be caused by distinct mutations in apparently unrelated pathways. Either 
sympodial meristems acquire floral identity prematurely (exp), or fail to initiate 
and/or maintain themselves (her); both defects effectively abort cymose branching. 
As the transient model predicts, branching can be restored by increasing the level 
of vegetativeness in sympodial meristems in both exp and transgenic plants that 
constitutively express DOT. In exp this is accomplished by mutating DOT, and 
constitutive expression of DOT can be antagonized by constitutive expression of 
EXP: both exp dot double mutants and plants that constitutively express both DOT 
and EXP simultaneously, produce monochasial cymes. As expected, cymose 
branching in her mutants is not restored in a dot mutant background (Chapter 3 
and 4). 

Thus, our experimental data illustrate that the transient model is simplistic, but 
they do not undermine the underlying core principles of the model. 

 
The ontogeny of cymose branching in petunia 
 

The series of the petunia inflorescence apex shown in Fig. 4 is morphologically 
very similar to scanning electron micrographs of inflorescence apices of tomato, 
potato and tobacco, which are all closely related to petunia (Allen and Sussex, 
1996; Green and Linstead, 1990; Hart and Hannapel, 2002; Reinhardt and 
Kuhlemeier, 2002; Welty et al., 2007). Yet, there are two schools of thought on the 
ontogeny of their inflorescences. One is that after the main stem (or the previous 
sympodial shoot), has ended in a flower, sympodial meristems arise in the axils of 
bracts (Elitzur et al., 2009; Lifschitz and Eshed, 2006; Lippman et al., 2008; Pnueli 
et al., 1998; Reinhardt and Kuhlemeier, 2002); and the other is that lateral shoots 
are produced by bifurcations of the main apex, thereby maintaining an 
indeterminate apical meristem (Allen and Sussex, 1996; Hart and Hannapel, 2002; 
Quinet et al., 2006; Welty et al., 2007). Such contrasting views on a basic issue are 
undesirable, as they add confusion to a field that already is bothered by 
troublesome terminology.  

The splitting of an inflorescence meristem into two halves, of which one 
differentiates into a flower, and the other half will divide again into two parts, is a 
process known as dichotomy (Nolan, 1969; Rickett, 1944). The concept that 
cymose inflorescences are produced by dichotomy may have been invoked to 
explain the existence of putatively bractless cymose inflorescences. It was 
accepted during a period of the second half of the 19th century, but had largely 
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been discredited and ignored, until it received renewed attention after Allen and 
Sussex (Allen and Sussex, 1996), based on scanning electron micrographs, had 
argued that the inflorescence meristems of tomato produce floral meristems by a 
series of unequal divisions. Their view is shared by others (Quinet et al., 2006; 
Welty et al., 2007). However, these authors ignored that the inflorescence 
meristems in tomato are subtended by rudimentary bracts, in the axils of which 
they might have been initiated. This raises the question whether truly bractless 
Solanaceous inflorescences exist at all. A careful reinvestigation into the possible 
development of bracts in putatively bractless species, for instance potato (Hart and 
Hannapel, 2002), may lead to the conclusion that truly bractless inflorescence 
branching, at least among the Solanaceae, is a botanical myth. Therefore, until 
convincingly shown, perhaps it would be best to avoid using the term bractless in 
the description of inflorescence development in a given species.  

At first sight, the cleft that is formed in between sympodial and floral meristems, 
as seen through a scanning electron microscope, is suggestive of a bifurcating 
meristem. However, because of the nature of scanning electron microscopy the 
images are entirely in focus, sympodial and floral meristem domes appear flatter 
and therefore smaller than they really are. This makes sympodial meristems visible 
only when they are fairly well developed, and it also makes sympodial and floral 
meristems seem of approximately equal size, while from in situ hybridized sections 
it is clear that sympodial meristems initiate as small groups of cells in the axils of 
bracts, and that floral meristems are much larger than sympodial meristems. 
Another factor that contributes to the appearance of a bifurcating meristem is the 
vigorous growth of sympodial meristems directly on the flanks of floral meristems, 
by which they push the flowers aside, which makes them seem to appear 
suddenly, especially in images that are not part of a chronological series. 
Furthermore, the fact that the bracts and sepals that are produced by a sympodial 
meristem form a continuous spiral supports the idea that the main axis is built of 
separate shoots. From an evolutionary point of view, branching from the axils of 
bracts is the most parsimonious scenario, which makes it straightforward to 
compare petunia inflorescence development to that of the racemes Arabidopsis 
and Antirrhinum. Taking all observations into account, we favor the view that 
monochasial branching in petunia occurs sympodially from the axils of bracts, not 
monopodially by the division of meristems. Since petunia, tomato, potato and 
tobacco are such closely related species, we might expect that their mode of 
development will be similar and that either all or none of the inflorescences would 
develop by dichotomy.  
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Concluding remarks 
 

In this review, we hope we have illustrated that the current botanical jargon is 
confusing and understandably discouraging to scientists who might consider 
joining the field. It is natural for the meaning of terms to change over time as 
science advances, but if terms are applied too loosely, they risk becoming 
meaningless and confusing. The terms cyme, raceme and panicle, as we have 
applied them to the main broad types of inflorescence architectures, refer to distinct 
modes of development, which are in agreement with the transient model of 
(Prusinkiewicz et al., 2007). Cymes and racemes may occasionally produce 
morphologically similar structures, but nevertheless in essence they develop quite 
differently and represent different body plans: sympodial and monopodial, 
respectively. Since advanced molecular tools are available for a variety of 
(relatively closely related) species that have different body plans, plants are 
promising models for evolutionary developmental biology (evo-devo), but, 
unfortunately, have been neglected in that field (Jenner and Wills, 2007). Possibly, 
this has to do with the existing maze of botanical terminology, in which one is easily 
lost. 

One way out of the current maze is to refrain from needless botanical jargon, 
and be clear and precise what a particular term means. Using the technical term 
inflorescence when describing a flower-cluster or the reproductive part of a plant, 
does not promote effective communication between scientists from different 
backgrounds. Neither does referring to the sepal whorl as the calyx, to give another 
example. Walls of mystery around any science should be broken down by the use 
of clear language. In that spirit, we made an effort to give a detailed description of 
inflorescence development in petunia that would be intelligible not only to 
specialists, but also to the broad range of scientists unfamiliar with the field. 
Besides explaining the meaning of certain concepts, we emphasized on their uses. 
Knowing the different types of monochasial cymes by heart is of little practical 
value, if it is not understood how that information helps to interpret experimental 
data. We are aware that at some points this effort may have gone at the expense 
of the degree of detail that would be of interest to certain specialists, which we 
hereby refer to the more detailed reports from our lab and to those of others. As for 
other readers, we hope to have provided an inviting insight into the exciting field of 
inflorescence research in general, and into the petunia field in particular. 
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Supporting Figure 1 
 

Fig. S1. The uncolored day-
by-day scanning electron 
micrographs of casts of a 
developing petunia inflores-
cence apex. Made by the late 
Paul Green. See main Fig. 4. 
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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) 
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(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, 
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 
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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. 

 
Figure 1. Recessive muta-
tions in EXP inhibit cymose 
branching in the inflo-
rescence 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 
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(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 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 
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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 (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 to 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 
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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). 

 
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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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 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). 

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 
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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.  
 

 
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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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 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). 
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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. 
 
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 
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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. 

 
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. 
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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 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. 
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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 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. 
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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. 

 
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 
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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. 

 
Supporting Figures 
 

 
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. 
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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. 
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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 
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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. 
 
 

 
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 α = 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. 
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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. 
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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 
(CTCCTTCTTCTCAACTTCTATG and GAGGATCCATAGAGCACATATTGGAG), 
alfW2167 (CAGATGGGAACTGCTTGTTGGAG and TGGCCTTCCAAAAGTTATGC 
ATGTC), and dotA2232 (CTATTGACTTAGCTGTGGCTGG and TGGACAAGGAGG 
AATCCAAAC). 

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. 
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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 by 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) (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.). 
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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 AACCATGGCGAGAGAGAAG and CGGATCCCAGCCCGAGT 
AGGGTAG CCCCA, and the 18S rRNA probe from genomic W138 DNA using 
primers GAGACTGTGAAACTGCGAATGGC and GCAATGATCTATCCCCATC 
ACG. 

 
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 
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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. 

 
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 AACCATGGCGAGAGAGAAG and 
CGGATCCCAGCCCGAGTAGGGTAGCCCCA, the RT-PCRs on expsym with 
primers exp5 and exp10 (GGAATTCAACTGCTACTACTG and GCATTGTCTATCC 
ATCACACAC), and primers exp12 and exp15 (GAAAGAAATTCTTGAGAGG 
CGTG and GGCAATAAGCATTTGTTCCTC). We took GAPDH as a constitutively 
expressed control, using primers GGTCGTTTGGTTGCAAGAGT and CTGGTTA 
TTCCATTACAACTAC. 

 
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 
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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: CGGGATCCAAACCATGGCGAGAGAGAAGATTC and GGAATTCTC 
GCCCTTCAGCCCGAGTAGGGTAG. The SVP cDNA coding sequence we 
amplified from the SVP cDNA in pCR-BluntII TOPO (Hartmann et al., 2000) using 
primers CGGGATCCAAACCATGGCGAGAGAAAAGATTC and GGAATTCTC 
GCCCTCTAACCACCATACGGTAAG. Transgenic p35S::DOT lines have been 
described in detail previously (Souer et al., 2008). 

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 GAGCTAGAATACTCAAAGAGTTTGC and GCGAGCTCGCTTTTGTT 
CCCTCCTC. 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). 
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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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Abstract 
 
Research on the diversification of inflorescence architectures has mainly 

focused on the spatiotemporal regulation of floral meristem identity, but not all of 
the variation in inflorescence architecture can be explained in terms of floral 
meristem identity. The phenotype of petunia her mutants suggests that the function 
of HER is important for the diversification of distinct inflorescence architectures. In 
her mutants, after the main apex has ended in an aberrant flower, the inflorescence 
is not sympodially extended and, consequently, the petunia cyme is reduced to a 
single flower. We show that the her phenotype is caused by a loss-of-function 
mutation in a class I KNOTTED1-LIKE homeobox gene (KNOX1). KNOX1 genes 
are known to control many aspects of plant development, but their role in the 
diversification of inflorescence architectures has not been well established, mainly 
due to the lack of loss-of-function mutants in species with distinct inflorescence 
architectures. Our functional analysis of the paralogs HER and PETUNIA 
KNOTTED1-LIKE (PKL) reveals the role of KNOX1 genes in cymose inflorescence 
development in petunia, and shows how alterations in KNOX1 genes, in addition to 
alterations in the regulation of floral meristem identity, might have contributed to the 
widespread, extensive variation in inflorescence architectures that is found in 
nature. 
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Introduction  
 
Development of the aerial part of most flowering plants (angiosperms) can be 

divided into a vegetative and a reproductive phase. During the vegetative phase 
only leaves are produced, and during the reproductive phase (also) flowers are 
produced. Between species there is extensive variation in the number of flowers 
that are produced and the way they are arranged on the plant body. The branches 
that bear the flowers are called the inflorescence. Inflorescence architectures have 
been classified according to their branching patterns into three broad types, known 
as raceme, cyme and panicle (Rickett, 1944; Weberling, 1989; Prusinkiewicz et al., 
2007). As each inflorescence type represents a distinct body plan, and 
inflorescence architecture is a major factor determining reproductive success and 
crop yield, studying inflorescence development is interesting from the perspective 
of both evolutionary developmental (‘evo-devo’) biologists and plant breeders. 

