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The vast universe, beautiful in its coldly impersonal totality,
contains all that we call good or bad, all the answers for all
the paradoxes we see around us…
Takamatsu Sensei
The essence of a flower is nature at work …
Hatsumi Sensei

bw.royaert

24-10-2006

11:51

Pagina 6

bw.royaert

24-10-2006

11:51

Pagina 7

Contents

Chapter 1

Introduction and scope of the thesis

[9]

Chapter 2

The duplicated B-class heterodimer model: Whorl-specific
effects and complex genetic interactions in Petunia hybrida
flower development

[51]

Chapter 3

Analysis of the Petunia TM6 MADS Box Gene Reveals
Functional Divergence within the DEF/AP3 Lineage

[79]

Chapter 4

On the involvement of FBP7 and FBP11 in ovule and
seed development

[105]

Chapter 5

Towards the creation and selection of the fbp2 fbp5 fbp9
triple mutant – Progress report

[113]

Chapter 6

Creation of a large Petunia transposable element insertion
library and its use in forward and reverse genetics

[129]

References
Summary and concluding remarks
Samenvatting

[141]
[161]
[167]

Acknowledgements / Dankwoord
Curriculum Vitae
Appendix

[173]
[176]
[177]

bw.royaert

24-10-2006

11:52

Pagina 8

bw.royaert

24-10-2006

11:52

Pagina 9

Chapter I

Introduction

bw.royaert

24-10-2006

11:52

Pagina 10

Introduction and scope of the thesis

General introduction

10

Flowers and their floral structural elements play a central role in the biology of the
angiosperms or seed plants. They are responsible for the gametophyte production (ovules
and/or pollen), pollination, fertilization and propagation by seed production
(Schönenberger, 2005). Angiosperms became the dominant form of plant life on land
and exhibit many morphological and functional key innovations such as the formation
of a flower with a closed carpel, double fertilization yielding a nutritive endosperm, xylem
vessel elements and a reduction of the haploid stage (Kramer and Jaramillo, 2005).
Subsequent steps in angiosperm and floral evolution can be unravelled based upon
paleobotanical and palynological studies of the Cretaceous angiosperms (145 to 65 millions years ago (MYA)) and by using molecular and phylogenetic data from living seed
plants and their close relatives. Studies on plant morphology also can provide new
insights into the distribution of critical reproductive characters among these extant taxa.
Flowers are composed of a number of floral structural elements in an ordered pattern.
These floral structural elements may be defined as the result of key innovations. To
quote Endress (2001c): ‘key innovations are new characters that acquire an indispensable biological role (developmental or ecological) that causes them to be conserved
despite changing adaptive pressures’ (Müller and Wagner, 1991; in Endress, 2001c).
Key innovations may begin unnoticed, as minor variations and finally, a single form
may end up appearing totally different as a result of these variations (M. Hatsumi, personal communication). The basic four floral structural elements are the sepals, petals,
stamens and carpels. Flowers, in turn, may form inflorescences and inflorescences may
be elements or modules of compound inflorescences (Endress, 2001c). In general,
structural elements ordered in a hierarchic system will evolve much more rapidly from
elementary constituents than will non-hierarchic systems with the same number of elements (Simon, 1962; in Endress, 2001c). For example, stamens and carpels are positioned in adjacent whorls in a flower. This makes it possible to fuse and to develop into
a gynostemium, like in orchids. This of course will never happen when they are not
positioned in whorls.

Evolution of floral structural elements and their contribution
to flower development
Reproductive Organs – Gynoecium and Androecium
The gynoecium consists of one or more pistils. The pistil, the female reproductive
organ, consists of an ovary, one or more styles, and one or more stigmata. The ovary contains a placenta with one or more ovules, whereas the style harbors the transmitting tis-
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sue, necessary for pollen tube growth and guidance from the stigma to the ovule(s). The
pistil is composed of carpels (megasporophylls). The advent of carpels was one of the
most important key innovations in angiosperm phylogeny (Endress, 2001c) because the
carpels covered the ovules and secluded them from the outside world by secretion or postgenital fusion. Two reasons have been mentioned for the evolution of the closed carpel.
First, before the presence of the carpel, released pollen were caught in a pollination drop
on the micropyle of the ovule. With the evolution of the carpel, the pollen were dropped
on the wet stigma on the outside of the closed carpel. Pollination drop and stigmatic
secretion may have served as a kind of (nectar) reward for pollinators (Lloyd and Webb,
1992; Endress, 1994). The second reason has to do with the evolution of the bisexual
flower. Female and male flowers were brought close to each other. To avoid self-fertilization and to maximize outcrossing, the closed carpel served as a mechanical barrier.
Noteworthy is the (presumably subsequent) development of incompatibility systems, acting as a biochemical barrier (Dilcher, 2000).
In basal angiosperms the carpels remain free from each other (apocarpy) or, there is only
one carpel. In most of the angiosperms, however, the carpels of each flower are fused (syncarpy). Syncarpy can arise when the developing carpels are pushed against each other
(appression), late in development and thus after organ initiation (postgenital fusion).
Secretions close the intervening spaces. ‘True’ syncarpy happens when the carpels stick
together because of epidermal fusions (Raven and Weyers, 2001). Normally, the epidermis does not respond to contact with other structures. In the case of postgenital fusion,
there is a dedifferentiation of the carpel epidermis. In Catharanthus roseus, it has been
demonstrated that at the site of epidermal contact, only about 400 cells dedifferentiate
and redifferentiate into parenchyma cells (Lolle et al., 1998).
Syncarpy has several evolutionary advantages. (1) All carpels can be pollinated with one
single pollen delivery. (2) Syncarpy permits an even distribution of pollen tubes among
carpels. (3) Pollen selection can occur within a single structure. (4) A single stigma
might be able to interact better with an animal pollinator in spatial and temporal terms
(protandry (stamens develop and mature faster than pistils) versus protogyny (pistils
develop and mature faster than stamens). This also helps to prevent self-fertilization (5)
It is easier for an animal pollinator to find and to feed on nectar pollen in a flower with
a single style (Raven and Weyers, 2001).
The androecium consists of stamens. The stamen, the male reproductive organ, is
made of a filament, a connective tissue and an anther. The anther is usually composed
of two thecae (very rare cases are known where stamens do not have a thecal organization, see Endress and Stumpf, 1990; in Endress, 2001c), each one with two microsporangia (pollen sacs), wherein the pollen are formed. The most similar structures in
other seed plants are disporangiate (e.g., in conifers or in Gnetum) (Endress, 2001c).
Stamens can also be fused with each other (synanthery, e.g., Solanaceae) or with the
pistil (gynostemium, e.g., orchids). A thecal structure is supposed to be more efficient
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for pollen presentation than a single sporangium (Hufford and Endress, 1989; in
Endress, 2001c).
Flowers can be monoecious (separate male and female flowers on the same plant) or
dioecious (plants each with only male or only female flowers). Archaefructus (Sun et al.,
2002), one of the first flowering structures known to date, appeared to be gynodioecious (having one axis with only female reproductive organs, and another axis with
both female and male reproductive organs; Dilcher, 2000). Other early flowering structures appear to be unisexual (containing only flowers with male or female reproductive
organs), or bisexual (both male and female reproductive organs) (e.g., Friis et al.,
2005). In most cases, unisexuality arises by the selective abortion of one type of reproductive organ in originally bisexual flowers (Chasan, 1993).

Perianth Organs – Sepals and Petals
Compared to the eudicots, only a few basal angiosperms have of perianth consisting of
sepals and petals (Nymphaeales, and Saruma belonging to Aristolochiaceae, Endress,
2001c; Jaramillo and Kramer, 2004). In most cases the perianth organs and the reproductive organs are positioned in spirals or in basically four whorls at the receptacle. The
spiral form is the more primitive one. When arranged in whorls, sepals are in the
outermost whorl, petals in the second whorl, stamens in the third whorl and carpels in
the central whorl. In contrast to stamens and carpels, the function of sepals and petals
is less clearly defined (Endress, 2001c). Sepals protect the young flowers, whereas petals
have attractive functions at anthesis.
Sepals can be freestanding (chorisepaly) or fused (synsepaly). In the latter case, they
form a calyx. A special case of calyx formation is the ‘Chinese lantern’, or ‘inflatedcalyx-syndrome’ in the genus Physalis, where sepals continue to grow after pollination
to encapsulate the mature fruit (He and Saedler, 2005).
Petals can also be freestanding (choripetaly) or, fused (sympetaly) to form a corolla consisting of a petal tube and a petal limb. The congenital fusion of petals is another key
innovation in flowers at the level of the asterids (Endress, 2001c). Sometimes the fused
part appears first as a circular meristem on which the individual petals appear later
(early sympetaly). Alternatively, petals can appear as a distinct primordium first, while
fusion then occurs later (late sympetaly) (Endress, 2001c; and references therein).
Sympetaly provides more flexibility for the evolution of flower architecture for example for the development of isolation mechanisms for pollination (Endress, 2001c).
The corolla sometimes forms outgrowths containing nectar. Such a structure is called
a floral spur. Sepals or both sepals and petals can form a floral spur too. Floral spurs are
rarely found in entire families. They usually characterize single genera, indicating multiple independent origins of these structures. Aquilegia (Ranunculaceae) is the best-
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studied genus in an evolutionary context (Endress, 2001c; see also Hodges and Arnold,
1995). Aquilegia has a spur in each petal and the flower is polysymmetric. Most other
spurred flowers have only one spur and are monosymmetric (Endress, 2001c).

Contribution of Floral Structural Elements to Flower Development
According to Dilcher (2000), there are three significant nodes in the evolution of
angiosperms. It is in this sense important to realize that angiosperms to their great
advantage developed interactions with animal pollinators during the Cretaceous
(Kramer and Jaramillo, 2005). The first node is the evolution of showy radial flowers
nearly simultaneously with the appearance of a closed carpel (Dilcher, 2000). The first
floral structures consisted only of reproductive organs. Later during evolution together
with the development of animal pollinator interactions, attractive petaloid organs
appeared (Kramer and Jaramillo, 2005). The position of the floral structural elements
moved from a spiral placement to a placement in whorls, giving rise to the radial flowers. The second evolutionary node was the evolution of zygomorphic flowers during
the later Late Cretaceous and early Tertiary, about 60 million years after the origin of
the angiosperms (Dilcher, 2000; Endress, 2001a). Zygomorphic flowers are flowers
with a single plane of symmetry, in contrast to the actinomorphic flowers, which are
polysymmetric (Donoghue and Mathews, 1998). The evolution from actinomorphic
to zygomorphic flowers has occurred several times independently (Dilcher, 2000;
Endress, 2001a). The third and last major coevolutionary node was the evolution of
large stony and fleshy fruits. This coevolution occurred simultaneously with the radiation of rodents and birds during the Paleocene and Eocene (both early Tertiary). Fleshy
fruits and nutritionous seeds were dispersed by those animals and were means by which
the angiosperms increased their potential for wider distribution and thus outcrossing.
Outcrossing is also enhanced by wind and water pollination syndromes, but without
the development of the wide diversity compared with animal-pollinated angiosperms
(Dilcher, 2000).

13
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Box 1 – What plant fossils can tell us.
One way to unravel the subsequent steps in floral evolution is by paleobotanical
and palynological studies of the Cretaceous angiosperms. Fossil flowers found
from the Cretaceous (145 – 65 MYA) are sometimes charcoalified, as a result of
rapid charcoalification during ancient flash forest fires. The charcoalified fossil
flowers are well preserved and show their structures into the smallest details. The
best-preserved flowers and therefore the most rewarding stages to study are buds
in a developmental stage just before anthesis (Schönenberger, 2005). Fossils can
be divided into categories depending on their sizes: microfossils (microscopic
structures such as pollen and spores), mesofossils (structures in the range of a few
millimetres) and finally, megafossils (larger structures such as leaves, branches
and stems) (Schönenberger, 2005). Most of the angiosperm reproductive structures from the Cretaceous can be categorized as mesofossils (Crepet et al., 1992;
Crane et al., 1995; Crane and Herendeen, 1996; Gandolfo et al., 1998;
Schönenberger, 2005). A simplified form of the reconstruction process of the
three-dimensional floral structure of fossils is depicted in Figure 1.

Figure 1 Simplified form of the reconstruction process of the three-dimensional floral structure of a
fossil (adapted after Schönenberger, 2005). (A): charcoalified flower bud (B): thin sections through the
bud (C): identification of the floral structural elements and their position (D): flower diagram (E):
deduced flower model
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Radiation of Angiosperms
Flowers, seeds or fruits from the Early Cretaceous have not yet been identified and less
than 1% of the material found represents angiosperm pollen grains (Crane and
Herendeen, 1996; Friis et al., 2005). An important expansion in the diversity and complexity of the angiosperms took place during the mid- to late-Early Cretaceous
(Hauterivian-Barremian-Aptian-Albian, Figure 2) (Friis et al., 2005).

15

Figure 2 Geological timescale

The fossils found in that era are similar to extant species of Amborellaceae,
Nymphaeaceae, Austrobaileyales, and Chloranthaceae (Crane et al., 2004, see Box 1).
There are also indications that many of the major lineages of extant angiosperms were
already differentiated during the early Late Cretaceous. The Late Cretaceous assemblages (Turonian-Campanian) are dominated by flowers that belong to the rosiid (e.g.
Saxifragales), the ‘higher’ hamamelid (e.g. Fagaceae), and the dillendiid complex (e.g.
Ericales) (Crane and Herendeen, 1996). The oldest known fossils of monocots,
described by Gandolfo et al. (1998), belong to the Late Cretaceous stage (Turonian)
and are approximately 90 MYA old. Their features indicate a close relationship with
members of the modern monocotyledon family of the Triuridaceae, a family of diminu-
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tive saprophytic plants. They are leafless and achlorophyllous, implying that there is no
photosynthesis apparatus. About 65 MYA, during the Paleocene, the angiosperms
became dominant in the majority of terrestrial habitats.
Most analyses of divergence time for angiosperms using molecular techniques (see further) have concluded that their ages are considerably older that those inferred directly
from the fossil record. There are two genera that have been considered to represent possible angiosperm precursors. The first one is the Mesozoic seed fern Caytonia (Friis et
al., 2003 and references therein). The other one, Archaefructus (Sun et al., 2002; Friis
et al., 2003; Zhou et al., 2003), is very special because the fossil specimens are preserved as whole plants with roots, stems, leaves, flowers and fruits. The floral structures
of Archaefructus contain male and female reproductive organs on the same shoot.
Stamens and carpels are present but other floral organs are missing. The absence of
these floral features demonstrates that Archaefructus does not belong to the angiosperm
crown group (Zhou et al., 2003) and is more an example of an herbaceous plant adapted to an aquatic life-style (Friis et al., 2003).

Diversification Rates and Ages of Angiosperm Lineages
To convert genetic distances into absolute ages, different kinds of ‘molecular clock’
assumptions are used. There are strikingly different rates of molecular evolution in different angiosperm lineages (for review, see Benner et al., 2002; Friis et al., 2005).
Another problem is the fact that a great deal of angiosperm diversity is extinct. The living taxa are only a small proportion of the total diversity that ever existed. Most of the
phylogenetic analyses are based on living taxa so that the outcome may be distorted
because of an uneven sampling resulting from a differential extinction (Friis et al.,
2005). Methods used for the estimation of phylogeny are Neighbor Joining, Parsimony,
Minimum Evolution, Maximum Likelihood and Bayesian inference. All these methods
have their advantages and disadvantages (for review, see Holder and Lewis, 2003; see
also Frohlich, 1999; Kuzoff and Gasser, 2000; Soltis and Soltis, 2003). The results of
these analyses are discussed in the next paragraphs.

Phylogeny and theories about the origin of the bisexual flower
Anthophyte Theory and the Position of the Gnetales
Originally, Gnetales were thought to comprise the closest living relatives of flowering
plants, because of a number of features apparently shared by both groups: the presence
of vessels (water conducting cells with holes all the way through the cell wall); ovules with
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two layers of tissue (integuments) covering their surface instead of only one layer; and
other attributes (Frohlich, 1999). By 1930, however, species like Magnolia, producing
flowers with many sepals and/or petals and stamen and carpels, were thought to reflect
ancestral flower features. Possible relationships with fossil groups was stressed, especially
Caytoniales (Frohlich, 1999; Friis et al., 2003 and references therein). In the mid-1980s,
based on morphological based studies, flowering plants were grouped with Gnetales and
two fossil groups, Bennetitales and Pentoxylales, in what was called the Anthophyte clade.
Later analyses of the Anthophyte clade added Caytoniales to the group, next to flowering
plants (Doyle, 1998; Frohlich, 1999). In 1999, Qiu et al. and Winter et al. provided
strong evidence that the Gnetales are more closely related to the conifers than to the flowering plants. Winter et al. (1999) used various MADS-box genes (see part below on
MADS-box genes) isolated from Gnetum, and the genes always fitted well in the clade
with the respective conifer genes. Some characteristics of the gnetophytes are interpreted
as similar to angiosperm characteristics, i.e. the flower-like appearance of reproductive
structures, the presence of vessels, and double fertilization. Finally, some of the characteristics interpreted to be similar are analogies rather than homologies (Carlquist, 1996;
Friedman and Carmichael, 1996; Winter et al., 1999). Up to now, the exact position of
the Gnetales in the gymnosperm clade remains uncertain (Bowe et al., 2000; Gugerli et
al., 2001; Soltis et al., 2002; Burleigh and Mathews, 2004).

Position of the ANITA grade in the Angiosperm Phylogeny
As mentioned before, these studies strongly suggest that the angiosperms and the gymnosperms form two sister clades. Within the flowering clade, the ANITA grade represents the first lineages to have diverged from the gymnosperms and contains Amborella,
Nymphaeales (Nymphaeaceae and Cabombaceae), and the ITA clade (Illiciaceae,
Trimeniaceae, Austrobaileyaceae and Schisandraceae) (Figure 3). Initial studies have
concluded that Amborella (represented by a single species, Amborella trichopoda) is the
earliest diverging lineage followed by the Nymphaeales (Donoghue and Mathews,
1998; Kenrick, 1999; Mathews and Donoghue, 1999; Qiu et al., 1999; Soltis et al.,
1999; Zanis et al., 2002). Mathews and Donoghue (1999) used duplicated phytochrome genes and suggested that the xylem vessels evolved after the split of Amborella
because it does not have vessels. They also suggested that the carpels of the first flowering plants were sealed through occlusion of the inner space by secretion. Postgenital
fusion occurred later in the evolution. All ANITA members, except the Illiciaceae, share
this morphological feature (Qiu et al., 1999). Soltis et al. (1999) and Qiu et al. (1999)
used a combination of gene sequences from different genomes i.e. nuclear, mitochondrial, plastid and encoding products involved in information processing, energy metabolism and carbohydrate synthesis, respectively, to create phylogenetic trees.
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Figure 3 Simplified Angiosperm phylogenetic tree.

In the study of Zanis et al. (2002), although they put Amborella as sister to all other
angiosperms, there were some tests indicating Amborella + Nymphaeales as the firstbranching angiosperm lineage. The latter was also suggested by the study of Barkman
et al. (2000) and Kim et al. (2004). This indicated that the first flowers had a different
basal arrangement than suggested before. Amborella has unisexual flowers and no vessels; Nymphaea has bisexual flowers and vessels. Barkman et al. (2000) suggest that with
Amborella + Nymphaeales assumed as the first-branching angiosperm lineage, the first
angiosperms might have had either unisexual or bisexual flowers. This also means that
Amborella lost the vessels, or that vessels have evolved more than once in angiosperm
evolution (Barkman et al., 2000). Another point of view arises from the analyses of
Goremykin et al. (2003), using the complete Amborella chloroplast genome. The
results suggest that not Amborella but the monocots are more basal. The monocots in
the analyses are represented by only a few grass lineages (Martin et al., 2005). When a
broader sampling of the monocots was done, Amborella regained its basal position
(Stefanović et al., 2004). Finally, an overview of the eudicot phylogenetic relationships
is given by Judd and Olmstead (2004).
The picture so far of the ancestral angiosperm is one with small (only a few millimeters), protogynous, bisexual flowers. The flowers have a gynoecium with separate,
incompletely closed carpels. The carpels are sealed by secretion and contain only a few
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ovules. The floral organs are spirally arranged and the perianth is not clearly separated
into sepals and petals (Endress, 2001b).

Recent Theories about the Origin of the Bisexual Flower
Out-of-Male / Out-of-Female Scenario
Hermaphroditic flowers harbour both male and female organs. The out-of-male scenario assumes that hermaphroditic flowers originated from a male gymnosperm cone
(Theissen and Becker, 2004). In gymnosperms, the B-function MADS-box gene(s)
together with the C-function MADS-box gene(s) (see further) are responsible for the
proper development of the male reproductive organs. The C-function alone is required
for the development of the female reproductive organs. A reduction in B-gene expression in the upper region of the cone will lead to the development of female reproductive organs.
The out-of-female scenario assumes that hermaphroditic flowers originated from a
female cone. In this case, ectopic expression of the B gene in the basal region of the
female cone will lead to the development of male reproductive organs. The result of
both scenarios is the establishment of a flower-like structure without perianth organs
but with male reproductive organs at the base and female reproductive organs at the
apical region (Theissen and Becker, 2004). The modification in B-gene expression
could be caused by changes in the genes that control B-gene expression or by changes
in cis-regulatory elements of the B genes themselves (Theissen and Becker, 2004).
Mostly Male Theory
In their search for homologues of flower homeotic genes in basal angiosperms and
Gnetales, Frohlich and Meyerowitz (1997) found two LFY paralogues, i.e. NEEDLY
(NLY) and LEAFY (LFY). Both genes are shared by Gnetales and conifers. Diploid
flowering plants, in contrast, have only one copy of LFY. Later it was shown that the
NLY gene in pine (Pinus radiata) is highly expressed only in developing female structures (Mouradov et al., 1998a). The LFY gene of the same species is highly expressed
only in male structures (Mellerowicz et al., 1998). Combination of these data led to the
Mostly Male theory (Frohlich, 2003) suggesting that flower organization is founded
more on male than on female structures. The ancestral plant had separate microsporophylls and ovule structures. Later during evolution, ovules were formed on some of the
microsporophylls. These ovules became more important in the production of seeds.
The separated ancestral ovules were lost, together with the NLY gene (necessary in specifying the female reproductive structures). The final step was the loss of the microsporangia on the microsporophylls that bore the ectopic ovules and these microsporophylls
started to enclose the ovules, becoming an angiosperm carpel (Frohlich, 2003).
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Albert’s Alternative
Albert et al. (2002) also use the two LFY paralogues to set up another theory. It was
shown that the two LFY paralogues of the gymnosperms both could complement lfy
null mutants in Arabidopsis (Mouradov et al., 1998a; Shindo et al., 2001). In gymnosperms, the B-function MADS-box gene(s) together with the C-function MADSbox gene(s) are responsible for the proper development of the male reproductive
organs. This suggests that the initiation and further development of male and female
reproductive organs in gymnosperms is completely determined by the differential
regulation of the NLY and LFY genes. In gymnosperms, the LFY gene is involved in
the control of the B and C genes, the NLY gene only in the control of the C genes. If
the efficiency of the C function controlled by LFY rose even slightly above control by
NLY in such plants, then NLY could have been lost through selection. This would finally lead to the evolution of integrated bisexual reproductive axes (Albert et al., 2002).
Summarized, there are basically three reasons to explain the difficulties in identifying the
earliest angiosperms (Qiu et al., 1999). The first reason is the great divergence between
gymnosperms and angiosperms, which makes the comparison of homology between
characters very difficult. The second reason is the great rate of extinction, which is partly
responsible for this divergence; so one needs a very extensive taxon sampling of the extant
angiosperms to obtain discriminative data (see also Friis et al., 2005). The available fossil
materials visualize the third reason: they indicate an explosive radiation of the early
angiosperms during the Cretaceous. To identify the earliest angiosperm, many morphological characters need to be studied (Doyle, 1998; Qiu et al., 1999). The next phase will
be to further integrate existing and future molecular data, paleobotanical studies and
morphological analyses of potential gymnospermous groups and, at the ANITA level, to
find transitional forms between woody gymnosperms and herbaceous angiosperms
(Doyle, 1998; Crepet, 2000; Crane et al., 2004; Crepet et al., 2004).

MADS-box genes and the ABC model of floral development
Structure and Basic Function of a MADS-box Gene
The first molecular phylogenetic trees for plants were based on the sequences of mostly plastid DNA (e.g., Chase et al., 1993). Later, a combination of genomic sequences
from different genomes was used, i.e. nuclear, mitochondrial, plastid DNA and encoding products involved in information processing, energy metabolism and carbohydrate
synthesis, respectively (e.g., Qiu et al., 1999; Soltis et al., 1999). Recently, data on
homeotic genes like the MADS-box gene family are being used increasingly (e.g.,
Winter et al., 1999).
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The name of the MADS-box gene family was proposed by Schwarz-Sommer et al.
(1990) as an acronym for the first four cloned genes from this transcription factor family: MCM1 (yeast, Passmore et al., 1988), AGAMOUS (Arabidopsis, Yanofsky et al.,
1990), DEFICIENS (Antirrhinum, Sommer et al., 1990), and SRF (mammals, Norman
et al., 1988). MADS-box genes in plants have been isolated from mosses, ferns, gymnosperms, and angiosperms (e.g., Munster et al., 1997; Winter et al., 1999; AlvarezBuylla et al., 2000; Henschel et al., 2002; Kofuji et al., 2003). MADS-box proteins are
transcription factors that bind to DNA as dimers (reviewed by Shore and Sharrocks,
1995). They typically consist of a DNA-binding region, an oligomerization site, a transcription regulation (activation or repression) site, and a nuclear localization signal
(reviewed by Liu et al., 1999). The activity of transcription factors can be regulated by
transcriptional and post-transcriptional mechanisms, but also via post-translational
regulation (reviewed by Liu et al., 1999). Their function in the control of gene expression and further cell development of MADS-box proteins and their cofactors in yeast,
animals and plants have been reviewed by Messenguy and Dubois (2003).
Different studies have shown that there are 107 functional MADS-box genes in
Arabidopsis. They belong to two different types, i.e. 64 genes belong to type I and 43
genes to type II (Riechmann et al., 2000; Alvarez-Buylla et al., 2000; De Bodt et al.,
2003; Nam et al., 2004). Type II or MIKC MADS-box proteins in plants have four
distinct domains: M, I, K, and C. Henschel et al. (2002) subdivided the MIKC proteins into two types, based on their intron-exon structure, especially in the I regions.
The I regions of MIKCc are encoded by only one exon (found in mosses, ferns, gymnosperms and angiosperms) and the I regions of MIKC* are encoded by four or five
exons (found in mosses, club mosses but also in Arabidopsis; Kofuji et al., 2003). Type

Figure 4 Schematic diagram of type I and type II MADS-box proteins.
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I or M-type MADS-box proteins in plants lack the K domain (Alvarez-Buylla et al.,
2000; Kofuji et al., 2003). The structure of type I and type II MADS-box proteins in
animals is different compared to the plants (Figure 4). More recently, Pařenicová et al.
(2003) resolved the two types of MADS-box proteins into five structural classes comprising the MIKC, Mα, Mβ, Mδ and Mγ.
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The characteristic protein structure and basic functioning of the MIKC MADS-box
proteins has been reviewed by Kaufmann et al. (2005b). The MADS domain is located at the N-terminal end of the protein and is highly conserved. It contains a nuclear
localization signal and is involved in DNA binding (at a CArG box with consensus
sequence [CC(A/T)6GG], present in the promoter regions), and dimerization together with the I region (Shore and Sharrocks, 1995; Riechmann et al., 1996a).
Dimerization of proteins in the B class proteins also requires part of the K domain
(Huang et al., 1996). The intervening region (I) influences the selective formation of
DNA-binding dimers (Riechmann et al., 1996a; Riechmann et al., 1996b; Kaufmann
et al., 2005b). The K domain is also conserved and forms a series of amphipathic
α-helices. The K domain determines together with the I region the pattern of homoor heterodimerization of MADS-box proteins by protein-protein interactions (Fan et
al., 1997; Yang et al., 2003a). The variable C domain at the C-terminal end of the protein is involved in transcriptional activation in at least some of the MADS-box proteins
(Shore and Sharrocks, 1995; Fan et al., 1997; Cho et al., 1999; Moon et al., 1999a;
Honma and Goto, 2001). Another function of the variable C domain is to promote
higher-order protein complexes through enhancement or stabilization of the interactions that are mediated by the K domain (Fan et al., 1997; Egea-Cortines et al., 1999;
Honma and Goto, 2001; Pelaz et al., 2001a; Kaufmann et al., 2005b). Higher-order
complex formation (see further, floral quartet model) may enable binding to two CArG
boxes (Egea-Cortines et al., 1999; Theissen, 2001) and, therefore improve DNA target
site specificity. It may also bring distal cis-regulatory elements closer to the core promoter and, as such fine-tune gene expression and thus modulate cell development in
time and space (Kaufmann et al., 2005b).