The inflorescences of the model plant species Arabidopsis thaliana and 
Antirrhinum majus are racemes; they consist of a continuous main stem with 
spirally arranged lateral flowers. In contrast, petunia (Petunia hybrida) and most 
other members of the family Solanaceae (nightshades), such as tomato (Solanum 
lycopersicon), tobacco (Nicotiana tabacum) and potato (Solanum tuberosum) 
produce cymes (Rickett, 1955). In cymes the main stem ends in a flower, and 
growth continues via lateral branches that also end in flowers. These lateral shoots 
are called sympodial shoots and are characteristic of cymes (Rickett, 1944; 
Weberling, 1989). 

It is the behavior of groups of stem cells located at the growing tips of shoots, 
called meristems, which determines the course of inflorescence development, as 
meristems decide when and where branches and flowers are formed. The 
molecular mechanisms that specify the racemes of Arabidopsis and Antirrhinum 
have been (partially) identified. Simplified, in Arabidopsis the gene TERMINAL 
FLOWER1 (TFL1) maintains the shoot apical meristem (SAM) undifferentiated by 
preventing the expression of the floral meristem identity genes LEAFY (LFY) and 
APETALA1 (AP1), which are expressed in the lateral floral meristems, where they 
specify floral meristem fate and directly activate the transcription of floral organ 
identity genes (Shannon and Meeks-Wagner, 1991; Bradley et al., 1997; Ohshima 
et al., 1997; Krizek and Fletcher, 2005). The more complex program of cymose 
inflorescence development is less well understood. Studies in petunia and tomato 
indicate that in cymes and racemes floral identity of meristems is specified by 
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homologous genes, of which the expression patterns have diverged consistent with 
the different positions where flowers are formed (Souer et al., 2008).  

To better understand cymose inflorescence development, we used random 
transposon mutagenesis to identify petunia mutants defective in cymose branching. 
We identified two superficially similar mutants: extrapetals (exp) (Souer et al., 
1998) and hermit (her). In both exp and her the development of sympodial shoots 
is inhibited, resulting in a single flower inflorescence. Since this involves a change 
between two inflorescence architectures that are found in nature, this suggests that 
alterations in EXP and HER may have been critical steps in the evolution of distinct 
inflorescence architectures. We have previously shown that EXP encodes a 
MADS-box transcription factor that transiently represses floral identity in sympodial 
meristems (Chapter 3).  

Here we show that HER encodes a transcription factor of the class I 
KNOTTED1-like homeobox (KNOX1) family, which are known to play critical roles 
in the patterning of both animals and plants (Burglin, 1997, 1998). HER is an 
ortholog of SHOOTMERISTEMLESS (STM) from Arabidopsis. In contrast to her, 
stm null mutants lack a SAM (Long et al., 1996). By genetic and functional analysis 
of PETUNIA KNOTTED1-LIKE (PKL), which is an ortholog of KNOTTED1 from 
maize, we found that the phenotypic difference between her and stm is caused by 
equal functional redundancy between HER and PKL in the initiation and/or 
maintenance of the petunia SAM. Furthermore, we show that HER does not 
repress floral identity in sympodial meristems like EXP does, but is required for the 
initiation and/or maintenance of sympodial meristems. We provide an explanation 
why this function is not shared by a HER paralog. Finally, we discuss the 
evolutionary implications of our data regarding the possible role of KNOX1 
homeobox genes in the diversification of inflorescence architectures. 
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Results 
 
Development of wild type petunia and hermit mutants 
 

In wild type petunia the main shoot terminates in a flower after the production of 
a number of vegetative leaves. The inflorescence is extended by a so-called 
sympodial shoot that arises from the axil of the last formed leaf. After the 
production of two leaves, which are called bracts or prophylls, this new shoot also 
terminates in a flower. A similar sympodial shoot will develop from the axil of the 
uppermost bract, and as this pattern is repeated, a multi-flower cyme is formed 
(Figure 1A) (Napoli and Ruehle, 1996) (Chapter 2). To identify genes that control 
cymose inflorescence development, we screened progeny of the petunia line W138 
for plants displaying aberrant inflorescence morphology, and identified a mutant 
that we named hermitD2413 (her).  

During vegetative development, her mutants are indistinguishable from wild 
type plants (Figures 1A and B). However, her mutants are readily distinguished 
after the production of the first flower, which is severely distorted: unfused petals, 
petaloid stamens and frequently aberrant pistils are characteristic of her flowers 
(Figure 1C and D). Although these floral defects do reduce fertility, her mutants can 
be self-fertilized. The most striking feature of her mutants is that after the main axis 
has terminated in a (distorted) flower, no sympodial shoot develops. Therefore, the 
multi-flower cyme is reduced to a single terminal flower (Figure 1A, B, E and F). 
Except for different floral defects, her mutants are similar, but non-allelic, to petunia 
extrapetals (exp) mutants, which also lack sympodial shoots (Supplemental Figure 
3A) (Souer et al., 1998) (Chapter 3). 
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Figure 1. Development of 
wild type petunia and 
hermitD2413 mutants. 
(A) Wild type petunia (B) 
hermitD2413 mutant of the 
same age as the wild type 
shown in (A). Note that 
sympodial shoots are absent, 
and only a single flower is 
formed. (C) Close-up of a 
wild type petunia flower. The 
corolla has been cut open to 
show the inner floral whorls. 
(D) Close-up of a her flower. 
The black arrows indicate 
petaloid stamens; the 
asterisk marks the aberrant 
pistil. (E) Scanning electron 
micrograph of a wild type 
petunia inflorescence apex. 
Note that next to the oldest 
flower (the one on the left) 
already two floral meristems 
and a sympodial meristem 
can be seen. (F) Scanning 
electron micrograph of a her 
inflorescence apex. Note the 
disorganized floral whorls, 
and that no sympodial 
meristem is visible next to 
the flower, even though it is 
at a developmental stage 
comparable to the oldest 
flower shown in (E). f1-4, 
flowers ranked in order of 
development from the oldest 
to the youngest; b, bract; s, 
sepal; p, petal; st, stamen; c, 
carpel; fm, floral meristem; 

Identification of her and isolation of HER 
 
The major cause of spontaneous mutations in the petunia line W138 is 

insertions of 284-bp dTPH1 transposons (van Houwelingen et al., 2002). Since the 
original hermitD2413 was germinally unstable and reverted in about 1% of its 

sm, sympodial meristem. Scale bars, 100 μm. 
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progeny, we suspected that this allele was tagged by a dTPH1 transposon. 
Therefore, to isolate HER, we used transposon display (Van den Broeck et al., 
1998) to analyze dTPH1 transposons in nine her mutants and three plants with a 
wild type phenotype that were homozygous for independent (germinal) revertant 
alleles (HERR1, HERR2 and HERR3). We selected a genomic fragment that 
contained a dTPH1 transposon in seven of the nine her mutants, but in none of the 
revertants, and presumed that the other two her mutants contained stable 
recessive mutant alleles from which dTPH1 had excised (Figure 2A). PCR analysis 
showed that the revertant wild type phenotype co-segregated in all cases (HERR1 
to HERR5) with an excision allele of the identified fragment (Figure 2B). Sequencing 
showed that this dTPH1 transposon interrupted the coding sequence of a gene, 
and that in each of the five independent revertant alleles (HERR1 to HERR5) dTPH1 
had excised, creating footprints of zero, three or six nucleotides that restored the 
reading frame, whereas siblings with a mutant phenotype had retained the dTPH1 
insertion (Figure 2C). In line with our initial assumption, the presumed stable 
recessive alleles (herF0084 and herG2011) each contained a seven base pair footprint, 
which created a premature TGA stop codon (Figure 2C). Based on these data we 
concluded that the identified gene is HER.  

HER is a class I KNOTTED1-like homeobox (KNOX1) gene that contains four 
exons and three introns (figure 2D). KNOX1 genes belong to the ancient TALE 
(Three Amino acid Loop Extension) superclass of homeobox transcription factors 
(Bertolino et al., 1995), which also includes the BEL1 family, and presumably 
already existed in the common ancestor of fungi, plants and animals (Burglin, 
1997). Besides a homeodomain, KNOX1 proteins have other conserved domains: 
the KNOX1 and KNOX2 domains, which together are called the MEINOX domain; 
a contraction of MEIS (Myeloid Ecotropic viral Integration Site) and KNOX (Moskow 
et al., 1995; Burglin, 1997), and the ELK domain. Figure 2 shows their size and 
position in HER. These conserved domains are involved in protein and mRNA 
traveling, protein-protein interaction and target DNA binding (Sakamoto et al., 
1999; Kim et al., 2005; Cole et al., 2006; Bolduc et al., 2008). The dTPH1 insertion 
in hermitD2413 (and the frameshift in derived stable recessive mutant alleles) is 
located at the 3’-end of the second exon, at six nucleotides upstream of the 5’-
splice site of the second intron (Figure 2D). Because the insertion is upstream of 
the conserved ELK-domain and the homeodomain, and, moreover, because 
quantitative RT-PCR analysis of HER expression in seedlings showed that her 
mRNA levels were reduced in stable recessive her alleles and were virtually 
undetectable in herD2413 (Figure 2E), we consider her a null mutant phenotype.  
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Figure 2. Identification and 
characterization of HER.  
(A) Part of the transposon display 
gel that identified HER. Each PCR 
product is a genomic fragment that 
flanks a dTPH1 transposon 
insertion. The black arrows indicate 
a fragment originating from HER 
that is present in homozygotes for 
the mutable herD2413 allele (m/m), 
but lacks in homozygotes for three 
revertant alleles (R1 to R3) or stable 
recessive excision alleles (-/-) (B) 
PCR analysis of the progeny of 
HERR4. The HERR4 and herD2413 

alleles segregate. The 
corresponding phenotypes 
(revertant or her) are indicated 
below the lanes. The first lane 
contains a molecular weight marker, 
of which the size is indicated in base 
pairs (bp). (C) Sequences of wild 
type, mutants and revertant HER 
alleles. Sequences are written as 
codons separated by spaces to 
indicate the reading frame. The first 
two nucleotides of the second intron 
(gt) are indicated in lowercase. The 
target site duplication caused by the 
dTPH1 insertion in herD2413 is 
underlined. Footprints in revertant 
alleles that restore the reading 
frame are shown in green, bold 
italics. Footprints in mutant alleles 
that create a premature stop codon 
(TGA, underlined) are shown in red, 
bold italics. (D) The genomic 
structure of HER. Black lines are 
introns; black-lined rectangles are 
exons. The 5’- and 3’-untranslated 

regions are indicated in grey; the KNOX1 domain in black (‘1’); the KNOX2 domain in blue 
(‘2’); the ELK domain in orange (‘3’); the homeodomain in red (‘4’). The start and stop 
codons are indicated by open and closed circles, respectively. The black triangle indicates 
the position of the dTPH1 insertion in herD2413. (E) Quantitative RT-PCR analysis of HER 
expression in wild type and her seedlings that are either homozygous for the herD2413 

insertion allele (m/m), or a derived recessive excision allele (-/-). ACTIN was used as a 
positive control. Numbers of PCR cycles are indicated. W138 and W115 indicate genetic 
backgrounds. 
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HER is an ortholog of SHOOTMERISTEMLESS (STM) from 
Arabidopsis 
 
The HER cDNA is identical to the previously isolated cDNA of PhSTM (Petunia 
hybrida SHOOTMERISTEMLESS) (Stuurman et al., 2002). Indeed, our 
phylogenetic analysis showed that HER belongs to a sub-clade of the class I 
KNOTTED1-like HOMEOBOX (KNOX1) genes that includes 
SHOOTMERISTEMLESS (STM) from Arabidopsis (Long et al., 1996) (Figure 3, 
and Supplemental Figure 1 online).  