The ABC Model of Floral Development
Flower development can be divided into four steps (Yanofsky, 1995; Jack, 2004;
Kaufmann et al., 2005b). First, the plant switches from vegetative growth to reproductive growth in response to environmental (photoperiod, light quality and temperature; (Weigel and Meyerowitz, 1993; Levy and Dean, 1998) and endogenous signals
(auxin and gibberellin; Blazquez et al., 1998). This process is controlled by a large
group of flowering time genes (e.g., Ruiz-Garcia et al., 1997; Nilsson et al., 1998;
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Michaels and Amasino, 1999). Second, signals from the various flowering time pathways are integrated and lead to activation of meristem identity genes that specify floral
identity and to repression of genes that maintain the vegetative phase (Kaufmann et al.,
2005b). Third, the meristem identity genes control the transition from vegetative to
inflorescence meristems and to floral meristems, thereby activating the floral organ
identity genes. Finally, the floral organ identity genes activate downstream ‘organ
building’ or ‘realizator’ genes that specify the various cell types and tissues that constitute the four floral organs (Yanofsky, 1995; Jack, 2004; Kaufmann et al., 2005b). Many
of these genes belong to the MADS-box transcription factor family (Kaufmann et al.,
2005b).
Genetic studies of floral homeotic mutants in Arabidopsis and Antirrhinum laid the
basis for the original ABC model, as proposed in the early 1990s (Bowman et al., 1991;
Coen and Meyerowitz, 1991). A rather different version was proposed by Sommer et
al. (1990). The ABC model proposes that three classes of homeotic gene activities, A,
B, and C, have overlapping domains (Coen and Meyerowitz, 1991; reviewed in
Theissen, 2001). Class A genes are expressed in the first and second floral whorl, class
B genes in the second and third whorl, and class C genes in the third and fourth whorl
(reviewed in Theissen, 2001). Activity of A alone specifies sepals in the first whorl, AB
specifies petals in the second whorl, BC specifies stamens in the third whorl, and C
alone specifies the carpels in the fourth whorl. Moreover, A and C classes are considered to be mutually antagonistic (reviewed in Theissen, 2001).
The existing ABC model had to be extended after the discovery of two new classes of
floral homeotic genes. The first, the class D genes are only expressed in the fourth
whorl, in contrast to the other classes, which are expressed in two adjacent whorls. The
class D genes were originally characterized in Petunia, where two genes FBP7 and
FBP11 would specify placenta and ovule identity (Angenent et al., 1995b; Colombo et
al., 1995). The Arabidopsis homologue of FBP11, SEEDSTICK (STK), also functions
in ovule development but redundantly with AG, SHP1 and SHP2 (Favaro et al., 2003;
Pinyopich et al., 2003). A second new class, the E or SEPALLATA (SEP) genes are
expressed in all floral whorls of Arabidopsis (Rounsley et al., 1995; Pelaz et al., 2000).
The first SEP genes identified were FBP2 in Petunia (Angenent et al., 1994) and TM5
in tomato (Pnueli et al., 1994a). In both cases, downregulation of this gene resulted in
homeotic conversion of the inner three whorls into sepaloid structures, and loss of floral determinacy in the fourth whorl. In Arabidopsis, four SEP genes have been identified (Pelaz et al., 2000; Ditta et al., 2004). The triple mutant sep1 sep2 sep3 displays floral structures with all floral organs converted into sepaloid structures (Pelaz et al.,
2000). The quadruple mutant sep1 sep2 sep3 sep4 displays floral structures with only
leaf-like organs (Ditta et al., 2004). This means that the four SEP genes function in a
redundant way to specify sepals, petals, stamens, and carpels, as well as floral determinacy (Pelaz et al., 2000; Ditta et al., 2004). The SEP genes also interact with other flo-
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ral organ identity genes in higher order complexes and are involved in floral meristem
determinacy (Honma and Goto, 2001; Pelaz et al., 2001b; Favaro et al., 2003; Ferrario
et al., 2003; Vandenbussche et al., 2003b; Ditta et al., 2004).
The discovery of both D and E genes thus led to an extension of the ABC model to an
ABCDE model and to the quartet model of flower organ identity (Theissen and
Saedler, 2001). The higher order complex formation has been shown in Antirrhinum
to occur between SQUA and the DEF/GLO heterodimer (Egea-Cortines et al., 1999).
The formation of petals is controlled by a combination of tetramers of class A+B+E
proteins, and that of the stamens by tetramers of class B+C+E proteins, according to
the floral quartet model (Pelaz et al., 2000; Honma and Goto, 2001; Theissen, 2001;
Theissen and Saedler, 2001).
In summary: after the plant’s switch from vegetative growth to reproductive development meristem identity genes, like AP1 and CAL, are activated by LFY (GustafsonBrown et al., 1994; Kempin et al., 1995; Wagner et al., 1999). Afterwards, the Identitymediating SEP genes are activated (Ma et al., 1991; Mandel and Yanofsky, 1998; EgeaCortines and Davies, 2000; Theissen, 2001; Ditta et al., 2004), and their protein products can interact with AP1 to promote floral meristem identity (Pelaz et al., 2001a).
Meristem identity genes activate next the floral organ identity genes, AP3, PI, and AG.
Their corresponding proteins can form larger and distinct complexes with the already
available AP1, CAL and SEP proteins to determine the different floral organ identities
(Honma and Goto, 2001). An autoregulatory network of floral organ identity genes is
kept throughout the development (Gómez-Mena et al., 2005) and will in turn activate
the downstream STK and SHP genes. New protein complexes will form between SEP
and AG proteins with the STK and SHP proteins to confer ovule development (Favaro
et al., 2003; summarized by Castillejo et al., 2005). The different classes of MADS-box
genes are described in some more detail for the main species in the next paragraphs.

Evolution of MADS-box Genes
The MIKC MADS-box genes thus can be subdivided into functionally divergent subfamilies. The class A genes belong to the SQUA-like genes, the class B genes to the
DEF+GLO-like genes, the class C and D genes to the AG-like genes, and the SEP genes
to the AGL2-like genes (Becker and Theissen, 2003). Extensive sampling of members
of these subfamilies among gymnosperms, basal angiosperms and the core eudicots
shows that multiple duplication events occurred at crucial evolutionary divergence
points. An important gene duplication happened close to the base of the core eudicots
(Figure 5) in the A-, B- and C-subfamilies (Kramer et al., 1998; Jager et al., 2003; Litt
and Irish, 2003; Kim et al., 2004; Kramer et al., 2004; Zhang et al, 2005).

bw.royaert

24-10-2006

11:52

Pagina 25

chapter 1

Figure 5 Evolution of MADS-box genes and important gene duplications.

Gene duplications can be used as a source of variation for evolution and ‘to try new
things’ because one of the copies can still fulfill the original function. Long-term retention of truly redundant genes does not happen; duplicated genes tend to diverge in
function. According to Ohno (1970), one copy will either get a new function (neofunctionalization) or decay to a pseudogene (loss of function, and probably lost over
time). According to Force et al. (1999), both gene copies can also evolve in such a way
that, together they share the ancestral function but apart they retain a different subfunction (subfunctionalization, see also Moore and Purugganan, 2005). This redundancy can be seen for example between AP1, CAL, and FUL (Kempin et al., 1995;
Ferrandiz et al., 2000a), or between STK, AG, SHP1, and SHP2 (Favaro et al., 2003;
Pinyopich et al., 2003). These and other examples are reviewed in detail by Irish
(2003), Irish and Litt (2005), and Kramer and Hall (2005).

The A-class Genes
Arabidopsis
In Arabidopsis, plants homozygous for the strong ap1-1 mutant allele of the A-function
gene APETALA1 (AP1) show a conversion of sepals into bracts in the first whorl and
form secondary flower buds in their axils. These secondary buds have the same developmental pattern and can eventually even form tertiary buds (Irish and Sussex, 1990).
This indicates a partial conversion of the floral meristem into an inflorescence meristem and suggests that AP1 is required for the transition of vegetative to floral meristems (Mandel et al., 1992; Mandel and Yanofsky, 1995). AP1 expressed under the control of the 35S CaMV promoter in Arabidopsis results in early flowering plants and
shows a transformation of shoot meristems into flower meristems (Mandel and
Yanofsky, 1995). Furthermore, the fact that petals are missing in the second whorl of
the ap1-1 mutant, and normal stamens and carpels develop in the third and the fourth
whorl, respectively, suggests that AP1 is also required to promote sepal and petal devel-
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opment and to suppress axillary bud initiation (Irish and Sussex, 1990; Mandel et al.,
1992). However, recently it has been shown by Yu et al. (2004) that the flowering-time
gene AGAMOUSLIKE 24 (AGL24) is ectopically expressed in the ap1 mutant, causing
many aspects of the ap1 mutant phenotype, including defects in the perianth organs.
They showed that AP1 and LEAFY (LFY, Schultz and Haughn, 1991) are required to
repress AGL24 at the transcriptional level in wild-type plants. By creating the double
mutant agl24 ap1, perianth organ development was recovered, suggesting that AP1 is
not essential to specify sepals and petals (Yu et al., 2004).
Schultz and Haughn (1991) showed that LFY is also necessary for the transition to floral meristems. Similar to the ap1 mutant, the lfy mutant exhibits a partial conversion
of flowers to shoots. The LFY protein can bind to the AP1 promoter and induces transcription of AP1 (Hempel et al., 1997; Parcy et al., 1998). On the other hand, AP1 can
also positively regulate LFY in a feedback regulation (Liljegren et al., 1999). After
induction of the initiation of floral organ primordia, LFY loses direct influence on AP1,
and AP1 is expressed only in sepal and petal primordia (Mandel et al., 1992). This is
because of the expression of the negative regulators TERMINAL FLOWER 1 (TFL1, a
shoot identity gene, Bradley et al., 1997) and AGAMOUS (AG, see below, GustafsonBrown et al., 1994; Liljegren et al., 1999).
AP1 also plays a role in activating B class genes, together with LFY and UNUSUAL
FLORAL ORGANS (UFO, Levin and Meyerowitz, 1995) in the second and the third
whorl (Hill et al., 1998; Parcy et al., 1998; Tilly et al., 1998).
LFY also activates the expression of another A-function gene, CAULIFLOWER (CAL),
in young floral meristem primordia (Mandel et al., 1992; Bowman et al., 1993;
Kempin et al., 1995). Plants homozygous for the cal mutant allele are phenotypically
wild type. The ap1 cal double mutants display a more enhanced conversion of floral
meristems into inflorescence meristems than ap1 single mutants, resulting in a cauliflower phenotype (Bowman et al., 1993). These data indicate that the functions of CAL
and AP1 are partially redundant and that CAL can substitute for AP1 in specifying floral meristems but not in specifying sepals and petals (Kempin et al., 1995).
FRUITFULL (FUL, previously called AGL8) is closely related to AP1 and CAL
(Ferrandiz et al., 2000a) and is required for carpel and fruit development (Gu et al.,
1998). Mutations in FUL also cause a delay in flowering time, indicating additional
functions of FUL as flowering-time gene and as meristem identity gene (Ferrándiz et
al., 2000a). Moreover, flowering is eliminated in ful ap1 cal triple mutants, indicating
partial redundancy between FUL, AP1, and CAL in the process of flower initiation
(Ferrándiz et al., 2000a).
APETALA2 (AP2) is a member of the AP2/EREBP (ethylene responsive element binding
protein) class of transcription factors. One role of AP2 is to prevent the expression of AG
in the perianth and to ensure reproductive organ identity in the inner whorls. In contrast,
AP1 does not play a role in AG repression, because AG is not ectopically expressed in
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whorl 1 and 2 in ap1 mutants (Weigel and Meyerowitz, 1993). A second role of AP2 is
in sepal and petal development (Bowman et al., 1989; Irish and Sussex, 1990; Bowman
et al., 1991; Drews et al., 1991; Mizukami and Ma, 1997). A third role for AP2 is the
involvement in ovule and seed coat development (Jofuku, 1994). More recently AP2 has
also been shown to be involved in the control of seed mass and seed yield in Arabidopsis
(Jofuku, 1994; Ohto et al., 2005). Flowers homozygous for the mutant ap2-1 allele display a conversion of sepals into leaf-like structures with stigmatic tissue at their tips. The
petals have stamenoid tips with rudimentary locules. The stamens and the carpels develop in a normal way (Bowman et al., 1989). AP2 transcripts have been detected throughout the development of the plant, although AP2 functions only in whorls 1 and 2. Recent
studies have shown that AP2 activity is repressed by the microRNA mi172 in the inner
two whorls (Aukerman and Sakai, 2003; Chen, 2004).

Antirrhinum
SQUAMOSA (SQUA) is the Antirrhinum homologue of AP1. Homozygous mutant squa
plants are characterized by an excessive formation of bracts. Flowers are often malformed
or incomplete, if formed at all. Secondary shoots develop in the axils of the bracts. These
secondary shoots also form bract-like structures, and the whole process is repeated
(Huijser et al., 1992). SQUA is strongly expressed in sepal and petals, weakly in bracts
and carpels. In stamens, the signal disappears as soon as stamen primordia become visible microscopically (Huijser et al., 1992). Two genes corresponding to AP2, termed LIPLESS1 (LIP1) and LIP2, were isolated using a reverse-genetics approach. Single mutants
did not give a mutant phenotype. In the lip1 lip2 double mutant, defects were seen in all
four whorls but the major phenotype was the loss or reduction of the upper and lower
lips of the petals. No ectopic expression of the C class gene PLENA (PLE, see below) was
observed in the outer whorls. This suggests that the LIP genes play a comparable role in
sepal and petal development as AP2 does; they do not play a role in repression of the C
function in the first and second whorl (Keck et al., 2003).

Petunia
Maes et al. (2001) isolated three AP2-like genes from Petunia, PhAP2A, PhAP2B, and
PhAP2C. Only PhAP2A has a high sequence similarity to the Arabidopsis AP2 gene and
a similar expression pattern during flower development. Like AP2, PhAP2A is also
expressed during vegetative development and during ovule development. Plants
homozygous for several different mutant phap2a alleles did not show an ap2 mutant
phenotype in floral development, indicating that PhAP2A might not be essential for
normal perianth development in Petunia. Nevertheless, PhAP2A can complement the
ap2-1 mutant of Arabidopsis (Maes et al., 2001).
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Another A-function mutant, blind, shows a phenotype with the first whorl sepals having carpelloid tissue on their tips and second whorl petals exhibiting antheroid structures on the limbs (Vallade et al., 1987). Ectopic expression of one of the C-function
genes, pMADS3 (see C lineage) under the control of the 35S CaMV promoter in transgenic petunias, leads to a phenotype similar to that of the blind mutant (Tsuchimoto
et al., 1993; Kater et al., 1998). The identity of the BLIND gene is still unknown.