 
 
 
 
 
 
 
Figure 3. Bayesian phyloge-
netic tree based on the DNA 
sequences of the conserved 
domains of class I and class II 
KNOX1 genes (see Supple-
mental Figure 1). Numbers 
above branches are posterior 
probabilities, the support 
values of minor clades have 
been omitted for the sake of 
clarity. Petunia class I KNOX1 
genes are indicated in bold 
font; both the founding 
member of the family, which is 
KNOTTED1 from maize, and 
genes from Arabidopsis are 
underlined. Ph, Petunia 
hybrida; Sl, Solanum 
lycopersicon; Nt, Nicotiana 
tabacum; Am, Antirrhinum 
majus; Zm, Zea mays; Os, 
Oryza sativa; St, Solanum 
tuberosum. 
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STM prevents premature differentiation of meristem cells into organs (Endrizzi et 
al., 1996; Byrne et al., 2000; Lenhard et al., 2002). In strong stm mutants the shoot 
apical meristem is lost, and consequently the hypocotyl and cotyledons are the 
only aerial organs that are produced (Barton and Poethig, 1993). In weak stm 
mutants the shoot apical meristem terminates in fused flowers, and floral 
meristems produce aberrant flowers (Clark et al., 1996; Endrizzi et al., 1996; Felix 
et al., 1996; Jasinski et al., 2005; Kanrar et al., 2006). Besides STM, the 
Arabidopsis genome contains three additional KNOX1 genes: KNAT2 
(KNOTTED1-LIKE ARABIDOPSIS THALIANA 2), KNAT6 and BREVIPEDICELLUS 
(BP, also known as KNAT1) (Figure 3). bp mutants have short internodes, short 
pedicels and downward-pointing flowers and siliques (Byrne et al., 2002; Douglas 
et al., 2002; Venglat et al., 2002). BP is a regulator of the lignin biosynthesis 
pathway (Mele et al., 2003; Rogers and Campbell, 2004), and functions 
redundantly with STM in SAM maintenance (Byrne et al., 2002). Although null 
alleles of KNAT2 and/or KNAT6 have no obvious effect on inflorescence 
development in Arabidopsis (Belles-Boix et al., 2006), KNAT6 is involved in organ 
separation (Belles-Boix et al., 2006), functions in lateral root formation (Dean et al., 
2004), and, like BP, acts redundantly with STM in SAM maintenance (Ragni et al., 
2008). KNAT2 has a role in carpel development (Pautot et al., 2001). 

The KNOX1 family name comes from KNOTTED1 (KN1) from maize, which is 
the first homeodomain-containing gene that was identified in plants (Vollbrecht et 
al., 1991). Loss-of-function mutations in KN1 revealed a role for this gene in 
meristem maintenance, presumably by maintaining cells in an undifferentiated 
state; similar to the function of STM (Kerstetter et al., 1997; Vollbrecht et al., 2000). 
Note that STM and KN1 belong to well-supported separate clades and therefore 
are paralogs, rather than orthologs (Figure 3). Although (Bharathan et al., 1999) 
and (Reiser et al., 2000) already established that STM and KN1 are paralogs, they 
are still sometimes inaccurately described as orthologs in literature; see for 
instance (Chandler et al., 2008). Several studies indicate that the true STM 
ortholog was lost during the diversification of monocots, and suggest that its 
function has been taken over by KN1 in the Poaceae (true grasses), which include 
maize (Hirayama et al., 2007; Jouannic et al., 2007; Uchida et al., 2007). Until now, 
to our knowledge, stm is the only loss-of-function mutant known from its clade, and 
her is the first described loss-of-function mutant of an stm ortholog in a plant 
species with a cymose inflorescence. 
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Expression pattern of HER  
 
We determined the expression pattern of HER by RNA in situ hybridization. 

During vegetative development HER is expressed throughout the shoot apical 
meristem and axillary meristems, and is excluded from the stem and leaf primordia 
(Figure 4A) (Stuurman et al., 2002). In the inflorescence, HER is expressed 
throughout sympodial meristems from their earliest developmental stage onward, 
and remains expressed after sympodial meristems have acquired floral identity 
(Figure 4B and C). HER is not expressed in bracts (Figure 4B and C), and HER 
expression levels decline during the development of floral organs (Figure 4D) until 
HER is only strongly expressed in the center of young flowers (Figure 4E). In 
mature flowers, we detected HER expression in the anthers and in the gynoecium, 
which is where the male and female gametes are produced, respectively (Figure 
4F). The HER expression pattern is similar to that of its orthologs LET6/TKN2 from 
tomato (Parnis et al., 1997), NTH15 from tobacco (Tamaoki et al., 1997; Nishimura 
et al., 1999), HIRZINA and INVAGINATA from Antirrhinum (Golz et al., 2002), and 
STM from Arabidopsis (Long et al., 1996). 

 
Figure 4. The expression 
pattern of HER mRNA in wild 
type petunia.  
(A) HER mRNA expression 
(dark blue) throughout the 
vegetative shoot apical 
meristem and a vegetative 
axillary meristem. (B and C) 
HER mRNA expression (dark 
blue) throughout a sympodial 
meristem and a young floral 
meristem at slightly different 
stages. The time between the 
developmental stage of (B) 
and (C) is less than a day. 
(D) HER expression (dark 
blue) in a floral meristem that 
has just begun producing 

sepals. (E) HER expression (dark blue) in a young flower, in which all the four whorls of 
floral organs are visible. (F) HER expression (brownish) in a more mature flower. *, shoot 
apical meristem; L, leaf; b, bract; fm, floral meristem; sm, sympodial meristem; s, sepal; p, 
petal; st, stamen; c, carpel; g, gynoecium; ant, anther; a, axillary meristem. Scale bars, 100 
μm. 
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Double mutant analysis of HER and the floral meristem identity genes 
ALF and DOT 
 

As mentioned above, both her and exp mutants lack sympodial shoots. We 
have previously shown that EXP transiently represses floral identity in sympodial 
meristems, and that the development of sympodial shoots is inhibited in exp, 
because sympodial meristems prematurely acquire floral identity (Chapter 3). To 
test whether HER has a similar function as EXP in sympodial meristems, we first 
analyzed her dot double mutants, since loss-of-function of DOT restores cymose 
branching in exp (Chapter 3). The progeny of plants with the genotype DOTA2232/+ 

HERD2413/+ contained her mutants, wild types and dot mutants in a 1:2:1 ratio 
(190:381:195). This segregation suggests linkage between HER and DOT, which 
we confirmed by PCR analysis; wild types were always heterozygous for both DOT 
and HER, and dot and her mutants were homozygous for the wild type alleles of 
HER and DOT, respectively. We screened the her mutants by PCR for the 
presence of dotA2232 alleles (crossing-over events), and identified two plants of the 
genotype DOTA2232/+ herD2413/D2413, which we self-fertilized to obtain her dot double 
mutants. The main stem of her dot double mutants ended in a structure that, 
although it lacked petals and stamens, resembled a flower: a group of closely-
spaced sepal-like organs that typically contained carpelloid tissue in the center 
(Figure 5A). In contrast to exp dot, cymose branching was not restored in her dot 
(Figure 5A). 

Similar to exp alf double mutants, the main stem of her dot alf triple mutants did 
not end in a floral structure, and neither did the triple mutants produce cymes; they 
continuously produced leaves in a spiral pattern (Figure 5A). Therefore, they never 
seemed to make the switch to flowering. By light microscopy, we observed clear 
morphological differences in longitudinal sections of her dot and her alf apices 
(Figure 5B to D). Apices of her dot mutants were relatively large, flat domes that 
lack the primary meristem (Figure 5B and C). In contrast, the apices of her alf 
double mutants were much smaller domes that most resembled vegetative 
meristems (Figure 5D). 

We further analyzed her dot and her dot alf apices by determining the 
expression of a set of floral homeotic ABC-genes (Krizek and Fletcher, 2005) by 
quantitative RT-PCR. In her dot apices, C-, D- and E-genes were expressed 
(Figure 5E), supporting the interpretation of the phenotype that these double 
mutants indeed produced (poorly developed) flowers. In contrast, in her dot alf 
triple mutants only the two E-genes FLORAL BINDING PROTEIN 4 (FBP4) and 
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FLORAL BINDING PROTEIN 23 (FBP23) were expressed (Figure 5F). In wild type 
petunia, FBP4 and FBP23 were expressed in bracts (only FBP4) and the first-, 
second- and fourth-whorl floral organs (Ferrario et al., 2003; Immink et al., 2003). 
Apparently, her dot alf mutants did express flowering-specific genes, even though 
their morphology suggested that they did not flower at all. These different effects of 
alf and dot on ABC-gene expression were not specific for a her mutant 
background, which we determined by comparing the expression of the same set of 
ABC-genes in the inflorescences of alf, dot and evergreen (evg) single, double and 

triple mutants (Figure 5F). We 
included evg as a control, since it 
also lacks flowers (Rebocho et al., 
2008). Expression of EVG is 
required for the transcription of all 
the ABC-genes we analyzed, with 
the exception of FBP4 (Figure 5F). 
dot mutants expressed the 
complete set of ABC-genes, while 
these genes were, except for FBP4 
and FBP23, (more strongly) down-
regulated in alf and alf dot (Figure 
5F). Thus, progressive loss-of-
function of DOT, ALF and EVG is 
correlated to the expression of 
fewer ABC-genes. This is 
consistent with their order of 
expression in sympodial shoots, as 
EVG is expressed first, then ALF 
and finally DOT (Chapter 3).  
 

Figure 5. Double mutant analysis of HER and the floral meristem identity genes ALF and 
DOT. (A) From left to right: wild type petunia, her dot double mutant, her dot alf triple 
mutant, alf single mutant. The white arrows indicate the transition from vegetative to 
inflorescence development. (B) and (C) Darkfield images of longitudinal sections of her dot 
inflorescence apices. (D) Darkfield image of a longitudinal section of a her alf inflorescence 
apex. (E) Quantitative RT-PCR analysis of C-, D- and E-floral homeotic genes in her dot alf 
and her dot inflorescence apices. (F) Quantitative RT-PCR analysis of the same C-, D- and 
E-floral homeotic genes as in (E), in alf, dot, evg, alf dot, alf evg, dot evg and alf dot evg 
inflorescence apices. f1 and f2, the first and second formed flowers; FBPx, FLORAL 
BINDING PROTEIN x; ACTIN was used as positive control. Scale bars, 100 μm. 
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Because we did not observe any differences in the ABC-gene expression profile 
between alf and alf dot mutants in both wild type (HER+) and her background, we 
wondered whether DOT is down-regulated in alf. Therefore, we in situ hybridized 
ten alf inflorescence tops with a fluorescein-labeled antisense DOT probe. In only 
one meristem we detected strong DOT expression where it was to be expected if 
alf did not affect DOT expression: in between the homeotically transformed floral 
meristem and the organ primordia that it produces, which are sepals in wild type 
(Supplemental Figure 2A online). However, in four inflorescence tops we detected 
(very) weak expression of DOT, which was usually only in one or two out of four to 
six meristems (Supplemental Figure 2B and C online). In the remaining five tops 
we did not detect any DOT expression at all (Supplemental Figure 2C online). We 
tested and verified the quality of the DOT probe on wild type tissue (Supplemental 
Figure 2E online), and the quality of the alf tissue by hybridizing with a digoxin-
labeled antisense HER probe (Supplemental Figure 2F online). These data show 
that ALF is a positive regulator of DOT transcription, even though DOT 
transcription can occur in the absence of ALF. This is a refinement of the 
conclusion reached by Souer et al. (2008) that DOT is expressed in a normal 
intensity and pattern in an alf mutant background. Our data are in line with studies 
in tomato and Antirrhinum, which showed by quantitative RT-PCR that a tomato 
DOT-ortholog, ANANTHA, is not expressed if the ALF-ortholog FALSIFLORA is 
mutated (Lippman et al., 2008), and that in Antirrhinum normal expression of the 
DOT-ortholog FIMBRIATA requires the ALF-ortholog FLORICAULA (Simon et al., 
1994). 

Also the veggie (veg) mutation does not restore cymose branching in her 
(Supplemental Figure 3B online). VEG is a homolog of FLOWERING LOCUS T 
(FT) from Arabidopsis and SINGLE FLOWER TRUSS (SFT) from tomato. veg 
mutants are late flowering and sympodial meristems produce a large number of 
leaves before they terminate in a (poorly developed) flower (Koes et al., 2009) 
(Roobeek and Koes, unpublished).The inflorescences of her veg end in flowers 
that show more severe defects than those of her and veg single mutants, as they 
consist of disorganized petaloid sepals and/or sepaloid petals, an aberrant carpel, 
and lack stamens (Supplemental Figure 3B online). Interestingly, her veg double 
mutants produced the first flower after an average of 10.7 leaves (n=6, SD=1.8), 
compared with 36 leaves in veg mutants (n=9, SD=4.5) (Supplemental Figure 3B 
online). This might reveal an unknown role of HER in promoting the switch from 
vegetative to reproductive growth, and is currently under further investigation.  

88 



Chapter 4 

In conclusion, while cymose branching is restored in an exp dot double mutant 
background, this is not the case in her and any of the floral meristem identity 
mutant backgrounds (alf, dot, alf dot, veggie). This indicates that, contrary to exp, 
the her phenotype is not caused by the premature floral identity of sympodial 
meristems. Rather, it suggests that HER functions to initiate and/or maintain 
sympodial meristems, before they switch to floral identity. This is supported by her 
exp double mutants, which phenocopy her rather than exp (Supplemental Figure 
3A online). 

 
Constitutive expression of HER and STM in petunia and Arabidopsis 
 

Given the different phenotypes of stm and her mutants, we were surprised to 
find that they are orthologs. To elucidate the molecular basis of this paradox, we 
compared STM and HER with regard to the functional properties of the STM and 
HER proteins, their expression patterns and functional redundancy. To compare 
the activities of the HER and STM protein, we constitutively expressed their coding 
sequences from the 35S promoter in wild type petunia and Arabidopsis. 35S:HER 
and 35S:STM transgenes have very similar, dramatic effects on plant development. 
We noticed two kinds of defects: (1) extremely dwarfed plants, which have severely 
underdeveloped leaves with meristematic activity on their adaxial sides 
(Supplemental Figure 4A to E online); (2) extremely proliferating meristems with 
floral characteristics (Supplemental Figure 4F and G online). The latter phenotype 
we only observed when HER and STM were expressed in their native species, 
which rather reflects that HER and STM more readily interact with (unknown) 
partner proteins in petunia and Arabidopsis, respectively, than that it is an 
indication of functional divergence. Typically, the floral buds that formed in petunia 
had all four types of floral organs in the right place and number, but never 
developed further than shown in Supplemental Figure 4A to C, and remained 
yellow/greenish. Similar phenotypes have been reported for the constitutive 
expression of HER/STM homologs in a range of species (Kano-Murakami et al., 
1993; Matsuoka et al., 1993; Sinha et al., 1993; Lincoln et al., 1994; Chuck et al., 
1996; Hareven et al., 1996; Tamaoki et al., 1997; Janssen et al., 1998; Williams, 
1998; Tamaoki et al., 1999; Nishimura et al., 2000; Frugis et al., 2001; Hay et al., 
2002; Rosin et al., 2003).  
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Activity of the HER and STM promoters in petunia and Arabidopsis 
 
Next, we compared the promoter activities of HER and STM in petunia and 

Arabidopsis. We fused 3.5 kb and 5 kb of the of promoter regions (5’-untranslated 
regions included) of HER and STM, respectively, to the beta-glucuronidase (GUS) 
reporter gene (HERpro:GUS and STMpro:GUS), and analyzed GUS expression 
during vegetative and reproductive development in wild type petunia and 
Arabidopsis.  

Although several primary petunia transformants expressed HERpro:GUS, the 
transgene was invariably silenced in all progeny plants, which prevented the 
analysis of HERpro:GUS in petunia seedlings (Figure 6A). STMpro:GUS activity in 
petunia seedlings was exclusively detected in the SAM, showing that during 
vegetative development in petunia the STM promoter is active where HER mRNA 
is expressed (Figure 6B). Unexpectedly, we did not detect HERpro:GUS activity in 
the SAM of Arabidopsis seedlings, but in leaf primordia, which faded as leaves 
matured (Figure 6C). STMpro:GUS was similarly expressed in Arabidopsis 
seedlings and petunia seedlings; we only detected GUS activity in the SAM, not in 
leaves (Figure 6D). 

HERpro:GUS and STMpro:GUS had similar expression patterns in the 
inflorescences of Arabidopsis and petunia; both transgenes were expressed in the 
SAM of Arabidopsis, in sympodial meristems of petunia, and in floral meristems 
and young flowers of both species (Figure 6E to H). One difference was that 
STMpro:GUS was expressed in pedicels, whereas HERpro:GUS was not. As 
expected, their expression declined in differentiating tissues, although this 
happened at a slower rate compared with RNA in situ hybridization experiments. 
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Figure 6. HERpro:GUS and 
STMpro:GUS expression in wild 
type petunia and Arabidopsis. 
(A) HERpro:GUS expression in a 
petunia seedling.  
(B) STMpro:GUS expression in a 
petunia seedling.  
(C) HERpro:GUS expression in an 
Arabidopsis seedling.  
(D) STMpro:GUS expression in an 
Arabidopsis seedling.  
(E) HERpro:GUS expression in an 
Arabidopsis inflorescence.  
(F) STMpro:GUS expression in an 
Arabidopsis inflorescence.  
(G) HERpro:GUS expression in a 
petunia inflorescence.  
(H) STMpro:GUS expression in a 
petunia inflorescence. L1, the first 
produced leaf; c, cotyledon; p, 
pedicel; b, bract; f1-2 flowers 
ranked in order of development 
from the oldest to the youngest; 
s1-5, sepals ranked in order of 
development from the oldest to 
the youngest; sm, sympodial 
meristem; fm, floral meristem; Ph, 
Petunia hybrida; At, Arabidopsis 
thaliana. Arrows in (C), (E) and (F) 
indicate the shoot apical 
meristem. 
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The HER and STM genomic regions are interchangeable in the 
inflorescence of petunia 
 

As the ultimate functional comparison between HER and STM, we tested 
whether a genomic region that contains the STM gene can complement her 
mutants. We transformed a 12 kb genomic HER fragment (HERg) that contained 
3.5 and 3 kb up- and downstream sequence of the start and stop codon, 
respectively. We transformed stable herG2011 mutants rather than mutable herD2413 
mutants (Figure 7B and Figure 2C) to prevent that somatic reversions of the her 
mutation could be misinterpreted as complementation by the transgene. HERg fully 
complemented the her mutant phenotype (Figure 7C); both cymose branching and 
floral defects were restored. The only defect that we noticed in some transformants 
is that pedicels were fused to their neighboring sympodial shoots (Figure 7D). A 10 
kb genomic STM fragment (STMg) that contained 5 and 2.5 kb up- and 
downstream sequence of the start and stop codon, respectively, also fully restored 
the cymose branching in her mutants (Figure 7E). However, in contrast to HERg, 
STMg did not rescue the flower defects of her mutants (Figure 7F and G). 
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Figure 7. The HER and STM 
genes are interchangeable in 
the inflorescence of petunia. 
(A) Wild type petunia 
inflorescence  
(B) her mutant inflorescence 
(C) her mutant inflorescence 
complemented by a HER 
genomic transgene.  
(D) Fused sympodial shoot and 
pedicel (arrow) in her mutants 
complemented by a HER 
genomic transgene.  
(E) her mutant inflorescence 
complemented by a STM 
genomic transgene.  
(F) and (G) her floral defects 
were not complemented by a 
STM genomic transgene. 
Asterisk in (F) and arrow in (G) 
indicate petaloid stamens. b, 
bract; f1-4, flowers ranked in 
order of development from the 
oldest to the youngest; s2-3, 
successive sympodial shoots; 
a, vegetative axillary shoot. 
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Isolation and expression patterns of HER homologs from petunia 
 
As we did not detect any differences between HER and STM that could readily 

account for their different mutant phenotypes, we considered that the role of HER 
in meristem initiation and/or maintenance might be redundant with another KNOX1 
gene. Therefore, by degenerate PCR (see the ‘Methods’ section for details), we 
isolated additional petunia KNOX1 genes. We identified four HER paralogs (Figure 
3). PETUNIA KNOTTED1-LIKE (PKL) is most closely related to HER, and falls in 
the clade that contains KNOTTED1 from maize and BP/KNAT1 from Arabidopsis. 
The other three genes we called HERMIT-LIKE1 to 3 (HEL1 to HEL3). HEL1 and 
HEL2 belong to the clade that contains KNAT2 and KNAT6 from Arabidopsis, 
whereas HEL3 falls into a separate clade that lacks genes from Arabidopsis 
(Figure 3). We determined their expression patterns in the petunia inflorescence by 
RNA in situ hybridization. 

PKL mRNA is expressed at the periphery and below sympodial meristems, and 
in developing bract internodes (Figure 8A). At a later stage, PKL expression 
persists within pedicels, but is absent from floral meristems and floral organs 
(Figure 8A and B). Thus, within the inflorescence, the expression patterns of PKL 
and HER are very different; they hardly overlap.  

We did not detect any clear, consistent HEL3 expression (Figure 8C). HEL2 is 
not expressed in sympodial meristems (Figure 8D), but becomes first expressed in 
young floral meristems (Figure 8E). During later stages of flower development 
HEL2 expression is localized at the base of flowers, and forms rings around the 
bases of developing floral organs (Figure 8F). HEL1 is expressed in the center of 
sympodial meristems, but notably less in the upper two cell layers, and is no longer 
expressed after sympodial meristems have acquired floral identity (Figure 8G and 
H). We detected renewed HEL1 expression at the junction between floral meristem 
and developing floral organ primordia (Figure 8G to I). 

Taken together, these in situ data show that KNOX1 mRNA is not restricted to 
meristematic tissues, but is widely expressed during inflorescence development of 
petunia. Each KNOX1 gene has a unique expression pattern, and HER is the only 
known KNOX1 gene of petunia that is continuously expressed throughout each 
type of meristem: vegetative, axillary, sympodial and floral.  
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Figure 8. Expression 
patterns of HER homologs in 
wild type petunia inflorescen-
ces. 
(A) and (B) PKL expression 
(brown) in a sympodial and 
floral meristem (A), and 
during later stages of flower 
development (B).  
(C) HEL3 expression was not 
detected.  
(D) to (F) HEL2 expression 
(brown) in a sympodial and 
floral meristem (D), in a 
young floral meristem (E), 
and during later stages of 
flower development (F).  
(G) to (I) HEL1 expression 
(brown) in a sympodial and 
floral meristem (G), in a 
young floral meristem (H), 
during a later stage of flower 
development (I). 
 