28

Other species
TOBACCO MADS 1(TOBM1) and TOBM2 are two genes from Nicotiana tabacum,
highly related to PFG, SQUA and AP1 (Wu et al., 2000). They are expressed in the
inflorescence meristem and all four floral organs. In contrast, AP1 and SQUA are not
expressed in the inflorescence meristem, stamens and carpels (Huijser et al., 1992;
Mandel et al., 1992).
PROLIFERATING INFLORESCENCE MERISTEM (PIM) from pea corresponds to
the pea PEAM4 gene. PIM expression is detected in flowering shoots, but not in vegetative shoots (Taylor et al., 2002). Floral developmental mutations are the same as
observed in squa and ap1 mutants. The PEAM4 gene can partially complement the
ap1-1 mutant of Arabidopsis when expressed in transgenic plants under the control of
the 35S promoter. Overexpression of PEAM4 in a wild-type Arabidopsis background
results in early flowering (Berbel et al., 2001).
CHRYSANTHEMUM DENDRATHEMA GRANDIFLORUM MADS 111
(CDM111), CDM8, and CDM41 from Chrysanthemum are also members of the
AP1/FUL clade (Shchennikova et al., 2004). CDM8 and CDM41 are members of the
FUL subclade (see below). As mentioned before, FUL has an early function in floral
development as a flowering-time gene and as a meristem identity gene (Ferrándiz et al.,
2000a). CDM8 expression suggests a similar early function. On the other hand, FUL
also has a late function in carpel and fruit development (Gu et al., 1998). The other
FUL homologue, CDM41, appears to have a similar role (Shchennikova et al., 2004).
CDM111 belongs to the AP1 subclade and has a very similar expression pattern to that
described for AP1 and SQUA (Bowman et al., 1989; Huijser et al., 1992; GustafsonBrown et al., 1994; Shchennikova et al., 2004). Expression of CDM111 under the control of the double CaMV 35S promoter in wild-type Arabidopsis plants causes a similar early flowering phenotype as was observed with ectopic expression of AP1 (Mandel
and Yanofsky, 1995). Expression of CDM111 in the strong ap1-1 mutant can almost
completely complement the mutant flower structures (Shchennikova et al., 2004).
Overexpressing the apple homologues of AP1, MdMADS2 and MdMADS5, causes
early flowering in transgenic Arabidopsis (Kotoda et al., 2002); for a review about
MADS-box genes in trees, see Cseke and Podila (2004).
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Monocots – rice and maize
OsMADS14 (previously FDRMADS6, or RAP1A) and OsMADS18 (previously FDRMADS7) are two rice homologues of AP1 (Moon et al., 1999b; Jia et al., 2000; Kyozuka
et al., 2000; Pelucchi et al., 2002). OsMADS14 expression is only detected in floral
organs; OsMADS18 is also expressed in roots, leaves and shoots (Pelucchi et al., 2002).
At early stages of rice flower development, OsMADS14 and OsMADS18 have the same
expression pattern as AP1, but at later stages their expression become more diverse.
OsMADS14 is then expressed in the developing lemma, palea and lodicules in the florets
(Kyozuka et al., 2000). At even later stages, OsMADS14 is only detected in stamens and
carpels and later in developing kernels (Moon et al., 1999b; Pelucchi et al., 2002). This
indicates that the two genes may have different functions compared to AP1, but act
redundantly in early flowering processes (Jia et al., 2000; Kyozuka et al., 2000; Pelucchi
et al., 2002). Overexpression of OsMADS18 in rice induces early flowering, overexpression in Arabidopsis causes a phenotype closely resembling that of the ap1 mutant. Perhaps
surprisingly, OsMADS18 cannot complement the ap1 mutant phenotype (Fornara et al.,
2004). On the other hand, silencing of OsMADS18 did not result in any visible phenotypic aberrations probably because of redundancy (Fornara et al., 2004).
In maize, ZAP1 has a similar expression pattern as AP1, suggesting a conserved role in
specifying the outer whorls of the florets (Mena et al., 1995).

Basal Angiosperms
Homologues of AP1 in gymnosperms have not yet been identified (Tandre et al., 1995;
Hasebe, 1999; Sundström et al., 1999; Becker et al., 2000; Theissen et al., 2000).
Homologues of AP1 in the basal angiosperms Nuphar and Magnolia show strong
expression in leaves, perianth and reproductive organs (Kim et al., 2005). This expression pattern is broader than in core eudicots, which exhibit a specific expression pattern in the perianth organs (Mandel et al., 1992; Taylor et al., 2002; Kim et al., 2005).
This suggests that AP1 homologues in the basal angiosperms may have different functions compared to those in eudicots. It also suggests that the expression pattern of AP1
in the core eudicots is derived and associated with a gene duplication (see further
below) (Mandel et al., 1992; Taylor et al., 2002; Litt and Irish, 2003; Kim et al., 2005).

Phylogeny, Evolution, Duplication and Sub- / Neofunctionalization
Phylogenetic analyses of the A-lineage MADS-box genes suggest that the last common
ancestor of the gymnosperms and angiosperms probably possessed the ancestral Afunction gene of the AP1 group. The reason why no homologues of AP1 in gymnosperms have been identified yet might be because of loss of the A-function gene in
extant gymnosperms (Hasebe, 1999).
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Based on phylogenetic analyses, multiple duplication events in the AP1/FUL-lineage can
be distinguished. An important duplication event among the eudicots characterizes the
core eudicots and the non-core eudicots. The core eudicots group of AP1/FUL-like
MADS-box genes can be divided into two lineages, the euAP1 clade and the FUL clade.
The non-core eudicots group of AP1/FUL-like MADS-box genes contains the euFUL or
FUL-like clade. The euFUL and FUL-like genes are characterized by a shared and conserved C-terminal protein motif. The euAP1 gene clade has a different C-terminal protein motif compared to the euFUL and FUL-like gene clades (Litt and Irish, 2003). It has
been suggested that the C-terminal motif of the euAP1 arose from the euFUL or FULlike motif via a translational frameshift (Litt and Irish, 2003; Vandenbussche et al.,
2003a). In basal angiosperms the expression pattern of the analyzed AP1 homologues is
different from the expression pattern found for euAP1 genes of core eudicots (Mandel et
al., 1992; Taylor et al., 2002; Kim et al., 2005). This might suggest a different functioning in flower development in the basal angiosperms (Kim et al., 2005).
Several duplication events occurred in the AP1/FUL lineage. The duplicated genes AP1
and FUL genes still possess partial overlapping functions in the meristem identity
process but they are also involved in diverged functions in the flower. AP1 represents
the A function for sepal and petal development (Mandel et al., 1992) and FUL is
required for proper silique valve development (Ferrándiz et al., 2000a). In chrysanthemum, the FUL clade has undergone yet another duplication event, giving rise to
CDM41 and CDM8. The two genes diverged in function, creating an early function
and a late function in floral development, whereas in Arabidopsis these early (Ferrándiz
et al., 2000a) and late functions (Gu et al., 1998) are apparently retained by a single
FUL gene. The expression pattern of the AP1 homologue, CDM11, is very similar to
that described for AP1 and SQUA (Bowman et al., 1989; Huijser et al., 1992;
Shchennikova et al., 2004).

The B-class Genes
Arabidopsis and Antirrhinum
I will only touch lightly upon the B-class genes in Arabidopsis and Antirrhinum, since
they will be extensively treated, together with the Petunia genes in Chapters 2 and 3 of
my thesis. In the two classical model species, Antirrhinum and Arabidopsis, the B-class
function is represented by a pair of genes, that have arisen through an early duplication: the genes are called DEFICIENS (DEF) (Sommer et al., 1990) and GLOBOSA
(GLO) (Tröbner et al., 1992) in Antirrhinum, and APETALA3 (AP3) (Jack et al., 1992)
and PISTILLATA (PI) (Goto and Meyerowitz, 1994) in Arabidopsis. The def and ap3
mutants cause homeotic changes of petals into sepals, and of stamens into carpels
(Sommer et al., 1990; Jack et al., 1992). PI and GLO are expressed in similar way as

bw.royaert

24-10-2006

11:52

Pagina 31

chapter 1

AP3 and DEF and corresponding mutants have similar phenotype (Tröbner et al.,
1992; Goto and Meyerowitz, 1994). DEF/GLO and AP3/PI form heterodimers to
upregulate their own transcription (Schwarz-Sommer et al., 1992; Tröbner et al., 1992;
Goto and Meyerowitz, 1994; Jack et al., 1994; Samach et al., 1997) and DEF/GLO
heterodimers form higher complexes with SQUA, resulting in increased DNA binding
affinity (Egea-Cortines et al., 1999). AP3 and PI transcription factors are only transported towards the nucleus when they are expressed simultaneously, and thereby forming a heterodimer (McGonigle et al., 1996).

31
Monocots
One DEF-like gene (SILKY) and three different GLO-like genes (ZMM16, ZMM18,
ZMM29) are found in maize, and they are able to rescue the corresponding B-class
mutant phenotype in Arabidopsis (Whipple et al., 2004). The DEF-like gene is
expressed in lodicules and stamens, the three GLO-like genes are also expressed in
carpels (Ambrose et al., 2000; Munster et al., 2001; Whipple et al., 2004). In rice, one
DEF-like gene (OsMADS16, expressed in lodicules and stamens) and two GLO-like
genes (OsMADS2, OsMADS4) are found. OsMADS2, is expressed in the lodicules and
stamens, whereas OsMADS4 is also expressed in the carpels (Chung et al., 1995; Kang
et al., 1998; Moon et al., 1999a).
To explain the flower morphology of the Liliaceae, van Tunen et al. (1993) proposed a
modified ABC model, based on tulip, in which the class B genes are expressed in whorls
1, 2 and 3, resulting in petaloid identity. Kanno et al. (2003) cloned two DEF-like
genes (TgDEFA, TgDEFB) and one GLO-like gene (TgGLO) in tulip. Expression analysis showed that all these genes are expressed in whorls 1, 2 and 3, and thus corroborating the modified ABC model. TgGLO is also weakly expressed in leaves, stems, bracts
and carpels. In lily expression of LMADS1, a DEF-like gene, is detected in the inner
tepals and the stamens, but also weakly in whorls 1 and 4. The LMADS1 protein, however, is only found in whorls 2 and 3. Also in garden asparagus (Asparagus officinalis L.),
tepals are slightly different compared to the tepals in tulip flowers. The GLO-like genes,
AOGLOA and AOGLOB, are expressed in the second and the third whorl (Park et al.,
2004). In the male flower, AODEF is expressed only in the inner tepals and stamens.
Despite the high similarity between the inner and outer tepals, the regulation of their
development in lily and asparagus seems to be different from tulip and therefore it
seems that the modified ABC model of tulip does not seem to be applicable (Tzeng and
Yang, 2001; Park et al., 2003).
It has been found that the GLO-like proteins from lily, LrGLOA and LrGLOB, can
form homodimers to bind to DNA (Winter et al., 2002). LMADS1, an AP3 (or DEF)
orthologue, from lily can also form homodimers in regulating petal and stamen development (Tzeng et al., 2004). In tulip TgGLO forms homodimers but TgDEFA and
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TgDEFB cannot and make heterodimers with TgGLO (Kanno et al., 2003). Also the
orchid OMADS3 is able to homodimerize (Hsu and Yang, 2002). It is therefore conceivable that, at least in lily and tulip, the organ identity of the outer tepals is provided by homodimers of GLO-like proteins rather than heterodimers of GLO/DEF-like
proteins (Kanno et al., 2003).
Tsai et al. (2004) discovered and analyzed the four DEF-like MADS-box genes in
Phalaenopsis equestris, belonging to the Orchidaceae (orchids). The morphology of the
sepals and petals is almost identical, but surprisingly, their development is regulated by
different DEF-like genes (Tsai et al., 2004). OMADS3, an AP3 orthologue in orchids,
is expressed in all floral organs and in vegetative leaves. Ectopic expression data of
OMADS3 in transgenic Arabidopsis suggests a function similar to the A function genes
in regulating flower formation and floral initiation (Hsu and Yang, 2002).

Basal Eudicots
Thalictrum dioicum, a dioecious plant with two PI-like genes and three AP3-like genes,
and Thalictrum thalictroides, a hermaphroditic plant with only one PI-like gene and three
AP3-like genes, belong to the Ranunculaceae. The PI-like genes from both species are
expressed in perianth and stamens. About the AP3-like genes, ThdAP3-1 is expressed in
perianth and stamens; ThdAP3-2a and ThdAP3-2b are expressed in stamens only. In contrast, ThtAP3-1, ThtAP3-2a and ThtAP3-2b are all expressed in perianth and stamens. It
is consistent with AP3-2 genes that play a role in the promotion of a petaloid perianth in
other Ranunculaceae (Kramer et al., 2003), because the perianth of T. thalictroides is
more petaloid than the perianth of T. dioicum (Di Stilio et al., 2005).
Saruma and Aristolochia are two genera belonging to the Aristolochiaceae. The perianth
in Saruma is composed of two whorls with sepals and petals. Aristolochia, in contrast,
exists of only one perianth whorl with petaloid characteristics and has stamens and
carpels that are congenitally fused into a gynostemium. The Saruma B funcion homologues are expressed in petals and stamens but also in ovaries. The Aristolochia AP3
homologues are not expressed during early stages of perianth development and the
expression of the PI homologues is restricted to only one part of the primordia. It is
suggested that they may have a role in late aspects of cell differentiation and it demonstrates that petaloid tissue can be generated by multiple genetic mechanisms (Jaramillo
and Kramer, 2004).

Basal Angiosperms
In basal angiosperms, AP3 and PI homologues are expressed in petaloid perianth
organs and in stamens. Many of these genes also exhibit a broader expression like in
Amborella, Nuphar, Magnolia, Illicium and Persea. Their AP3 and PI homologues are
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generally expressed in both the outer and inner perianth organs, in stamens, and in
carpels. The expression in the outer perianth is particular, especially when the outer
perianth resembles petals. In Nuphar, for example, the B function homologues are
expressed in both perianth whorls. However, the outer perianth organs are green and
more sepal-like and the inner perianth organs are brightly colored and more petal-like
(Kim et al., 2005).

Gymnosperms
B function MADS-box genes in gymnosperms are only expressed in the male cones.
There are two B function genes (CjMADS1, CjMADS2) in Cryptomeria japonica D. Don
(Fukui et al., 2001). In Monterey pine (Pinus radiata) there is one B function gene,
PrDGL. PrDGL is only expressed in male cones. It has been suggested that PrDGL could
play a role in distinguishing between male (where expression is on) and female reproductive organs (where expression is off) (Mouradov et al., 1998b).There are three genes
(DAL11, DAL12, DAL13) in Norway spruce (Picea abies), which have a separated role in
the specification of meristem identity and in the specification of male organ identity
(Sundström and Engström, 2002). Ectopic expression of the DAL genes in transgenic
Arabidopsis causes phenotypic changes, partly resembling those caused by ectopic expression of endogenous B-genes. The three DAL proteins can form homodimers and DAL11
and DAL13 can form heterodimers with each other. In Gnetum gnemon there are two B
function genes (GGM2, GGM15). Ectopic expression of GGM2 in transgenic Arabidopsis
plants can substitute for both single endogenous class B floral homeotic genes. This indicates that the GGM2 homodimer can bind the DNA to regulate some of the target genes
required for petal and stamen identity (Winter et al., 1999; Winter et al., 2002). These
data and the data from monocots and higher eudicots indicate that homodimerization
(e.g. GGM2/GGM2) is the ancestral state. After gene duplication, there was first some
kind of facultative heterodimerization (e.g. LrGLOA/LrGLOA versus LrDEF/LrGLOA).
Finally, obligate heterodimerization evolved (e.g. DEF/GLO, AP3/PI) (Winter et al.,
2002). This also indicates that the homodimers have a function in the monocots, as suggested by Munster et al. (2001).