 

 
Identification and analysis of pkl single mutants and her pkl double 
mutants 

 
Since PKL is the KNOX1 gene that is most closely related to HER in petunia 

(Figure 3), we tested whether HER and PKL redundantly function in the initiation 
and/or maintenance of the petunia SAM. Therefore, we screened a database of 
dTPH1 insertions in a population of 1000 plants (Supplemental Figure 5A) 
(Vandenbussche et al., 2008), and identified a single individual that had a new 
dTPH1 insertion in the first exon of PKL that interrupted the coding sequence 150 
bp downstream of the start codon (Figure 9A). The structure of the PKL gene is 
very similar to that of HER, except that it contains an intron in the second KNOX 
domain that HER lacks (Figure 9A). PCR analysis showed that this dTPH1 
insertion allele, which we named pklK2097, segregated in the progeny (Supplemental 
Figure 5B). Out of a total of seven plants obtained by self-fertilization, one 
individual was homozygous for pklK2097 (Supplemental Figure 5B). The 
homozygous pklK2097plant had a very compact appearance (Figure 9B). This 
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phenotype, which we only observed in plants that were homozygous for the pklK2097 
allele (also in subsequent progeny), was caused by an approximately two-fold 
reduction of the lengths of internodes between vegetative leaves, internodes 
between pairs of bracts, and pedicels (Figure 9C), and resembled the phenotype of 
Arabidopsis bp mutants (Venglat et al., 2002). 

To verify that the phenotype was caused by the pklK2097 transposon insertion, 
and not by a linked mutation, we performed a reversion analysis. We self-fertilized 
the pkl mutant, and among the progeny of 1004 pkl mutants, we found one 
revertant plant that had a wild type phenotype (PKLR1) (Supplemental Figure 5C). 
PCR analysis showed that the reversion of the phenotype coincided with an 
excision of dTPH1 from the pklK2097 allele, and in subsequent progeny (47 plants 
analyzed) this excision allele co-segregated with the revertant phenotype 
(Supplemental Figure 5D). That is, only plants that were homozygous for pklK2097 
had the compact mutant phenotype, whereas all plants containing the excision 
allele had a wild type (revertant) phenotype. Sequencing revealed that the PKLR1 
allele arose by the excision of dTPH1 and the formation of a six bp footprint that 
restored the reading frame (Figure 9D). The reversion analysis conclusively shows 
that the pkl phenotype is caused by the pklK2097 dTPH1 insertion. 

Subsequently, we generated her pkl double mutants, and found that even 
though neither her nor pkl single mutants show any meristem initiation and/or 
maintenance defect during vegetative development, the double mutants 
phenocopy strong stm mutants: the cotyledons are partially fused and further 
development of the aerial plant body is inhibited (Figure 9E). Thus, HER and PKL 
are fully redundantly required for the initiation and/or maintenance of the SAM in 
petunia. We also generated pkl veg double mutants (Supplemental Figure 3C 
online). The effects of the pkl and veg mutations are additive, which shows that the 
above-mentioned (unknown) role of HER in promoting the switch from vegetative to 
reproductive growth is not shared with PKL. 
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Figure 9. Identification and charac-
terization of pkl single mutants and 
pkl her double mutants. 
(A) The genomic structure of PKL. 
Black lines are introns, black-lined 
rectangles are exons. The KNOX1 
domain is shown in black (‘1’); the 
KNOX2 domain in blue (‘2’); the 
ELK domain in orange (‘3’); the 
homeodomain in red (‘4’). The open 
circle represents the start codon, 
the closed circle the stop codon. 
The black triangle indicates the 
position of the dTPH1 transposon in 
pklK2097.  
(B) Wild type petunia next to a pkl 
mutant of the same age. Note the 
shortness and compactness of pkl 
compared to wild type.  
(C) Bar graph showing the mean 
lengths of pedicels, bract internodes 
and leaf internodes in wild type and 
pkl. Above each bar the mean 
length and 95% confidence intervals 
are indicated. Twenty plants were 
used for each measurement (n=20). 
(D) Comparison of the wild type 
PKL allele with the pklK2097 and 
PKLR1alleles. The target site 
duplication sequences that flank 
dTPH1 are shown in bold font. The 
six base pair footprint, which PKLR1 

contains, is shown in green, bold 
italics. The encoded amino acids 
are shown below the DNA 
sequence.  
(E) her pkl double mutant (left) next 
to a wild type seedling (right) of the 
same age. c, cotyledon; L1-3, 
leaves ranked in order of 
development from the oldest to the 
youngest. 
 
 
 
 



Chapter 4 

Discussion 
 

Both modeling and genetic evidence indicate that changes in the spatiotemporal 
regulation of floral meristem identity can account for a large part of the wide 
variation in inflorescence architecture that is found in nature (Prusinkiewicz et al., 
2007; Lippman et al., 2008; Souer et al., 2008). However, also other, less well 
understood factors are important, such as branch length (Bowers, 2006) and the 
control of meristem initiation. For example, in the petunia cyme, sympodial shoots 
only develop in the axil of one of the bracts, while in other species multiple 
sympodial shoots develop after an apical meristem has terminated in a flower 
(Rickett, 1955). 

The phenotype of petunia hermit (her) mutants, a single terminal flower, has 
been suggested as the most primitive ancestral condition among flowering plants. 
Although it is debatable whether a single terminal flower, or multiple flower 
inflorescences are ancestral (Rickett, 1944; Tucker and Grimes, 1999), mutation of 
her represents an inflorescence transition that has occurred in nature. This 
suggests that HER is important for the evolution of inflorescence architectures. 

We did not expect to find that the her phenotype is caused by a loss-of-function 
mutation in an ortholog of SHOOTMERISTEMLESS (STM) from Arabidopsis, 
because strong loss-of-function stm mutants lack a shoot apical meristem (SAM), 
whereas her lacks sympodial shoots. KNOX genes are known to control many 
aspects of plant (and animal) development, including root development, leaf 
architecture, floral patterning, plant height, meristem initiation and/or maintenance 
and spur development (Kerstetter et al., 1997; Sato et al., 1999; Long and Barton, 
2000; Golz et al., 2002; Mele et al., 2003; Dean et al., 2004; Harrison et al., 2005; 
Belles-Boix et al., 2006; Hay and Tsiantis, 2006; Kanrar et al., 2006; Jouannic et 
al., 2007; Scofield et al., 2007; Uchida et al., 2007). Yet, evidence of a role in the 
diversification of inflorescence architecture is scarce, and still only a limited number 
of loss-of-function phenotypes associated with the KNOX family have been 
characterized. Thus far, her is the only recessive mutation that has been reported 
in a KNOX gene of a cyme. We set out to determine the cause of the different her 
and stm phenotypes and to functionally analyze HER, as this could provide insight 
into the role of these class I KNOTTED1-like homeobox (KNOX1) genes in the 
evolution of distinct inflorescence architectures. 

The similarities between HER and STM with respect to their expression 
patterns, the phenotypes caused by their ectopic expression in petunia and 
Arabidopsis, their promoter activities in petunia and Arabidopsis, and, ultimately, 
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the complementation of the her branching defect by the STM genomic region, 
suggest that little functional divergence has occurred between HER and STM. 
Therefore, we considered that the different her and stm phenotypes reflect a 
different level of redundancy in SAM initiation and/or maintenance in petunia and 
Arabidopsis. Since PKL (PETUNIA KNOTTED1-LIKE) was the closest petunia 
paralog of HER that we had isolated, we identified and characterized a pkl loss-of-
function mutation. The compact phenotype of pkl mutants is similar to that of loss-
of-function mutants of its ortholog BREVIPEDICELLUS (BP) from Arabidopsis, and, 
the phenotype of her pkl double mutants, which phenocopy strong stm mutants, 
confirmed that redundancy accounts for the different phenotypes of her and stm. 
None of the HER paralogs that we isolated (PKL and HEL1 to HEL3) has a 
(completely) overlapping mRNA expression pattern with that of HER in sympodial 
and floral meristems, which provides an explanation as to why the function of HER 
in the petunia inflorescence is not shared with any of its paralogs.  

The function of HER could be the initiation and/or maintenance of sympodial 
meristems, similar to the function of STM in the SAM of Arabidopsis, but it could 
also have an (additional) role in the spatiotemporal regulation of floral identity, as 
constitutive expression of the floral meristem identity gene DOT (Souer et al., 
2008) and loss-of-function of EXP, which is a repressor of floral identity (Chapter 
3), also inhibit the development of sympodial shoots in petunia. Therefore, we 
functionally analyzed HER by double and triple mutant analysis with the meristem 
identity genes DOT, ALF and VEGGIE. This approach was successful in the 
analysis of EXP (Chapter 3), as we found that exp dot double mutants produce 
cymes, which was part of the evidence that EXP functions as a floral repressor in 
sympodial meristems (Chapter 3).  

While the SAM in dot mutants remains indeterminate (Souer et al., 2008), we 
found that in her dot double mutants the apical meristem ends in a flower-like 
structure, but, like in her single mutants, sympodial shoots did not develop. This 
suggests that HER has a function that is unrelated to that of EXP, and indicates 
that HER is required for the indeterminacy of the SAM in dot. The termination of the 
apex in her dot requires ALF; her alf dot mutants remain indeterminate and 
continuously produce leaves. HER is not required for the indeterminacy of alf 
mutants; her alf mutants are morphologically indistinguishable from her alf dot, 
which fits with our finding that alf mutants lack dot expression. These phenotypes 
are consistent with the expression of floral homeotic ABC-genes. In her dot apices 
the complete set of C-, D-, and E-type genes that we tested was expressed, and 
we only detected expression of two of the E-genes in her alf dot. However, we 
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found the same differences in ABC-gene expression levels between alf, dot and alf 
dot. This shows that her dot apices do not terminate because loss-of-function of 
HER induces the expression of ABC-genes. These data indicate that, for the 
termination of the petunia apex, ALF-dependent activation of ABC-gene expression 
is required and HER expression must be down regulated. 

The phenotype of her veggie suggests that HER has an (unknown) role in the 
switch to flowering. In contrast, the phenotype of pkl veggie double mutants is 
additive, which shows that this function of HER is not shared with PKL. 

To sum up, HER and PKL are redundantly required for the initiation and/or 
maintenance of the petunia SAM, but have additional, gene-specific functions 
during the vegetative and reproductive phase, which affect plant architecture. In 
the cyme of petunia HER is required for the initiation and/or maintenance of the 
stem cell population in sympodial meristems, and has a poorly understood, but 
important role in the termination of the SAM in petunia. Our data demonstrate how, 
in addition to the mechanism of spatiotemporal control of floral meristem identity, 
KNOX1 genes could have contributed to the rapid and widespread diversification 
of inflorescence architectures. 

 
Methods 
 
Plant material 
 

The unstable alleles hermitD2413 and pklK2097 spontaneously arose among 
progeny of the petunia (Petunia hybrida) line W138 (Koes et al., 1995). Germinal 
revertants were identified as wild type plants among mutant progeny, and these 
plants were all heterozygous for a revertant allele and a mutable allele. alf, dot and 
evg mutants have been described in detail previously (Souer et al., 1998; Rebocho 
et al., 2008; Souer et al., 2008). exp was first described in (Souer et al., 1998), and 
studied in detail in (Chapter 3). 

All plants were grown in a greenhouse. For comparisons of phenotypes, care 
was taken that plants were grown side by side to exclude that any phenotypic 
differences were caused by variations in greenhouse conditions. 
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Isolation of HER 
 
Since hermitD2413 is an unstable mutation, and most of the spontaneous 

mutations in W138 are caused by dTPH1 transposons, we anticipated that 
hermitD2413 contained a dTPH1 insertion. We used transposon display (Van den 
Broeck et al., 1998) to isolate HER. 