Phylogeny, Evolution, Duplication, and Sub- / Neofunctionalization
About 260 million years ago, the ancestral B function gene duplicated and diverged
into two lineages, the AP3 and PI lineages (Kramer et al., 1998; Kramer and Irish,
2000; Kim et al., 2004). The PI lineage is characterized by its PI motif, and the AP3
lineage has a characteristic PI-derived motif and a paleoAP3 motif. Apparently, the PI
lineage lost its paleoAP3 motif. In all basal angiosperms, except Magnoliales, and in
early-diverging eudicots, a typical PI-derived A (PI-dA) motif and a paleoAP3 motif are
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present (Kim et al., 2004). A second gene duplication in the AP3 lineage gave rise to
the euAP3 and TM6 lineages (Kramer et al., 1998, Kramer and Irish, 2000; Kim et al.,
2004). In all core eudicots a typical PI-dB motif and a euAP3 motif are present. The
TM6 lineage shares the PI-dB motif with the euAP3 lineage, and the paleoAP3 motif
with the basal angiosperms and early-diverging eudicots. Moreover, a typical TM6
motif is found just in front of the PI-dB motif (Kim et al., 2004). Noteworthy is the
fact that phylogenetic analysis of the PI homologues puts Amborella as sister to Nuphar,
and Nuphar as sister to the rest of the angiosperms. Surprisingly, analysis of the AP3
homologues puts Amborella+Nuphar as sister to the rest of the angiosperms (cf. discussion of position of ANITA; Kim et al., 2004).
Analyses of the genomic structure among PI homologues from basal angiosperms and
magnoliid dicot angiosperms show that the Amborella and Nymphaea PI homologues
do not have the 12 base pairs (bp) deletion in the fifth exon (part of K domain), compared with the Illicium PI and other PI homologues. This indicates that the 12 bp deletion in the PI lineage arose within the ANITA grade, after the split of the Nymphaeales
but before the separation of the Austrobaileyales (Aoki et al., 2004; Kim et al., 2004;
Stellari et al., 2004).
B-function genes are expressed in petaloid organs and in stamens. In petaloid organs
the expression can be spatially restricted (e.g. one side of the organ) but also temporally restricted (i.e. dynamic changes in the expression level) during organ development.
In the more basal angiosperms, the genes belonging to the PI lineage can be expressed
alone or at higher levels than genes belonging to the paleoAP3 lineage. This is an indication for homodimerization. In stamens, the expression of both the PI and the
paleoAP3 lineage members is conserved. Genes belonging to the PI lineage can be
expressed strongly in stamens without the paleoAP3 expression. This is also an indication for homodimerization (Kramer and Irish, 1999, 2000). PaleoAP3 and PI lineage
members may also play a role in carpel development, or more specifically in ovule
development. For the origin of the petals, Kramer and Irish (2000) proposed three
models. First, AP3 and PI homologues have a variable expression in petaloid organs and
this may reflect the fact that petals are independently derived from stamens or bracts.
Second, the presence of AP3 and PI transcripts in petaloid organs may indicate that the
petal identity program was inherited from a common ancestor. The third model is a
combination of the two former models. For more details about the different models I
refer to Kramer and Irish (2000).
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The C-class Genes
Arabidopsis
In Arabidopsis, plants that are mutant for the C-function gene AGAMOUS (AG) show
a conversion of stamens to petals and of carpels to a secondary flower that repeats itself,
with loss of determinacy. This indicates that AG is required for the specification of stamens in the third whorl and of carpels in the fourth whorl. AG is also involved in floral meristem determinacy (Bowman et al., 1989). The third role for AG is the negative
regulation of AP2 activity in stamens and carpels (Coen and Meyerowitz, 1991).
The initial induction of AG depends on two meristem identity genes LEAFY (LFY) and
APETALA1 (AP1), both acting redundantly on AG (Parcy et al., 1998; Busch et al.,
1999). The further expression of AG is spatially and temporally regulated by a combinatorial interaction of positive and negative regulators. They act at the transcriptional
level to confine the expression of the gene to the third and the fourth whorl of flowers
and to repress the activity of AG in the first and the second whorl (Yanofsky et al.,
1990; Bowman et al., 1991; Drews et al., 1991). The positive regulators are LFY and
WUSCHEL (WUS, Busch et al., 1999; Lohmann et al., 2001). The negative regulators
are APETALA2 (AP2, Drews et al., 1991), LEUNIG (LUG, Liu and Meyerowitz,
1995; Deyholos and Sieburth, 2000), SEUSS (SEU, Franks et al., 2002), AINTEGUMENTA (ANT, Krizek et al., 2000), STERILE APETALA (SAP, Byzova et al., 1999),
BELLRINGER (BLR, Bao et al., 2004), and CURLY LEAF (CLF, Goodrich et al.,
1997). AG expression is detected in all cells of the developing carpel. When the carpel
cells are fully differentiated, however, AG mRNA is only localized to the endothelium,
which is the cell layer surrounding the embryo sac, and to stigmatic papillae (Bowman
et al., 1991). The confinement of AG mRNA to the endothelium at late stages of development is due to the action of BELL 1 (BEL1), a negative regulator of AG. Without
this negative regulation, the ovules will develop into carpelloid structures (Meyerowitz,
1994; Ray et al., 1994). Ectopic expression of AG in Arabidopsis under the control of
the 35S CaMV promoter induced flowers with alterations in the floral organ identity,
resembling ap2 mutants. These experiments support the proposed antagonism between
AG and AP2 functions, and suggest that AG does indeed negatively affect AP2 function (Mizukami and Ma, 1992).
The MADS-box genes SHATTERPROOF 1 (SHP1) and SHP2 also belong to the Clineage. In flowers of the ag mutant, the expression level of SHP1 and SHP2 is extremely reduced. In ap2 mutant flowers, the expression level of the SHP genes is increased.
These results indicate that AG is required for normal SHP expression and that AP2
might be a negative regulator (Savidge et al., 1995). The expression of the SHP genes
starts early in carpel development, shortly after the beginning of AG expression. The
transcripts accumulate uniformly throughout the carpel primordia and when ovule
development starts, SHP RNA is restricted to the ovule primordia, and to the cells of
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the septum and the region of the valve-replum boundary. As ovules continue to differentiate, the expression of the SHP genes is restricted to the inner integument and
funiculus and to the endothelium in mature ovules (Savidge et al., 1995; Flanagan et
al., 1996).
Single shp mutants do not show any aberration in phenotype. The siliques in the double mutant shp1 shp2, however, cannot shatter after fruit dehiscence because of lignification reduction at the valve margins (Liljegren et al., 2000). The A-class gene FUL,
necessary for the differentiation of the fruit valves and expansion after fertilization, is a
negative regulator of the SHP genes in the valves (Gu et al., 1998; Liljegren et al.,
2000). Constitutive expression of FUL is sufficient to prevent the formation of the
dehiscence zone (Ferrándiz et al., 2000b). The D-class gene STK (see further) acts
redundantly with SHP1 and SHP2 to repress FUL activity in the ovules and seeds
(Pinyopich et al., 2003). Constitutive expression of SHP1 or SHP2 shows a similar
phenotype as plants overexpressing AG (Mizukami and Ma, 1992; Liljegren et al.,
2000). Constitutive expression of both SHP genes alters the development of the valve
outer epidermis, the mesophyll layers and the inner epidermis. The valves are converted into valve margin-like structures, like the valve margins next to the dehiscence zone
(Liljegren et al., 2000).
Other ectopic expression studies in angiosperms show that NAG1 from Nicotiana
tabacum, TAG1 from tomato, and GAGA1 and GAGA2 from Gerbera hybrida have a
phenotype similar to AG overexpression phenotypes, i.e., the conversion of perianth
into reproductive organs (Kempin et al., 1993; Pnueli et al., 1994b; Yu et al., 1999).
The resulting flower structures resemble ap2 mutant phenotypes. Ectopic expression of
BAG1 from Brassica napus in tobacco, however, causes ovules to develop into spaghetti-like structures (Mandel et al., 1992). Two cucumber AG homologues, CUM1 and
CUM10, were also ectopically expressed in Petunia (Kater et al., 1998). For CUM1, the
first whorl sepals were fused (in contrast with the wild-type sepals) and had curled filamentous structures on their tips, resembling style/stigma structures. On the site where
the sepals were fused, placenta-like epidermal cells and even ovules developed, which
were morphologically indistinguishable from normal ovules. The petals in the second
whorl were completely converted into stamens. For CUM10 overexpression, the sepals were much bigger in size than those of wild-type flowers, but no carpelloid features
were found. The petals in the second whorl showed antheroid tissue on top of the tube,
whereas the tube was not affected (Kater et al., 1998).
For information about C-class genes in trees, I refer to Cseke and Podila (2004).
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Antirrhinum
Transposon-induced mutations at the PLENA (PLE) locus result in a homeotic conversion of stamens into petals, and of carpels into petaloid or sepaloid organs and a loss
of floral determinacy in the fourth whorl of Antirrhinum majus (Carpenter and Coen,
1990; Bradley et al., 1993). A gain-of-function mutation in PLE causes ectopic expression of the gene in the outer whorls, producing carpels instead of sepals and stamens
instead of petals (Bradley et al., 1993), similar to the findings of Mizukami and Ma
(1992). Ectopic expression of 35S::PLE in transgenic tobacco plants induces first whorl
sepals to be converted into carpelloid structures and second whorl petals into stamenoid organs (Davies et al., 1996b). A second AG homologue was discovered,
FARINELLI (FAR) with high similarity to PLE. The homeotic changes as seen in the
ple mutant were not observed in the far mutant. The mutant had normal flowers,
which were partially male-sterile (Davies et al., 1999). Ectopic expression of 35S::FAR
in transgenic tobacco plants leads to flowers with sepals that are completely normal,
whereas petals show a more complete conversion to stamens, compared to the
35S::PLE plants (Davies et al., 1996b; Davies et al., 1999). During early development
of the flower, the expression patterns of PLE and FAR are identical. Differences only
appear from the moment that PLE expression is detectable. Both genes are then
expressed in different tissues in the androecium and the gynoecium. For example in the
gynoecium, PLE expression is mainly conferred to the developing ovules and to a lesser extent to the placenta and carpel wall. In contrast, FAR expression is mainly conferred to the placenta and to a lesser extent to the ovules (Davies et al., 1999).
In summary, PLE performs the primary C function (identification of stamens and
carpels, and conferring floral determinacy) and FAR contributes to stamen development (Davies et al., 1999). In Arabidopsis SHP and AG are the respective orthologues
but, surprisingly, AG performs the primary C function. This shows that the assignment
of the original gene function after a duplication event to either of the copies may be a
random process (Causier et al., 2005). PLE and FAR have also a redundant role in
excluding the B-function genes from the fourth whorl, and FAR needs PLE for full
expression (Davies et al., 1999).

Petunia
In Petunia, two AG homologues have been identified - FBP6 (Angenent et al., 1993)
and pMADS3 (Tsuchimoto et al., 1993). In wild type plants they have the same expression pattern in stamen and carpel primordia but later in the development of the carpels,
FBP6 is highly expressed in the stigma and transmitting tissue of the style. Transcripts
of pMADS3 are highly expressed in the ovules, vascular tissue and in the nectaries
(Kater et al., 1998), but also in the anthers and the filaments (Tsuchimoto et al., 1993).
Ectopic expression of pMADS3 under the control of the 35S CaMV promoter in trans-
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genic petunias leads to a phenotype similar to the one of the blind mutant (Vallade et
al., 1987) i.e., the first whorl sepals have carpelloid tissue on their tips and the second
whorl petals show antheroid structures on top of the limbs (Tsuchimoto et al., 1993;
Kater et al., 1998). Ectopic expression of FBP6 showed petal limbs with more or less
similar modifications, although antheroid tissue was never observed. The rest of the
flower was not affected (Kater et al., 1998). Ectopic expression of both pMADS3 and
FBP6 does not produce a homeotic transformation of the petal tube, and the sepals are
not severely altered (Kater et al., 1998).
On the other hand, silencing of pMADS3 causes the stamens to homeotically convert
into petaloid structures whereas carpels are only weakly converted (Kapoor et al.,
2002). At the region between the stamens in the third whorl, ectopic secondary inflorescences emerge.
Overall, the data show that FBP6 and pMADS3 have the same expression pattern in
wild type plants. Data at later stages suggest that pMADS3 may be required to maintain the identity of the floral meristem in the third whorl and that FBP6 plays the
major role in establishing carpel identity and meristem determinacy in the fourth whorl
(Kapoor et al., 2002).

Monocots – maize and rice
In maize, two AG homologues have been detected - ZAG1 and ZMM2 (Schmidt et al.,
1993; Theissen et al., 1995; Mena et al., 1996). The two genes have a distinct expression pattern with ZAG1 being expressed to a higher level in carpels and ZMM2 more
strongly in stamens. Loss of determinacy occurs in zag1 mutants, but the identity of
stamens and carpels is largely unaffected. ZMM2 is still expressed in the zag1 mutant
inflorescences suggesting that ZMM2 itself may participate in regulating the development of stamens and carpels (Mena et al., 1996). Ectopic expression of OsMADS3 in
transgenic tobacco and cosuppression analysis suggest that OsMADS3 acts as a class C
gene in rice (Kang et al., 1995).

Gymnosperms and Basal Angiosperms
The orthologues of AG known in gymnosperms (GBM5 in Ginkgo biloba, SAG1 in Picea
mariana and DAL2 in Picea abies) are expressed in vegetative tissues and early in male and
female reproductive organs. Afterwards expression persists in the female gametophyte
(Tandre et al., 1995; Rutledge et al., 1998; Tandre et al., 1998; Jager et al., 2003).
Expression of GGM3 in Gnetum is present until late in development (Winter et al.,
1999). CyAG from Cycas edentata can rescue the formation of stamens and carpels in the
ag mutant in Arabidopsis when driven by the AG promoter, showing that the molecular
mechanism for the control of identity of the sex organs, i.e., stamens and carpels in
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angiosperms, or microsporophyll and megasporophyll in gymnosperms, arose before the
divergence of angiosperms and gymnosperms (Zhang et al., 2004).
In the basal angiosperms Nuphar, Magnolia, Amborella and Illicium, the AG homologues
are mainly expressed in stamens (and staminodes) and carpels. Expression could also be
seen in the tepals of Amborella and Illicium. This indicates that the expression patterns of
the AG homologues are quite conserved, but also that they have a broader domain of
expression compared with Arabidopsis, Antirrhinum and Petunia (Kim et al., 2005).

Phylogeny, Evolution, Duplication and Sub- / Neofunctionalization
Members of the AG family appear to control the development of reproductive organs
in gymnosperms and angiosperms (Kramer et al., 2004). Shortly after the split between
the gymnosperms and angiosperms, a duplication event occurred giving rise to the Clineage and the D-lineage. The members of the C-lineage typically promote stamen
and carpel identity, as well as floral meristem determinacy. Members of the D-lineage
promote ovule identity (see also D-lineage). In both C- and D-lineage multiple duplication events have occurred. In the group of the core eudicots, one such duplication
gave rise to the PLE lineage (with PLE, FBP6, SHP1/2 and other AG-like genes) and
the euAG lineage (with AG, FAR, pMADS3, GAGA1/2 and other AG-like genes)
(Kramer et al., 2004).
In contrast to the angiosperms, no duplications have been found in the AG family of
the gymnosperms. This might be an indication that the AG family was restricted to a
unique single gene in the common ancestor of spermatophytes (Jager et al., 2003). The
function(s) of such an ancestral gene may have been to control the development of
both male and female reproductive organs and to distinguish them from non-reproductive organs (Winter et al., 1999; Becker and Theissen, 2003). This would imply
that the function(s) of the ancestral gene have been partitioned in the angiosperms into
two (or more) functions that are more specialized (Jager et al., 2003). This process is in
agreement with the Duplication – Degeneration – Complementation (DCC) model of
Force et al. (1999), which explains the functional evolution and maintenance of duplicated genes (neo- and subfunctionalization) (Becker and Theissen, 2003; Jager et al.,
2003; for review, see Moore and Purugganan, 2005). Examples of subfunctionalization
and maintained redundancy are the Arabidopsis genes AG, SHP1, SHP2, and STK
(Kramer et al., 2004). AG is involved in promoting stamen and carpel identity, as well
as floral meristem determinacy (Bowman et al., 1989). SHP1 and SHP2 play both a
unique role in the siliques, more precisely in the proper differentiation of the valve margins of the dehiscence zone (Liljegren et al., 2000). SHP1 and SHP2 also have a redundant function with AG and STK in promoting ovule development (see also D-lineage)
and with AG in carpel development (Favaro et al., 2003; Pinyopich et al., 2003). Other
examples are the PLE and FAR genes in Antirrhinum. PLE has the primary C function
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(identification of stamens and carpels, and conferring floral determinacy) and FAR contributes to stamen development. PLE and FAR have also a redundant role in excluding
the B-function genes from the fourth whorl, and FAR needs PLE for full expression
(Davies et al., 1999). Surprisingly, phylogenetic analyses show that PLE and AG are not
orthologues but represent paralogous lineages, and that FAR actually is the AG orthologue (Kramer et al., 2004).

40

The D-class Genes
Arabidopsis
In Arabidopsis, SEEDSTICK (STK, previously AGL11) has a high sequence similarity
with the SHP genes and its expression overlaps with that of the SHP genes during ovule
development (Rounsley et al., 1995; Savidge et al., 1995; Flanagan et al., 1996;
Pinyopich et al., 2003). STK expression is confined to developing ovules and associated placental tissues. Expression starts at the moment that ovule primordia arise. Later
during development, STK expression becomes largely restricted to the chalaza (fruit
abscission zone), the funiculus, and the outer integuments of the ovule. The expression
at the chalaza is maintained beyond fertilization and into seed development (Rounsley
et al., 1995). Loss-of-function mutants for STK fail to release their seeds from the
mature fruits, because proper differentiation of chalazal cells does not occur (Pinyopich
et al., 2003). STK also acts redundantly with the SHP genes to control ovule development. Creating the stk shp1 shp2 triple mutant has showed this. Ovule and seed development was disrupted and even arrested. Some ovules were converted into leaf-like, or
carpel-like structures (Pinyopich et al., 2003). The conversion of ovules into carpel-like
structures has already been described earlier by Modrusan et al. (1994) and Ray et al.
(1994) in the bell1 (bel1) mutant in Arabidopsis. The conversion was accompanied by
an upregulation of AG. Moreover, ectopic expression of STK in Arabidopsis induces the
formation of ectopic ovules (Favaro et al., 2003). Loss-of-function and overexpression
of STK demonstrate that it is both necessary and sufficient to promote ovule development, in redundancy with AG and the SHP genes (Pinyopich et al., 2003).
Overexpression of another Arabidopsis gene, ARABIDOPSIS B SISTER (ABS/TT16)
also causes sepals to convert into carpelloid tissue; ovules are rarely formed in these tissues (Kaufmann et al., 2005a).

Antirrhinum
Surprisingly, no D-class MADS-box genes have been published so far. Are there any D’s
at all in Antirrhinum?
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Petunia
Two genes, FLORAL BINDING PROTEIN 7 (FBP7) and FBP11, were the first to be
functionally characterized as D-class genes (Angenent et al., 1995b). The proteins share
a very high amino acid homology of about 90%. The expression of FBP7 and FBP11
is confined to the fourth floral whorl, and more specifically to the ovary. Expression of
FBP7 and FBP11 is first detectable in the central meristem just before the two carpels
begin to fuse (Angenent et al., 1995b). In developing ovules the two genes show a high
level of expression in the elongating integument and the funiculus. In mature ovules,
high levels of expression of FBP7 and FBP11 are detected in the endothelium
(Angenent et al., 1995b).
Cosuppression of FBP11 in transgenic Petunia plants (which causes also downregulation of FBP7) induced the conversion of ovules into spaghetti-shaped structures. In
three out of 40 of the primary transformants also normal-looking ovules were present
(Angenent et al., 1995b). These embryos can still be fertilized but seeds never develop,
probably because of premature degeneration of the endothelium (Cheng et al., 2000).
Ovaries of homozygous cosuppressed plants are almost completely filled with these
spaghetti-shaped structures. Stigmatic papillae and stylar-like tissue are present on top
of the spaghetti-shaped structures and towards the base, respectively (Angenent et al.,
1995b).
Overexpression of FBP11 in transgenic Petunia plants induced the formation of ovulelike structures on the adaxial side of the sepals and conversion of the sepal inner epidermis into placental tissue (Colombo et al., 1995). The second-whorl petals consisted only of a petal tube in mature flowers and in a few cases, ovule-like structures were
found on the abaxial side of the tube (Colombo et al., 1995). The development of
ovule-like structures in whorl 1 was described in mutants obtained by ectopic expression of AG in Arabidopsis (Mizukami and Ma, 1992), CUM1 in Petunia (Kater et al.,
1998) and BAG1 in tobacco (Mandel et al., 1992). Moreover, a small percentage of the
ovule primordia in the fourth whorl of the BAG1-overexpressing plants showed a conversion of ovules into spaghetti-like structures. Also, some of the ovule primordia
expressed at the converted first whorl showed a conversion into spaghetti-like structures
(Mandel et al., 1992).
Yeast two-hybrid analyses have shown that FBP11 forms heterodimers with the E-class
gene products FBP2, FBP5 and FBP9 (Immink et al., 2002; see E-lineage). Recently,
yeast three-hybrid analyses showed that FBP11 and FBP7 also interact with the B-sister protein FBP24 (Becker et al., 2002), in combination with FBP2 (Nougalli Tonaco
et al., 2005). The interaction between FBP24, FBP2, and FBP11 has also been show
in planta using FRET-FLIM (Nougalli Tonaco et al., 2005).
In summary, there are three roles attributed to FBP7 and FBP11 in ovule development
(Cheng et al., 2000). The two genes play a role in ovule identity specification and in
ovule differentiation. For a primordium to become an ovule it needs a high enough

41

bw.royaert

24-10-2006

11:52

Pagina 42

Introduction and scope of the thesis

42

level of FBP7 and FBP11 expression, otherwise it will become a carpelloid structure.
The third role of FBP7 and FBP11 is their requirement in mature ovules for further
seed development as they are expressed in the funiculus, the chalaza and the integument (Cheng et al., 2000; see also STK expression). Moreover, without FBP7 and
FBP11 activity, the endothelium degenerates prematurely, resulting in a developmental arrest of the endosperm and the embryo (Colombo et al., 1997; Wittich et al., 1999;
in Cheng et al., 2000). In line with this, it has been suggested that the complex between
FBP24, FBP2, and FBP11 might be responsible for this late function in ovule development (Nougalli Tonaco et al., 2005).

Monocots
In monocots, ZAG2 and ZMM1 of maize are mainly expressed in ovules. The expression
of ZAG2 and ZMM1 is very similar; their expression is first detected in carpel primordia
and persists until ovule maturation (Schmidt et al., 1993; Theissen et al., 1995). ZAG2
is also expressed in the inner cell layer of the carpel wall (Schmidt et al., 1993).
OsMADS13 from rice is first expressed in ovule primordia, where it persists during the
further development of the ovule. Inside the ovule, OsMADS13 is expressed in both
integuments and nucellus tissues. Furthermore, OsMADS13 is also expressed in the
inner cell layer of the carpel wall (Lopez-Dee et al., 1999). Ectopic expression of
OsMADS13 in rice did not result in any phenotypic alterations such as ectopic ovule
formation. Ectopic expression of OsMADS13 in Arabidopsis resulted in smaller flowers
that did not open completely and curled bract and leaves. Moreover, some plants flowered very early (Favaro et al., 2002). Overexpression of FBP7 in Arabidopsis gave similar results (G. Angenent, unpublished data). Yeast two-hybrid analysis showed that
OsMADS13 interacts with OsMADS24 and OsMADS45, which are AGL2-like
MADS-box proteins, and with OsMADS6, which is an AGL6-like protein (Favaro et
al., 2002).
Lily MADS Box Gene 2 (LMADS2) from lily (Lilium longiflorum) is expressed in the
ovules and at a lower level in the style. Ectopic expression of LMADS2 in transgenic
Arabidopsis plants causes early flowering and a homeotic conversion of sepals into
carpelloid structures with stigmatic papillae and ovules. The second-whorl petals are
usually absent, although in some cases stamenoid structures are produced. All of the
mutant plants ended up with a terminal flower (Tzeng et al., 2002). Eustoma grandiflorum MADS Box Gene 1 (EgMADS1) from lisianthus is only expressed in the ovules.
When EgMADS1 is ectopically expressed in transgenic Arabidopsis plants, the phenotypes observed are similar to those of the 35S::LMADS2 plants (Tzeng et al., 2002).
HoMADS1 from Hyacinthus orientalis L. is exclusively expressed in developing and
mature ovules. Overexpressing of the gene in transgenic Arabidopsis plants produces
carpelloid structures with stigmatic papillae at the tip and ovules in the first whorl of
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the flowers. Petals are usually absent, stamens have short filaments and the gynoecium
develops poorly (Xu et al., 2004).
AVAG2 from Asparagus virgatus is expressed in stamens and carpels during early flower
development and later its expression is confined to developing ovules and the inner cell
layer of the carpel wall (Yun et al., 2004).

Phylogeny, Evolution, Duplication and Sub- / Neofunctionalization
At the phylogenetic level, the D-lineage of MADS-box genes is a monophyletic clade,
sister to the C-lineage. Both lineages have two highly conserved C-terminal motifs, i.e.
the AG motif I and II, but the D-lineage genes show a higher variability. The duplication between C and D happened after the split between the gymnosperms and
angiosperms, but before the radiation of the extant angiosperms. In both C and D lineage, multiple duplication events occurred afterwards (Kramer et al., 2004). MADSbox genes of the D-lineage are closely related to the C-lineage class MADS-box genes;
they find their distinction in the fact that they are ovule-specific, in contrast to the Clineage genes, which are expressed throughout both stamens and carpels (Theissen,
2001; Kramer et al., 2004).
The first genes identified in having a specific role in ovule development are FBP7 and
FBP11 from Petunia (Angenent et al., 1995b). Cosuppression of FBP11 and FBP7
expression result in the conversion of ovules into pistilloid structures (Angenent et al.,
1995b). Overexpression of FBP11 results in the production of ectopic ovules, mainly
on the first whorl sepals and occasionally on the petals (Colombo et al., 1995). Ectopic
expression of AG or its orthologues causes in general the conversion of sepals into
carpels and of petals into stamens, besides early flowering. Remarkably, some C-lineage
genes have retained the potential to contribute to ovule identity (Mandel et al., 1992;
Mizukami and Ma, 1992; Kater et al., 1998; Favaro et al., 2003).
As mentioned before, the duplication event between the C-lineage and D-lineage genes
took place shortly after the split of the gymnosperms and the angiosperms. In gymnosperms, all the AG-like genes examined so far are expressed in microsporophylls,
megasporophylls, and ovules (Rutledge et al., 1998; Tandre et al., 1998; Winter et al.,
1999; Jager et al., 2003; Zhang et al., 2004). This indicates that the specific expression
of the D-lineage genes in the ovules can be described as a duplication and subsequent
subfunctionalization (or partial redundancy) (Jager et al., 2003; Kramer et al., 2004;
Moore and Purugganan, 2005). This also means that the function of the ancestral gene
is now partitioned into two lineages (Moore and Purugganan, 2005) and might have
decoupled megasporophyll and ovule development in such a way that both structures
can evolve independently (Kramer et al., 2004).
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Arabidopsis
The SEPALLATA genes SEP1, SEP2, SEP3, and SEP4 (previously AGAMOUS LIKE
2, AGL4, AGL9, and AGL3, respectively) are expressed just before the onset of B and
C MADS-box gene expression (Ma et al., 1991; Flanagan and Ma, 1994; Huang et al.,
1995; Savidge et al., 1995; Mandel and Yanofsky, 1998; Ditta et al., 2004). SEP1,
SEP2 and SEP4 are expressed in all floral whorls; SEP3 is expressed in the three inner
whorls. During late developmental stages, SEP1 and SEP2 remain expressed in all four
whorls, SEP3 in the inner three whorls, and SEP4 is more highly expressed in the central dome of whorl 4 and less in the first-whorl sepals. All the SEP genes, except SEP4,
are also expressed in developing ovules (Flanagan and Ma, 1994; Savidge et al., 1995;
Mandel and Yanofsky, 1998; Ditta et al., 2004).
From all the single sep mutants, only sep3 mutants show a phenotype of petals partially transformed into sepals, whereas axillary flowers sometimes develop at the base of the
sepals. In contrast, the sep1 sep2 sep3 triple mutants have a phenotype causing all flower
organs to resemble sepals and indeterminacy in the fourth whorl (Pelaz et al., 2000).
Moreover, the sep1 sep2 sep3 sep4 quadruple mutant produces floral structures with only
leaf-like organs, resembling the abc triple mutant (Bowman et al., 1991), and suggesting that the A, B and C floral organ identity genes need the SEP genes for proper functioning in the development of sepals, petals, stamens and carpels (Ditta et al., 2004).
The SEP genes also play a redundant role in meristem identity (Pelaz et al., 2000; Ditta
et al., 2004). Recently, a new role was revealed for SEP3 in activating AP3 and AG
(Castillejo et al., 2005).
SEP3 appears to be the most important SEP gene for flower development (Ditta et al.,
2004). Yeast two-hybrid analyses and in vitro assays showed that the SEP3 protein mediates the establishment of the interaction between AP1 and PI/AP3 proteins and between
AP3/PI and AG (Fan et al., 1997; Honma and Goto, 2001). Moreover, simultaneous
overexpression of AP1, AP3, PI and SEP3 in transgenic plants shows a conversion of vegetative leaves into petaloid structures (Honma and Goto, 2001; Pelaz et al., 2001b). On
the other hand, simultaneous overexpression of AP3, PI, AG and SEP3 leads to the conversion of leaves into stamenoid structures (Honma and Goto, 2001). These data show
that a quartet complex of MADS-box transcription factors determines the identity of the
petals and stamens (Honma and Goto, 2001). Furthermore, yeast three-hybrid analyses
show that the SHP proteins can interact strongly with AG and weakly with STK, mediated by SEP3, indicating that AG and SEP probably form a stable complex with STK or
one of the SHP proteins to promote ovule development (Favaro et al., 2003).
Overall, the basic role of the SEP proteins is to mediate the formation of specific transcription factor complexes and to confer transcription activation potential to these
complexes. Only AP1 and/or SEP (mainly SEP3) have transcriptional activation capac-
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ities (Goto et al., 2001; Honma and Goto, 2001). Complex formation creates selection
specificity for target sequences (Egea-Cortines et al., 1999). Theissen and Saedler
(2001) proposed the ‘floral quartet’ model, which explains that a wide array of heteromeric complexes can be derived from various combinations of SEP and other
MADS-box proteins. This offers the plant cell an ‘exquisitely sensitive mechanism for
controlling floral gene expression’ (Ditta et al., 2004).