 
Construction of transgenes and plant transformation 
 

The 35S:HER and 35S:STM constructs were created by ligating BamHI-
digested PCR fragments, which we generated with Phusion High-Fidelity DNA 
Polymerase (Finnzymes) from 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 HER coding sequence from a petunia 
W138 meristem cDNA library using the primers: 5’-CGGGATCCATGGAGGG 
GGGTGGGAATTCTAG-3’ and 5’-CGGGATCCTCAGAGAAGAGTTGGTGTCAT 
ATCC-3’. The STM coding sequence we amplified from the pRS074 plasmid, which 
was a kind gift from Robert Sablowski, using the primers: 5’-CGGGATCCATGG 
AGAGTGGTTCCAACAGC-3’ and 5’-CGGGATCCTCAAAGCATGGTGGAGG 
AGATG-3’. 

The HERg sequence we obtained by screening a genomic library of petunia line 
W137 with the HER cDNA. Plaques, which still hybridized after stringent washing 
(0.1 x SSC/0.1% SDS), we purified to homogeneity and we subcloned fragments 
into the pGreenII vector, which we sequenced. We subsequently created the HERg 
construct by first ligating BamHI/SalI-digested PCR fragments into the binary 
plasmid pRD400 (Datla et al., 1992), and then ligating the XhoI/SalI digested 
second part of HERg into the SalI restriction site. We used the primers 5’-CGG 
GATCCCGTGACCTCTTAGAGTGACACGCG-3’ and 5’-TCGATCTTCGGCCTGA 
GGGTCGAC-3’. The STMg construct was also created in two steps. First we 
cloned XhoI/BamHI-digested PCR fragments into SalI/BamHI-digested pRD400 
plasmid, then we cloned BamHI digested PCR fragments of the second part of 
STMg into the BamHI restriction site. We took Arabidopsis (Columbia) genomic 
DNA as template and used the primer sets 5’-CCGCTCGAGGTTCCAGTTGAG 
GATCTTCCCAG-3’ and 5’-CACAACCTCCGGTGGTGCTCCAACCTTAAG-3’; 5’-
AATATTGTATGTAGGCTTGAAGATTAGGAC-3’ and 5’-CGGGATCCCCCTTATG 
GAATTGTACACAAACCAC-3’. 
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The HERpro:GUS construct was created by ligating BamHI/HindIII-digested PCR 
fragments of the HER promoter into the binary pRD400 plasmid. We amplified the 
HER promoter sequence from W138 genomic DNA using primers 5’-
CGGGATCCCGTGACCTCTTAGAGTGACACGCG-3’ and 5’-CCCAAGCTTTCCAC 
TAGAATTCCCACCCCCCTCC-3’. Next, we cloned HindIII-digested PCR 
fragments of the beta-glucuronidase reporter gene followed by a nopaline synthase 
(NOS) terminator into the HindIII restriction site. We amplified this fragment from 
the pGreen 5k vector, using primers 5’-CCCAAGCTTGTCCGTCCTGTAGAA 
ACCCCAACC-3’ and 5’-CCCAAGCTTCCGATCTAGTAACA TAGATGACACCG-3’. 
The STMpro:GUS construct was created the same way, only we used primers 5’-
CGGGATCCGTTCCAGTTGAGGATCTTCCCAG-3’ and 5’-CCCAAGCTTATTATC 
CCCGGCAAAAGCCATTGGAC-3’ to PCR the STM promoter sequence from 
Arabidopsis (Columbia) genomic DNA. 

We accurately followed the whole-mount GUS staining protocol as described in 
(Weigel and Glazebrook, 2002). 

All transgenes were (re)sequenced before introduction into the transformable 
petunia line W115 or in W115/W138 F2 hybrids 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. 

 
Isolation of HERMIT-likes 
 

We identified PKL and HEL1-3 by PCR on W138 genomic DNA using the 
degenerate primers 5’-GGAATTCCAYTAYAARTGGCCNTAYCC-3’ and 5’-GGAA 
TTCAACCARTTRTTDATYTGYTTYTG-3’, which span the highly conserved intron 
that is present in the homeodomain of KNOX1 genes. PCR products were 
sequenced and the complete cDNA coding sequences and genomic structures 
were determined by somatic insertion-mediated PCR (SOTI-PCR) (Rebocho et al., 
2008). 
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In situ hybridization experiments 
 

In situ hybridization was performed as described by (Souer et al. (1998). 
Digoxigenin- (HER, PKL and HEL1-3), or fluorescein-labeled (DOT) 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, which eliminates non-specifically bound probe as well as cross-
hybridization to related mRNAs. 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 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). 
 
Quantitative RT-PCR expression analysis 

 
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 (Supplemental Table 1). 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. 

For the HER RT-PCR we used a primer specific for the leader of HER and a 
poly-A tail adaptor-specific primer to amplify the cDNAs derived from all RNA 
species that may occur, as the effects of a dTPH1 transposon insertion or footprint 
sequence on transcription and splicing are unpredictable. 
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Phylogenetic analysis 
 
The cDNA sequences of the conserved KNOX1, KNOX2, ELK and 

homeodomain were aligned in ClustalX v1.83 (Thompson et al., 1997) (multiple 
alignment parameters set to: gap opening = 10 and gap extension = 0.2). The 
Bayesian 50% majority-rule consensus tree was constructed using the program 
MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003). The general time reversible 
(GTR) model with invariable sites and a gamma distribution of substitution rates 
was used, 2 chains were run for 5,000,000 generations with a sampling frequency 
of 100 generations, and 12,500 samples were discarded as burn-in. The tree was 
visualized with TreeView version 1.6.6 (Page, 1996), and edited in Adobe Illustrator 
CS2. 

 
Scanning electron microscopy 
 

Scanning electron microscopy was performed as described previously by Souer 
et al. (1998). 

 
Accession numbers 
 

Sequences of the genes used in this study can be found in the EMBL/GenBank 
database under the following accession numbers: LET6 (AF000141), NTH15 
(AB004785), INVAGINATA (AY072735), HIRZINA (AYO72736), STM (NM104916), 
RS1 (NM001156179), GNARLY1 (AAP76320), OSH15 (BAA31688), OSH43 
(BAA79225), OSH3 (BAB68308), KNOTTED1 (NP001105436), OSH1 (JQ2379), 
NTH20 (BAA76904), TKN1 (AAC49251), BP/KNAT1 (NP192555), POTH1 
(AAB41849), TKN3 (AAD00252), NTH22 (BAA76905), KNAT2 (NP177208), 
KNAT6 (NP173752), NTH9 (BAA76903), LG4A (AAM27190), LG4B (AAP31412), 
OSH71 (BAA79226), OSH6 (BAA79224), LG3 (AAP31413), NTH1 (BAA76750), 
TKN4 (AAO33774), KNAT3 (NP001031938), KNAT4 (NM001036861), LET12 
(AF000142), NTH23 (AB004797), KNAT5 (NM119356), KNAT7 (NM104977), 
FBP2 (M91666), FBP4 (AF335234), FBP9 (AF335236), FBP11 (EF179142), 
FBP14/PMADS3 (X72912), FBP23 (AF335241), ALF (AF030171), DOT 
(EU352681), EVG (EF187281), PhSTM (AY112704), HERMIT (GQ409543), PKL 
(GQ409544), HEL1 (GQ409545), HEL2 (GQ409541), HEL3 (GQ409542) 
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Supplemental Figures 
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Supplemental Figure 1. DNA alignment of the coding sequences of petunia and 
Arabidopsis class I KNOX genes. The conserved domains that were used to construct the 
phylogenetic tree shown in Figure 3 are indicated. Identical nucleotides are shaded black 
with the threshold set to 40% using BOXSHADE (http://www.ch.embnet.org/software/ 
BOX_form.html). Hyphens indicate gaps. 
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Supplemental Figure 2. 
DOT mRNA expression in alf 
mutant inflorescences. 
(A) to (D) DOT expression 
(red) in alf inflorescences. 
Note the weak DOT 
expression in (B) and (C).  
(E) DOT expression in a wild 
type inflorescence apex. The 
same DOT probe was used 
as in (A) to (D).  
(F) HER expression in an alf 
inflorescence apex that is 
similar to the alf apices 
shown in (A) to (D). Red 
arrows indicate DOT 
expression where it was 
expected, assuming that 
DOT mRNA expression 
would be unaltered in alf. 
Black arrows indicate lack of 
DOT expression where it was 
expected, assuming that 
DOT mRNA expression 
would be unaltered in alf. 
‘fm’, homeotically trans-
formed floral meristem; sm, 
sympodial meristem; st, 
stamen; p, petal; s, sepal. 
Scale bars, 100 μm. 
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Supplemental Figure 3.  
her exp, her veg and pkl veg 
mutant analysis. 
(A) exp mutant (left) and her exp 
double mutant (right).  
(B) veg mutant (left) and her veg 
double mutant (right) of the 
same age. Inset: top view of a 
her veg flower.  
(C) wild type petunia (left), pkl 
mutant (middle) and pkl veg 
double mutant (right). Figure 
backgrounds were blacked out 
using Adobe® Photoshop® 
software. 
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Supplemental Figure 4.  
Constitutive expression of HER and STM 
in petunia and Arabidopsis. 
(A) 35S:HER in petunia. The arrows 
indicate floral buds.  
(B) 35S:STM in petunia. The arrows 
indicate floral buds. Note the similarity 
between (A) and (B)  
(C) Scanning electron micrograph of 
35S:HER in petunia. Black arrows 
indicate flowers.  
(D) 35S:HER in Arabidopsis.  
(E) 35S:STM in Arabidopsis. Note the 
similarity between (C) and (D)  
(F) 35S:HER phenotype that was only 
observed in petunia.  
(G) 35S:STM phenotype that was only 
observed in Arabidopsis. Note the 
similarity between (F) and (G). L, leaf; s, 
sepal; p, petal; st, stamen; c, carpel. 
Scale bar, 1 mm. 
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Supplemental Figure 5. 
Identification and characterization 
of pkl single mutants. 
(A) PCR screen of the 3D dTPH1 
insertion library (1000 plants). 
The three dimensions are 
indicated by Roman numerals (I, 
II and III). The three coordinates 
(3, 14, 23) belonging to the plant 
that contains the pklK2097allele are 
shown. The lower panel shows 
the same gel after being 
hybridized with a radioactively 
labeled PKL-specific probe. The 
letters ‘M’ indicate molecular 
weight markers, of which the 
sizes are indicated.  
(B) PCR analysis of the progeny 
of plant (3, 14, 23) showing that 
the pklK2097 (m) and wild type PKL 
(+) alleles segregate. Phenotypes 
are indicated below the lanes.  
(C) The inflorescence of PKLR1 
next to that of a pkl mutant of the 
same age.  
(D) PCR analysis of PKLR1 
progeny. The PKLR1 (R1) and 
pklK2097 (m) alleles segregate. 
Phenotypes are indicated below 
the lanes. rev, revertant. 
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Chapter 5 

Deze samenvatting schrijf ik speciaal voor mensen die niet of nauwelijks 
bekend zijn met moleculaire biologie. Ik hoop dat zij na het lezen van dit stuk toch 
een aardig idee hebben gekregen van waar dit proefschrift over gaat. Om deze 
(uitgebreide) samenvatting begrijpelijk te houden zal ik - bewust - dikwijls wat kort 
door de bocht gaan en misschien zelfs wel af en toe een halve waarheid 
opschrijven. Lezers die een uitvoerige beschrijving van alle details en 
achtergronden verlangen, verwijs ik vriendelijk naar de experimentele 
hoofdstukken. 