Antirrhinum
The Antirrhinum genes DEFH200, DEFH72 and DEFH49 also belong to the SEP
clade. DEFH200 and DEFH72 are expressed in all floral organs and the highest expression levels are detected in petals and carpels. DEFH49 is mainly expressed in carpels
(Davies et al., 1996a). Transcripts of DEFH200 and DEFH72 are first observed in floral primordia just before the onset of transcription of the DEF, GLO and PLE genes
(Davies et al., 1996a).
Yeast two-hybrid analyses demonstrated that the 5’-untranslated region and the
MADS-box can be removed completely without loss of heterodimerization but deletions within the K box do result in loss of heterodimerization capacity. The C-terminal
domain of the MADS-box plays a role in stabilization of the formed heterodimers
(Davies et al., 1996a).

Petunia
The SEP-like genes in Petunia are FBP2 (Angenent et al., 1994), FBP5 and FBP9
(Immink et al., 2002), pMADS12 (Ferrario et al., 2003) and FBP4 and FBP23
(Immink et al., 2003). An overview of their expression patterns can be found in
Ferrario et al., (2003). Expression of the SEP3 homologue, FBP2, was conferred to the
inner three floral whorls. The functional role of FBP2 was revealed by a cosuppression
strategy. Transgenic plants showed homeotic conversion of floral organs into sepal-like
structures in the three inner whorls, and loss of determinacy in the center of the flower
(Angenent et al., 1994). Recently it was shown that also FBP5 was downregulated in
the cosuppression plants (Ferrario et al., 2003). Using loss-of-function mutants for
FBP2 and FBP5 due to transposon insertions, we showed that the fbp2 fbp5 double
mutant had a less severe phenotype compared with the FBP2 cosuppression lines
(Vandenbussche et al., 2003b). Plants homozygous for fbp2 exhibit a partial conversion
of petals into sepals and secondary inflorescences arise in the third whorl. The fbp2
fbp5 double mutant shows an increased petal-to-sepal conversion, and sepal-like structures on top of the anthers. In the fourth whorl a huge pistil-like structure develops,
without transmitting tissue. The carpels rarely fuse at the top and inside the carpel
ovules are transformed into leaf-like organs (Vandenbussche et al., 2003b).
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Yeast two-hybrid analyses showed that FBP2, FBP5, and FBP9 interact in a similar way
with the C-class proteins (FBP6, PMADS3) and with the D-class proteins (FBP7,
FBP11). FBP9, however, does not interact with FBP7. PMADS12 interacts with the
C-type protein FBP6 only, and not with PMADS3. Moreover, PMADS12 interacts
with the D-type protein FBP11 only, and not FBP7 (Ferrario et al., 2003; Immink et
al., 2003). Yeast four-hybrid analyses showed that FBP2 is able to form a complex with
the B- and C-type proteins. The higher order complex formation is very specific,
because only the combinations PhGLO1 PHDEF PMADS3 FBP2 and PHGLO2
PHDEF FBP6 FBP2 score positive in the yeast screening (Ferrario et al., 2003).
Recently, yeast three-hybrid analyses showed that FBP2 mediates the interaction
between FBP11 (or FBP7) and the B-sister protein FBP24 (Becker et al., 2002;
Nougalli Tonaco et al., 2005). The interaction between FBP24, FBP2, and FBP11 has
also been show in planta using FRET-FLIM (Nougalli Tonaco et al., 2005).

Other Core Eudicots
The tomato MADS box gene 5 (TM5) is expressed in the three inner whorls of the tomato flower. Downregulation of TM5 showed homeotic conversion of floral organs into
sepal-like structures in the three inner whorls, and loss of determinacy in the center of
the flower (Pnueli et al., 1994a). TM29 is expressed in all four floral whorls, as well as
in inflorescence and vegetative meristems. A similar phenotype as antisense TM5 transgenic plants is obtained by cosuppression and antisense expression of TM29. Like
TM5, downregulation of TM29 causes parthenocarpic fruit development, a function
that has not been found for the Arabidopsis SEP genes. Another particularity for downregulated TM29 is the reversion from a floral meristem into a shoot meristem, indicating that TM29 controls the maintenance of floral meristem identity (AmpomahDwamena et al., 2002).
Downregulation of GRCD1 (Gerbera Regulator of Capitulum Development) in Gerbera
hybrida caused homeotic changes of the staminodes (sterile stamens) into petals of marginal female florets positioned at the margins of the inflorescence. This suggests that
GRCD1 is involved in determining stamen identity (Kotilainen et al., 2000). In yeast
two-hybrid analysis, GRCD1, like GRCD2, is able to interact with C-function genes
GAGA1 and GAGA2 (Kotilainen et al., 2000; Uimari et al., 2004). Downregulation of
GRCD2 results in loss of carpel identity and floral reversion to a secondary inflorescence, occurring in ovaries. This shows that GRCD2 plays a role in the proper development of carpels and in the maintenance of floral meristem identity. GRCD2 is also
required to establish determinacy and fixed number of flowers at the inflorescence level
(Uimari et al., 2004).
The CDM44 gene in Chrysanthemum dendrathema is mainly expressed in young florets
present in small inflorescence buds, but diminishes in the floral organs during later
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development. Like in Arabidopsis, the CDM44 protein can form heterodimers with the
corresponding A- and C-type proteins (Honma and Goto, 2001; Shchennikova et al.,
2004). Furthermore, yeast three-hybrid analyses shows that CDM44 can also form
ternary complexes with the corresponding B-type heterodimers in chrysanthemum
(Shchennikova et al., 2004).

Monocots
The rice gene OsMADS1 is the best-characterized SEP gene in grasses. It is also known
as LEAFY HULL STERILE1 (LHS1, Jeon et al., 2000; in Malcomber and Kellogg,
2004). The function of LHS1 genes in grasses is not clear despite multiple studies in
rice and maize, based on mutations, overexpression, RNA interference, and gene
expression (Malcomber and Kellogg, 2004). The authors studied the expression of the
LHS1 homologues in several grass species and showed that LHS1 expression varies a lot
among the sampled grasses. Their data support the hypotheses that the SEP-like genes
are involved in meristem identity and in conferring palea and lemma identity
(Malcomber and Kellog, 2004). One result will be mentioned here: the expression
analysis of SEP-like genes in rice indicates that two SEPs are expressed in the first
whorl, three in the second, at least three in the third, and at least four in the fourth
whorl (Malcomber and Kellog, 2004).
Characterization of LMADS3 and LMADS4 in lily showed a wide expression pattern
(Tzeng et al., 2003). Ectopic expression of LMADS3 in transgenic Arabidopsis plants
induced a significant reduction in plant size, extreme early flowering, and loss of floral
determinacy. Ectopic expression of LMADS4 in transgenic plants, however, did not
exhibit an aberrant phenotype (Tzeng et al., 2003).

Phylogeny, Evolution, Duplication and Sub- / Neofunctionalization
Phylogenetic analysis indicates that the closest relatives of the SEP subfamily are
belonging to the AGL6 subfamily. This AGL6 subfamily is present in both gymnosperms and angiosperms, in contrast to the SEP subfamily, which is only present in
the angiosperms. To date, no gymnosperm SEP homologues have been isolated or identified (Zahn et al., 2005). The phylogenetic analysis also suggests that the SEP subfamily originated and underwent a first duplication before the diversification of the
extant angiosperms (Zahn et al., 2005). A similar pre-angiosperm duplication event
occurred in the AG subfamily and in the DEF/GLO subfamily (Kramer et al., 1998;
Kim et al., 2004; Kramer et al., 2004; Zahn et al., 2005). The monophyletic SEP subfamily is divided into two clades, the AGL9 clade and the AGL2/3/4 clade, based on
the different motifs in the C-terminal region of the proteins. Within the two major
clades, the C-terminal motifs are generally similar (Vandenbussche et al., 2003a).
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Additional duplication events happened within both the monocot and eudicots lineages (Zahn et al., 2005). The presence of two SEP homologues in Amborella,
Magnolia and Eschscholzia, which are all at the base of angiosperm phylogeny, suggests
that all angiosperms might have more than one SEP gene (Zahn et al., 2005). Analysis
of expression patterns in the basal angiosperms shows that the AGL2-like genes in
Amborella, Nuphar and Magnolia are expressed in all four floral whorls; for the first
whorl from Amborella, no data are yet available. Magnolia Ma.gr. AGL2 is also
expressed in leaves. The AGL9-like genes in Eupomatia (which has no perianth organs)
are expressed in the two inner whorls and leaves, and Magnolia Ma.gr.AGL9 is
expressed in all four whorls and in leaves (Kim et al., 2005 and references therein; Zahn
et al., 2005). The expression of the AGL9 homologue in Nuphar was detected in all floral whorls but not in leaves (Zahn et al., 2005). These results indicate that the SEP
genes have similar functions in basal angiosperms to those reported in Arabidopsis (Kim
et al., 2005).
Duplicated genes can have redundant functions. This may be because the amino acid
sequence of their proteins is still similar enough to not cause changes in biochemical
functions. Besides such structural changes, expression patterns and therefore interacting partners can change, which may also result in functional changes (Zahn et al.,
2005). The fact that those duplicated genes still are present may be because of the flexible interactions between A-, B-, C-, D – and E-function MADS-box proteins. This
flexibility might be due to specific properties of the C-terminal regions of the proteins
(Kim et al., 2004; Zahn et al., 2005).
Theissen and Saedler (2001) proposed the ‘floral quartet’ model, which visualizes the
wide array of heteromeric complexes that can be derived from various combinations of
SEP proteins and other MADS-box proteins. All SEP3 proteins interact with
AP1/FUL and C/D proteins. This suggests that these genes must evolve in concert to
maintain their ancestral functions (Zahn et al., 2005).

Scope of the thesis
As may be evident from the Introduction in Chapter 1, MADS-box genes, in all their
plurality in both structure and function offer a unique opportunity for research at a
number of levels and on a range of issues. To mention a few, one might focus on the
evolution of protein function, on protein structure, on protein-DNA interactions, on
the evolution of genic structures and functions, on the phenotypic analysis of mutants,
on gene redundancy and its consequences, on the comparative biology of orthologues
and paralogues between evolutionary informative species. What I have done is carried
on the research that started seven years ago in our group. My main focus was on the
selection of mutants and combinations thereof to create doubles, triples... In Chapter
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2, a first analysis of B-function MADS-box genes in Petunia is presented; this analysis
provided strong indications for the presence of one more B-function gene. In Chapter
3 we provide the functional analysis of this till then mysterious ‘fourth gene’, the
PhTM6 gene, which indeed completes the basic Petunia B-function story: for both
described B-function genes in Arabidopsis and Antirrhinum, Petunia appears to harbour
duplicate genes; the four partners have diversified in function and further research will
provide clues as how the sequences have evolved in that respect. In Chapter 4, I present an overview on the progress we have made in the analysis of the D-function clade:
so far, fbp7 fbp11 double mutants exhibit a very weak, if any phenotype compared to
the cosuppression plants with which the D-function MADS-box genes was originally
identified; we might still miss redundant genes from this class. In Chapter 5, I present
the progress in the analysis of the E-function MADS-box genes; while interesting phenotypes, indicating multiple redundancies, are emerging, we now expect to find a total
phenotype presumably only in the six-fold mutant. Crosses to obtain the combination
are in the making. Finally, I will describe the basics of the creation of a large transposon insertion mutant library in Chapter 6.
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Whorl-Specific Effects and Complex
Genetic Interactions in
Petunia hybrida Flower Development
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In both Antirrhinum (Antirrhinum majus) and Arabidopsis (Arabidopsis thaliana), the
floral B-function, which specifies petal and stamen development, is embedded in a heterodimer consisting of one DEFICIENS (DEF)/APETALA3 (AP3)-like and one
GLOBOSA (GLO)/PISTILLATA (PI)-like MADS box protein. Here, we demonstrate
that gene duplications in both the DEF/AP3 and GLO/PI lineages in Petunia hybrida
(petunia) have led to a functional diversification of their respective members, which is
reflected by partner specificity and whorl-specific functions among these proteins.
Previously, it has been shown that mutations in PhDEF (formerly known as GREEN
PETALS) only affect petal development. We have isolated insertion alleles for PhGLO1
(FLORAL BINDING PROTEIN1) and PhGLO2 (PETUNIA MADS BOX GENE2)
and demonstrate unique and redundant properties of PhDEF, PhGLO1, and PhGLO2.
Besides a full homeotic conversion of petals to sepals and of stamens to carpels as
observed in phglo1 phglo2 and phdef phglo2 flowers, we found that gene dosage effects
for several mutant combinations cause qualitative and quantitative changes in whorl 2
and 3 meristem fate, and we show that the PHDEF/PHGLO1 heterodimer controls
the fusion of the stamen filaments with the petal tube. Nevertheless, when the activity
of PhDEF, PhGLO1, and PhGLO2 are considered jointly, they basically appear to function as DEF/GLO does in Antirrhinum and to a lesser extent as AP3/PI in Arabidopsis.
By contrast, our data suggest that the function of the fourth B-class MADS box member, the paleoAP3-type PETUNIA HYBRIDA TM6 (PhTM6) gene, differs significantly from the known euAP3-type DEF/AP3-like proteins; PhTM6 is mainly expressed in
the developing stamens and ovary of wild-type flowers, whereas its expression level is
upregulated in whorls 1 and 2 of an A-function floral mutant; PhTM6 is most likely
not involved in petal development. The latter is consistent with the hypothesis that the
evolutionary origin of the higher eudicots petal structure coincided with the appearance of the euAP3-type MADS box genes.