In het Nederlands vertaald betekent de titel van dit proefschrift ‘moleculaire 
analyse van de ontwikkeling van het bouwplan van de petunia’. De petunia staat 
vooral bekend als een sierplant die zomers uitbundig bloeit. Petunia is van Zuid-
Amerikaanse herkomst en is familie van onder andere de tomaat, paprika, 
aubergine, aardappel en de tabaksplant. De naam petunia komt dan ook van een 
woord dat de oorspronkelijke bewoners van Zuid-Amerika gebruikten voor tabak. 
Ondanks het beperkte maatschappelijk nut van de petunia, wordt deze plant toch 
intensief bestudeerd. Dit komt doordat de petunia een geschikt modelorganisme is. 
Modelorganismen zijn organismen die relatief gemakkelijk te bestuderen zijn en 
waarvan de vergaarde specifieke kennis, in ieder geval naar verwachting, 
algemeen toepaspaar is op andere (wel maatschappelijk relevante) organismen. 
Zo publiceerde Gregor Mendel in de 19de eeuw zijn algemeen geldende 
erfelijkheidswetten over het overerven van eigenschappen door opeenvolgende 
generaties, die hij had afgeleid door het bestuderen van erwtenplanten. In dit licht 
valt het te begrijpen dat de meest intensief bestudeerde modelplant, de fameuze 
zandraket, een wijdverbreid onkruid is: het is een zeer gebruiksvriendelijk plantje.  

Met het bouwplan van een organisme bedoel ik de fundamentele 
lichaamsbouw, anders gezegd, de basale architectuur van een organisme. Dat van 
de mens kan worden omschreven als een romp met daaraan vast vier ledematen 
en een hoofd (en een staart). Het is nog grotendeels een raadsel hoe het 
bouwplan van organismen wordt bepaald. Met andere woorden: wat bepaalt welke 
organen waar worden aangelegd? Om daar achter proberen te komen kun je 
organismen met een verschillend bouwplan met elkaar vergelijken. Een bouwplan 
als dat van de mens, zoals ik het zojuist schetste, hebben heel veel dieren. Dieren 
met een ander bouwplan vind je pas in groepen die relatief ver afstaan van de 
mens, bijvoorbeeld fruitvliegen. De verschillen tussen een fruitvlieg en een mens 
zijn echter veel te groot om een zinnige vergelijking te kunnen maken. Afgezien 
van allerlei praktische en ethische bezwaren, zou dit neerkomen op appels met 
sinaasappels vergelijken. Bij planten ligt dit anders. Zelfs relatief nauw verwante 
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planten kunnen een ander type lichaamsbouw hebben. Deze verschillen zijn vooral 
uitgesproken in het deel van de plant dat de bloemen draagt: het reproductieve 
gedeelte. De ene plant, zoals de zandraket, heeft een steel die omhoog blijft 
groeien en waar bloemen aan de zijkant aan vast zitten. Bij de andere plant, 
bijvoorbeeld de petunia, eindigt de steel juist met een bloem in de top en wordt er 
aan de zijkant een zijscheut gevormd. Deze zijscheut eindigt ook in een bloem 
nadat er een nieuwe zijscheut is gevormd en op deze manier kunnen oneindig veel 
bloemen worden gevormd. Op deze wijze ontwikkelt een tomatentros zich ook. 

Het reproductieve gedeelte van een plant heet de bloeiwijze, of inflorescentie. 
In hoofdstuk twee bespreek ik hoe verschillende bloeiwijzen zich ontwikkelen en 
beschrijf ik (voor een deel) de problemen die zich voordoen bij de classificatie van 
verschillende bloeiwijzen. Helaas is er in de loop der tijd een enorm uitgebreide 
vocabulaire ontstaan die over het algemeen nogal verwarrend is. Het is met recht 
een doolhof te noemen, niet in de laatste plaats omdat de classificatie ook 
daadwerkelijk lastig is. Daarom houd ik een pleidooi voor duidelijkheid. Verder 
komt de manier waarop de bloeiwijze van de petunia zich ontwikkelt (ook een 
controversieel onderwerp) aan bod, naast een korte geschiedenis van de petunia 
en een aantal van de petuniamutanten met een afwijkende bloeiwijze. 

Het vergelijken van de ontwikkeling van de verschillende bloeiwijzen van de 
petunia en de zandraket zouden de factoren kunnen identificeren die ervoor 
zorgen dat ze een andere lichaamsbouw hebben. Het bouwplan van een bloeiwijze 
wordt voor zover bekend niet beïnvloed door omgevingsfactoren (bijvoorbeeld de 
temperatuur of luchtvochtigheid), maar deze ligt vast in het erfelijk materiaal: ‘je 
wordt ermee geboren’. Hiernaar verwijst het ‘moleculaire analyse’-gedeelte van de 
titel van dit proefschrift. Het erfelijk materiaal is het DNA. DNA is een lange code 
die maar vier verschillende letters bevat. Deze genetische code, die in elke cel zit, 
is ruim drie miljard letters lang in de mens en ruim één miljard letters in de petunia. 
Van het grootste gedeelte van de genetische code is de functie onbekend. Het 
meeste weten we van de stukken DNA die coderen voor eiwitten. Eiwitten zijn de 
bouwstenen van het lichaam. Deze stukken DNA zijn eiwitcoderende genen. Het 
menselijke DNA bevat in de orde van grootte van 20.000 eiwitcoderende genen. 
Ondanks dat de mens wellicht naar de meeste maatstaven het meest complexe 
organisme op aarde is, is het niet zo dat minder complexe wezens ook minder 
genen hebben dan de mens. Planten hebben over het algemeen meer genen. De 
zandraket heeft naar schatting ruim 26.000 genen en rijst zelfs ruim 40.000. Een 
verandering in een gen, ofwel een mutatie, kan leiden tot een verandering in de 
opbouw en/of de regulatie van het eiwit waar het voor codeert. 
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Een belangrijk verschil tussen de ontwikkeling van dieren en planten is dat bij 
de geboorte van dieren het patroon van de lichaamsbouw al gerealiseerd is, terwijl 
dit in planten nog moet worden aangelegd. Een dier wordt in principe geboren met 
alle organen al op de juiste plek aanwezig, maar pas zodra een zaadje kiemt, 
begint de ontwikkeling van een plant. Hiervoor is een groep stamcellen in de top 
van de plant, die een meristeem wordt genoemd, essentieel. Stamcellen zijn cellen 
die kunnen veranderen in alle mogelijke orgaanspecifieke cellen. Op die manier 
bepalen ze waar en wanneer een blad, bloem of een volgende scheut gevormd 
gaat worden. De stamcellen van planten en dieren zijn in veel opzichten aan elkaar 
gelijk. 

Om er achter te komen welke mechanismen ervoor zorgen dat een petunia 
eruitziet zoals ze eruitziet, zijn mutanten noodzakelijk. In mutanten is een bepaald 
proces verstoord door een verandering in het DNA. In een bepaald soort petunia 
komen van nature relatief veel mutanten voor die ontstaan door transposon-
inserties. Dit transposon heet dTPH1 en is een klein stukje DNA van slechts 284 
letters, dat willekeurig van plek naar plek springt in het DNA. Een transposon kan 
bij toeval in een gen springen, waardoor dit gen niet meer werkt. Een gemuteerd 
gen hoeft niet noodzakelijkerwijs merkbare gevolgen te hebben voor de 
ontwikkeling van de plant, maar aan de andere kant kan één mutatie genoeg zijn 
om de plantontwikkeling volledig te blokkeren.  

Onze strategie was om veel (duizenden) van dit soort petunia’s uit te zaaien en 
op zoek te gaan naar planten met een afwijkende bloeiwijze, oftewel met een 
afwijkend bouwplan. Dit is een onbevooroordeelde aanpak. We hadden namelijk 
ook op zoek kunnen gaan naar mutaties in genen waarvan we vermoedden dat 
deze belangrijk zijn in de ontwikkeling van bloeiwijzen. Op die manier zul je de 
genen waarvan je nooit gedacht had dat ze belangrijk zouden zijn, maar dat wel 
zijn, echter nooit vinden. 

De mutanten extrapetals en hermit lijken op het eerste gezicht hetzelfde. De 
tros bloemen die een petunia normaal gesproken maakt, is in zowel extrapetals als 
hermit gereduceerd tot een enkele bloem, als ware het een tulp of papaver. De 
zijscheut die gewoonlijk zorgt voor het kunnen doorgroeien van de bloeiwijze is dus 
afwezig. Op het tweede gezicht zijn er wel duidelijke verschillen tussen extrapetals 
en hermit, vooral in het uiterlijk van de bloemen die ze maken. De bloemen van 
extrapetals-mutanten hebben extra organen, hier komt de naam extrapetals 
vandaan. Petals is namelijk het Engelse woord voor petalen, de (gekleurde) 
kroonbladeren. De bloemen van hermit-mutanten zien er rommelig uit, we noemen 
ze daarom ook weleens gekscherend ‘ontplofte bloemen’. 
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Als we eenmaal een mutant hebben gevonden en zo goed mogelijk hebben 
bekeken wat er van de buitenkant gezien mis gaat, proberen we de mutatie die de 
afwijking veroorzaakt op te sporen. We gaan er altijd in eerste instantie van uit dat 
het een dTPH1-transposon-insertie betreft, want door deze springende stukjes 
DNA ontstaan verreweg de meeste mutaties in het soort petunia dat wij gebruiken. 
Bij het vinden van de juiste transposon-insertie komt nog heel wat kijken, maar 
uiteindelijk (let wel, dit kan een paar jaar duren) lukt het bijna altijd om het 
transposon te vinden dat de afwijking veroorzaakt.  

In hoofdstuk drie laten we zien dat in extrapetals-mutanten een gen is 
uitgeschakeld dat codeert voor een eiwit dat het aan- of uitzetten van genen 
reguleert. Dit type eiwit heet een transcriptiefactor. Het is gebruikelijk om het gen 
(en het eiwit waar het voor codeert) met dezelfde naam als de mutant aan te 
duiden. Het EXTRAPETALS-eiwit fungeert normaal gesproken als een remmer van 
het maken van bloemen in de stamcellen die de nieuwe zijscheut maken. Het 
gevolg van de afwezigheid van dit eiwit in extrapetals-mutanten is dat bij de 
vorming van de eerste bloem van de bloeiwijze, de stamcellen van de zijscheut te 
vroeg een bloem gaan maken. Dit zorgt ervoor dat deze stamcellen worden 
opgenomen in de eerste bloem, en zo wordt er één grote bloem met extra 
bloemorganen gevormd.  

Dat een dergelijk mechanisme zou bestaan in planten met een bloeiwijze als 
die van de petunia was al wel voorspeld en er waren ook indirecte aanwijzingen 
dat het bestond, maar de aard van het mechanisme onthullen wij voor het eerst in 
hoofdstuk drie. De zandraket heeft eenzelfde soort mechanisme, dat verassend 
genoeg veel gelijkenissen vertoont met dat van petunia, maar de rol ervan is 
anders. In de zandraket is dit mechanisme niet zozeer belangrijk voor de 
ontwikkeling van de bloeiwijze, maar alleen belangrijk voor de ontwikkeling van 
normale bloemen. 

Vanuit een evolutionair oogpunt bekeken is dit interessant. Als we even uitgaan 
van ‘de evolutietheorie’, dan mogen we aannemen dat de zandraket en de petunia 
een gemeenschappelijke voorouder hebben. Dat wil zeggen dat er lang geleden, 
en dan praten we over naar schatting 90 miljoen jaar(!), een plant leefde die de 
meest recente voorouder is van zowel de zandraket als de petunia. Hoe de 
bloeiwijze van deze plant eruitgezien heeft weten we niet, maar we nemen aan dat 
de petunia en de zandraket door mutaties in het DNA en selectie op deze mutaties 
verschillende soorten zijn geworden. Deze mutaties kunnen geleid hebben tot 
veranderingen in de sequentie van bepaalde eiwitten en/of de regulatie van waar, 
wanneer en in welke hoeveelheid deze eiwitten worden gemaakt. We hadden 
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eigenlijk verwacht dergelijke verschillen te vinden tussen de petunia en de 
zandraket wat betreft dit mechanisme, maar dit was wat het EXTRAPETALS-gen 
betreft niet zo. Klaarblijkelijk speelt hetzelfde mechanisme een andere rol in twee 
verschillende bloeiwijzen. 

In hoofdstuk vier beschrijven we de hermit-mutant. In hermit-mutanten is ook 
een transcriptiefactor uitgeschakeld door een transposon-insertie. We laten zien 
dat dit gen betrokken is bij de aanleg en/of het behoud van stamcellen. Dit dus in 
tegenstelling tot de functie van het EXTRAPETALS-gen, dat de identiteit van 
stamcellen beïnvloedt, in plaats van hun aanleg of behoud. In hermit-mutanten 
worden de stamcellen voor de zijscheut die de bloeiwijze voortzet nooit aangelegd, 
of ze gaan al heel vroeg verloren, waardoor de zijscheut niet aanwezig is en er een 
enkele bloem ontstaat, in plaats van een tros. 

Mutatie van het HERMIT-gen in de zandraket leidt tot een geheel ander defect 
dan in de petunia. Deze mutanten gaan snel na de kieming dood, zonder dat 
nieuwe organen worden aangelegd. Dit komt doordat in deze mutant alle 
stamcellen in de top verloren gaan. We tonen aan dat het verschil tussen de 
hermit-mutant in de petunia en de zandraket niet te wijten is aan verschillen in de 
hermit-genen, of aan verschillen in de geproduceerde eiwitten. In de petunia gaan 
niet alle stamcellen verloren doordat in de petunia ook een ander gen dan hermit 
voor het behoud ervan kan zorgen. Dit gen is een soort tweelingbroer van HERMIT 
en kan overal, behalve in de bloeiwijze, zijn plaats innemen. Dit laten we zien door 
hermit-mutanten te kruisen met een mutant van deze tweelingbroer. De 
‘dubbelmutant’, waarin beide genen niet meer werken, ziet er precies zo uit als de 
zandraket-mutant. We bespreken in de discussie van hoofdstuk vier de rol van 
het soort genen als HERMIT in het ontstaan van verschillende bloeiwijzen.  

In hoofdstuk drie en vier maken we gebruik van een breed scala aan 
technieken. Bijna niets is meer onmogelijk. Hier wil ik het maken van transgene 
petunia’s (genetisch gemodificeerde petunia’s) uitlichten. Dit zijn petunia’s waarin 
we een extra stuk DNA hebben geïntroduceerd. Hieronder geef ik drie voorbeelden 
van het gebruik van transgene petunia’s in ons onderzoek. 

We hebben bijvoorbeeld het HERMIT-gen van de zandraket in een hermit-
mutant van de petunia gezet. Dit gen van de zandraket herstelt de hermit-mutant; 
er werden weer trossen bloemen gevormd in plaats van enkele bloemen. Na 90 
miljoen jaar van evolutie zijn er dus nog zo veel overeenkomsten tussen deze 
genen dat het zandraketgen het petuniagen kan vervangen.  

De DNA-code die vóór een gen ligt (dit stuk DNA heet de ‘promotor’) bepaalt 
vaak in welke cellen van de plant dit gen aan of uit staat. Het is te vergelijken met 
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een aan-uitknop. Om de aan-uitknoppen van EXTRAPETALS en HERMIT te 
bestuderen, hebben we deze stukken DNA, de promotoren dus, vóór een gen 
gezet dat een blauwe kleurstof kan maken in de plant als het gen aanstaat. Door 
zulke transgene petunia’s en zandraketten te maken, konden we bekijken of de 
aan-uitknop van het HERMIT-gen hetzelfde werkt in een petunia als in een 
zandraket.  

Verder kan het om de functie van een gen te achterhalen nuttig zijn om dit gen 
overal in de plant aan te zetten. Dit doe je door het gen achter een promotor te 
zetten die in alle cellen altijd aanstaat. Het gebruik van een dergelijke promotor 
heeft geregeld spectaculaire gevolgen voor de ontwikkeling van een organisme. 
Vooral het overal aanzetten van HERMIT had een dramatisch effect. Deze 
voorbeelden prikkelen wellicht een aantal dappere lezers om zich ook te wagen 
aan de voorgaande hoofdstukken. 

Mocht iemand zich afvragen: “Maar als petunia’s en zandraketten dezelfde 
genen hebben, en alle organismen gemeenschappelijke voorouders hebben, heb 
ik dan ook dezelfde genen als een petunia?” Jazeker! De laatste 
gemeenschappelijke voorouder van dieren en planten leefde ongeveer 1,6 miljard 
jaar geleden en die had genen die in al het nageslacht zijn behouden, dus ook in 
de mens. 

Tot slot, het soort onderzoek dat in dit proefschrift wordt beschreven, levert 
informatie op die kan worden toegepast om bijvoorbeeld de kwaliteit en 
hoeveelheid van de oogst van een bepaald product te verbeteren. Denk 
bijvoorbeeld aan extra smakelijke kiwi’s, supergezonde paprika’s, of dubbel zo veel 
tomaten per tros. Zo zie je dat dit onderzoek niet alleen leidt tot antwoorden op 
fundamentele vragen over het leven, maar ook van nut kan zijn voor de mensheid.



 

 



 

Dankwoord 
 
Tot slot wil ik graag de mensen die mij de afgelopen jaren hebben geholpen 

met dit proefschrift bedanken voor hun bijdragen. In het algemeen sta ik niet 
bekend als iemand die te pas en te onpas oeverloze kletspraatjes afsteekt, en dat 
zal ik hier ook niet doen. (Dit ter geruststelling van Joke.) 

Al in 2001 kwam ik via professor Jos Mol en Jan als stagestudent terecht in de 
wereld van de afdeling Genetica. Dat jaar leerde ik hoe boeiend moleculaire 
biologie is. Dit was onder de hoede van mijn onovertroffen stagebegeleider Robbie 
en de fijne labgenoten Tijs en Erik, die met aanstekelijk plezier wetenschap 
bedrijven. Aansluitend ging ik naar San Diego (met dank aan Robbie) om via Gerrit 
Los in het lab van Stephen ‘It’s not a problem, it’s a challenge’ Howell in het 
Cancer Center van de UCSD (University of California San Diego) mijn tweede 
stage te lopen. Daar trof ik het enorm met leermeester Gerald ‘Jack’ Manorek. 
Thanks Jack! Also thanks to all my (lab) buddies and roomies for making it an 
awesome year! Katie, can’t believe you’re coming to visit soon! 

Na San Diego zette ik andere plannen definitief opzij om op het oude nest bij 
Ronald ‘Ronnie’ Koes aan het echte werk te beginnen. Ronald is een van die 
zeldzame mensen die openstaan voor alle ideeën, en dat is iets wat ik enorm 
waardeer. Ik kan er een boek over schrijven, en dat heb ik ook gedaan. Dankjewel 
Ronald, ik heb ontzaglijk veel geleerd de afgelopen jaren! Tijs en Erik hadden het 
lab ondertussen verlaten, en oude bekenden zoals Xana en Ilja werden nieuwe 
collega’s. Dank jullie wel voor de hulp als directe labgenoten. Het is goed te horen 
dat jullie op andere labs jullie carrières met plezier aan het vervolgen zijn. Ilja, ik 
wens je succes met de laatste loodjes van je proefschrift. 

Ook heb ik hulp gekregen van de groepen van Jan, Toon en Francesca (FQ). 
Jan, jij kunt als geen ander mensen enthousiast maken; het was geen toeval dat 
mijn oog een kleine tien jaar geleden op een project van jou viel tussen een grote 
berg stageprojecten. Van de FQ-groep dank aan Michel, Walter (Wally) en 
vraagbaak Kees. En natuurlijk Francesca zelf bedankt. Vooral ook voor de 
gezelligheid! Dat geldt zeker ook voor de wat verder weg staande ‘groep Bert’. In 
ieder geval voor advies over Southern blotting, maar ook voor relativering moet je 
zonder meer bij de enige echte Tarcies (‘Tars’) zijn. Bij Toon en Bets moet ik 
eigenlijk altijd meteen denken aan de Kerstman, XY en fotosessies in het lab. 

Henk, toen ik student was maakte je al indruk tijdens colleges. Bedankt dat ik 
gebruik kon maken van jouw klimaatkamers tijdens mijn promotietijd.  
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Ergens halverwege keerden tot mijn plezier Erik en Tijs ook weer terug bij de 
afdeling. De ontwikkelingsexperimenten zijn weer even geheel in handen van Tijs. 
Dan komt het goed. Nathalie, helaas overlapten onze projecten weinig. Ik wens je 
alle succes met de afronding en het vinden van een volgende leuke baan.  

Zonder de inspanningen van Daisy, Maartje, Martina en Pieter was ik beslist 
niet ver gekomen. Bedankt! 

De open en heel prettige samenwerking met de groep van Tom ‘Mister Petunia’ 
Gerats uit Nijmegen is heel belangrijk geweest voor dit proefschrift. Vooral dank 
aan Tom, Michiel en Anneke. 

Van de mensen die niet direct wetenschappelijk hebben bijgedragen aan dit 
boekje, wil ik, zoals beloofd, Saskia en Margot eruit lichten, en Zhang; dankzij hen 
speel ik nu weergaloos tennis. De 'oude garde', over niet al te lange tijd allemaal 
dertigers die 'way back' gaan, mag niet onvermeld blijven: Yo, Roel, Ramon alias 
‘Dekker’ en Marcel. En Willeke natuurlijk! Hier laat ik het bij, voordat ik mijn zojuist 
gedane belofte verbreek. 

Dan mijn paranimfen. Marcel is een uitstekend wetenschapper, maar vooral net 
zo groot fan van Lalaland als ik. Geen discussie dat een mens eigenlijk minimaal 
twee keer per jaar ergens op Farmers Market moet zitten. Have fun in Cali! 

Elske, jij hebt natuurlijk verreweg het meeste bijgedragen aan dit proefschrift. Ik 
ben jarenlang ontzettend verwend met jou naast me in het lab, de kas en de 
koffiekamer. Als jij je meesterbrein inschakelt, ben je niet bij te houden, en je bent 
ook nog eens zo veel meer dan alleen maar heel erg slim. In ieder geval qua fun 
waren Parijs en Peking hoogtepunten! Binnen en buiten het lab heb ik echt heel 
veel van je geleerd. Dankjewel, ik ben er trots op dat je mijn paranimf bent en ik 
ben reuze benieuwd naar je toekomstplannen. O ja, en je hebt ook nog eens een 
heel handig zusje. Vera wist precies hoe dit manuscript in een ringbandje de VU uit 
bij de commissieleden moest komen. Go Vera! 

Als laatste dank aan mijn familie Marijke, Jeanine en Patrick, en als allerlaatste 
wil ik vooral en in het bijzonder mijn ouders bedanken voor al hun hulp en steun. 
Dat er nog maar vele goede jaren mogen volgen zou ik zeggen! 
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