Introduction
In the classical ABC model for flower development (Coen and Meyerowitz, 1991), the
B-function in combination with the A-function was proposed to specify the development of petals in the second whorl and, together with the C-function, the development
of stamens in the third whorl. In Arabidopsis (Arabidopsis thaliana) and Antirrhinum
majus (snapdragon), the B-function is encoded by a pair of MADS box genes
(DEFICIENS [DEF] and GLOBOSA [GLO] in A. majus and APETALA3 [AP3] and
PISTILLATA [PI] in Arabidopsis), and mutations in either one of these genes cause
homeotic conversions of petals into sepals and stamens into carpels (Bowman et al.,
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1989; Sommer et al., 1990; Trobner et al., 1992; Goto and Meyerowitz, 1994; Jack et
al., 1994). Consistent with their crucial role in petal and stamen development, B-class
genes are predominantly expressed in second- and third-whorl floral organ primordia,
and their expression is maintained until petals and stamens have fully developed. DEF
and AP3 on the one hand and GLO and PI on the other hand belong to distinct but
closely related MADS box subfamilies, referred to as the DEF/AP3 and GLO/PI subfamilies (Purugganan et al., 1995; Theissen et al., 1996) and together as the B-class
MADS box genes. Further, it has been shown with a variety of approaches that DEF
and GLO in A. majus (Trobner et al., 1992) as AP3 and PI in Arabidopsis (Goto and
Meyerowitz, 1994; Jack et al., 1994; Krizek and Meyerowitz, 1996; McGonigle et al.,
1996; Riechmann et al., 1996a; Yang et al., 2003a, 2003b) act jointly as a heterodimer
and that in both species, the initially low expression level of both genes is enhanced and
maintained by feedback stimulation through the heterodimeric protein complex itself.
Because the B-class genes analyzed in Arabidopsis and A. majus appeared to be highly
similar in number and function, it was initially proposed that the function and mode
of action of DEF/AP3 and GLO/PI homologues as B-class organ identity genes would
be exemplary for eudicot species. However, data are accumulating suggesting that Bfunction regulation varies within the eudicot lineage. Expression studies of B-class
MADS box genes in several lower eudicot species revealed that their expression patterns
during petal development differ significantly from those observed in Arabidopsis and
A. majus, although they are comparable during stamen development (Kramer and Irish,
1999). In addition, several of these basal angiosperm B-class MADS box genes are also
expressed in carpels and developing ovules (Kramer and Irish, 1999, 2000; Kramer et
al., 2003). In many plant species, more than one DEF/AP3 and/or GLO/PI family
member has been isolated, indicating that the B-class lineages have been subjected to
duplications and subsequent functional divergence during evolution. More specifically, a major duplication event in the DEF/AP3 subfamily coincides with the origin of
the higher eudicot radiation (Kramer et al., 1998). The resulting two types of
DEF/AP3-like proteins can easily be distinguished on the basis of their completely
divergent C-terminal motifs, which have been named the paleoAP3 and euAP3 motifs.
Interestingly, the euAP3 motif is exclusively found in DEF/AP3 proteins isolated from
higher eudicots, whereas the paleoAP3 motif is encountered in DEF/AP3 proteins
throughout the lower eudicots, magnoliid dicots, monocots, and basal angiosperms. In
addition, a number of higher eudicot species contain both the euAP3 and paleoAP3
type of genes, termed euAP3 and TOMATO MADS BOX GENE6 (TM6) lineages,
respectively (Kramer and Irish, 2000). Recently, we have shown that the euAP3 motif
most likely resulted from a simple frameshift mutation in one of the copies of a duplicated ancestral paleoAP3-type gene (Vandenbussche et al., 2003a), and data were published indicating that paleoAP3 and euAP3 motifs encode divergent functions (Lamb
and Irish, 2003), supporting the hypothesis that euAP3 genes may have acquired a
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novel function compared with paleoAP3 genes, most likely in petal development
(Kramer et al., 1998).
All data together suggest that considerable variations in B-function regulation exist
among the eudicots. To investigate this further, we have initiated a functional analysis
of the Petunia hybrida (petunia) B-class MADS box genes. P. hybrida is a good model
system to study the effects of gene duplication and functional divergence within the Bclass MADS box gene lineages because four B-class MADS box genes have been identified in P. hybrida, of which PhGLO1 (FLORAL BINDING PROTEIN1 [FBP1]) and
PhGLO2 (PETUNIA MADS BOX GENE2 [PMADS2]) belong to the GLO/PI subfamily, whereas PhDEF (GREEN PETALS [GP]) and PETUNIA HYBRIDA TM6
(PhTM6) within the DEF/AP3 subfamily belong to the euAP3 and paleoAP3 lineages
(TM6 lineage), respectively (Angenent et al., 1992, 1993; van der Krol et al., 1993;
Kramer and Irish, 2000). It has been demonstrated before that mutations in PhDEF
(GP) cause homeotic transformations in only one whorl. In this mutant, petals are converted to sepals, whereas stamens remain virtually unaffected (de Vlaming et al., 1984;
van der Krol et al., 1993). In addition, it was shown that the expression levels of
PhGLO1 and PhGLO2 were reduced in the second whorl of phdef flowers but not in
the stamens, suggesting that B-function regulation differs between the second and third
whorls in P. hybrida flowers (van der Krol et al., 1993). The function of PhGLO1 was
analyzed previously using a cosuppression approach (Angenent et al., 1993), but our
results indicate that downregulation in these lines did not occur in a gene-specific way
(cf. Vandenbussche et al., 2003b). Interestingly, although PhGLO1 is highly expressed
throughout stamen development, the PHGLO1 protein was immunologically not
detectable in these organs later in development, suggesting a posttranscriptional regulation of PhGLO1 expression in later stages of stamen development (Cañas et al.,
1994). In a general screening for insertions into any member of the P. hybrida MADS
box gene family, we have identified transposon insertion mutants for the two P. hybrida
GLO/PI homologues (Vandenbussche et al., 2003b). Here, we present a functional
characterization of the P. hybrida B-class MADS box genes by a combination of single
and double mutant analyses, two-hybrid interaction studies, and a detailed expression
analysis of the four B-class MADS box genes in wild-type and various mutant backgrounds. Based on these results, we propose a model describing unique and overlapping functions of the different putative B-class heterodimers in P. hybrida, and we discuss similarities and differences in B-function regulation between the three eudicot
species P. hybrida, Antirrhinum, and Arabidopsis
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Figure 1 Neighbor-Joining Tree of B-Class MADS Box Genes from P. hybrida, Arabidopsis, A. majus,
and a Selection of Other Species.
Species names are indicated as follows: Am, A. majus; At, A. thaliana; Cm, Chrysanthemum x morifolium; Cs, Chloranthus spicatus; De, Dicentra eximia; Hp, Hieracium piloselloides; Hm, Hydrangea
macrophylla; Md, Malus x domestica; Le, L. esculentum; Lr, Lilium regale; Os, O. sativa; Ph, P. hybrida
(shaded); Pn, Papaver nudicaule; Sc, Sanguinaria canadensis; and Zm, Z. mays. We renamed three of
the four P. hybrida putative B-function proteins; old names are shown in between brackets. The tree
was rooted with FBP24, a P. hybrida member of the Bsister (Bs) MADS box subfamily (Becker et al.,
2000). Altogether, 1000 bootstrap samples were generated to assess support for the inferred relationships. Local bootstrap probabilities (in percentages) are indicated near the branching points.

bw.royaert

24-10-2006

11:52

Pagina 56

The duplicated B-dass heterodimer model in Petunia

Results
Phylogenetic Analysis

56

The phylogenetic relationship between the P. hybrida, Antirrhinum, and Arabidopsis
B-class MADS box genes is represented by a neighbor-joining tree (Figure 1), which was
constructed by comparing the MIK domain of these sequences, including a selection
of sequences from other taxonomic groups. The FBP24 gene, a P. hybrida member of
the Bsister subfamily (Becker et al., 2002), was used as an outgroup. For a more comprehensive overview of B-class MADS box genes, we refer to Kramer et al. (1998),
Kramer and Irish (2000), and Vandenbussche et al. (2003a). The phylogenetic analysis indicates that in P. hybrida, gene duplications have occurred in both the GLO/PI and
DEF/AP3 lineages. To facilitate mental comparisons between the different systems, we
have decided to rename the GP, FBP1, and PMADS2 genes to PhDEF, PhGLO1, and
PhGLO2, respectively, after the founding members of the different subfamilies;
PhTM6 was previously named after TM6, the Lycopersicon esculentum (tomato)
paleoAP3 representative (Kramer and Irish, 2000). PhGLO1 and PhGLO2 are more
closely related to GLO than to PI, which is in accordance with the taxonomic distribution of the species involved; P. hybrida and A. majus belong to the Asteridae, whereas
Arabidopsis belongs to the Rosidae. Likewise, PhDEF displays a closer phylogenetic
relationship to DEF than to AP3, whereas the second P. hybrida DEF/AP3 member,
PhTM6, belongs to the so-called TM6 lineage, which forms a distinct clade within the
DEF/AP3 subfamily (Kramer and Irish, 2000).

Analysis of phglo1 and phglo2 Single Mutants
To further characterize the B-function in P. hybrida, we have screened for transposon
insertions into the PhGLO1, PhGLO2, and PhTM6 genes; phdef alleles were already
available (de Vlaming et al., 1984; van der Krol et al., 1993). In this screening, we identified transposon insertions in two of our three primary targets, PhGLO1 and PhGLO2.
The phglo1-1 and phglo1-2 alleles (Table 1) were isolated in a forward genetics manner
(Van den Broeck et al., 1998; Vandenbussche et al., 2003b; M. Sauer, unpublished
data) and contain a dTph1 insertion in the C-terminal domain and a dTph8 insertion
in the K region, respectively. Flowers of plants homozygous for the phglo1-1 or phglo12 allele display an identical phenotype: the midveins of the petals become broader and
greener, especially toward the edge of the corolla at the abaxial side of the petals
(Figures 2A and 2B). Scanning electron microscopy of these regions revealed a conversion of the typical conical petal epidermal cells into sepal-like epidermal cells, the presence of stomata, and the development of trichomes, suggesting a shift of petal toward
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sepal identity in these regions (Figures 2C to 2E). In wild-type P. hybrida flowers, stamen filaments are fused partly with the corolla tube. By contrast, stamen filaments of
phglo1 mutants are not fused (Figure 2F). Mutants for PhGLO1 thus exhibit a very partial B-mutant phenotype.
The phglo2-1, phglo2-2, and phglo2-3 insertion alleles (Table 1) were identified in a
reverse genetics screening (Vandenbussche et al., 2003b). Flowers of plants homozygous for any of these three insertion alleles appear morphologically as wild type (data
not shown). However, we occasionally observed flowers of homozygous mutants with
anthers that failed to dehisce properly. These anthers shrivel and become brownish at
the time mature pollen grains are released from wild-type anthers. Because of the low
penetration of the phenotype, we have not analyzed this phenomenon in detail.
To further elucidate the genetic interactions among these genes, we have selected all
possible double mutant combinations using the available mutant alleles (Table 1).
Table 1 Description of Identified P. hybrida B-Class MADS Box Gene Mutant Alleles and New
Nomenclature
Insertion Position (ATG Start
Codon = 1)

’

New Gene Names +
Corresponding Alleles

Subfamily Subfamily Mutant
Members Allele

Mutagen

DEF/AP3 GP

EMS

NA

1

γ

Chromosomal deletion

2

phdef-2

GLO/PI

FBP1

gp
(R100)

In the ORF

Ref. New Gene Names +
Corresponding
Alleles

PHDEF

phdef-1

gp
(PLV)

Radiation

fbp1-1

dTph1

+599 bp

3

PHGLO1 phglo1-1

fbp1-2

dTph8

+411 bp

4

phglo1-2

PMADS2 pmads2-1

dTph1

-

4

PHGLO2 phglo2-1

pmads2-2

dTph1

- 84 bp

4

phglo2-2

pmads2-3

dTph1

4

phglo2-3

+49 bp

Insertion alleles selected for further crosses in bold. NA, not applicable.
Ref. 1, de Vlaming et al. (1984); Ref. 2, van der Krol et al. (1993); Ref. 3, Van den Broeck et al. (1998), M. Sauer,
unpublished data; Ref. 4, Vandenbussche et al. (2003b).
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Figure 2 Phenotypes Observed in phglo1 Flowers and in the F2 Progenies of the phglo1 phglo2, phdef
phglo1, and phdef phglo2 crosses.
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(A) to (F): Phenotypic analysis of phglo1-2 mutants.
(A): Abaxial side of wild-type (left) and phglo1-2 (right) petals.
(B): Close-up of a phglo1-2 petal showing green tissue and trichomes.
(C) to (E): Scanning electron microscopy images of the adaxial epidermis of wild-type petals (C) showing the characteristic conical petal cells; phglo1-2 petals (D) near a midvein at the edge of the corolla
showing sepal-like epidermal cells, trichomes and stomata (arrows); and wild-type sepal (E) with typical sepal epidermis cells, trichomes, and stomata. Scale bars = 100 µm for (C) to (E).
(F): phglo1-2 flower (left) with freestanding stamen filaments and wild-type flower (right) with part of
the stamen filaments fused to the corolla tube (indicated by a white brace); corolla and sepals have been
removed partially to reveal the inner organs.
(G): Flower of a phglo1 phglo2 double mutant displaying full homeotic conversion of petals to sepals
in the second whorl and of stamens to carpels in the third whorl, which are fused in a pentalocular
gynoecium. Development of the central pistil is reduced.
(H): PhGLO1phglo1 phglo2 flower showing second-whorl organs with normal petal identity, whereas
stamens are converted to multiple carpelloid organs. Development of the central pistil appears as wild
type.
(I) and (J): phglo1 PhGLO2phglo2 flowers showing petals with a more pronounced petal to sepal conversion along the midveins compared with phglo1 mutants (I), stamens carrying stigmatic tissue on top
of the anthers (J), and one stamen that has been fully converted to a wild type–appearing pistil (indicated with an arrow). Sepals and petals have been removed to reveal the inner organs.
(K): Flower of a phdef mutant displaying full conversion of petals to sepals, whereas the anthers remain
unaffected (inset).
(L) and (M): PhGLO1phglo1 phglo2 flowers showing enlargement (L) of the petal tube base (right)
compared with the wild type (left), sepals have been removed partially; third-whorl organs (M) consisting of multiple carpelloid organs and the presence of placental tissue carrying ovules without being
encapsulated in an ovary. Extra petal tissue (red) is emerging between second- and third-whorl organs.
First- and second-whorl organs have been removed.
(N): phdef phglo1 flower with anthers carrying small stigmas on top (inset).
(O): Flower of a PhDEFphdef phglo1 mutant with pronounced sepal-like petal midveins and asymmetrically reduced development of petal tissue in between.
(P): phdef phglo2 flower displaying full conversion of petals to sepals and of stamens to carpels, which
are fused in a central gynoecium. Two second-whorl sepals have been removed to show the central
carpelloid structure densely covered with trichomes. Inset: top view of the central gynoecium.
(Q): Abaxial (top row) and side views (bottom row) of B-function gene mutant combinations, showing variations in corolla and tube structure. From left to right: PhDEFphdef phglo1, phglo1, phglo1
PhGLO2phglo2, and PhGLO1phglo1 phglo2.
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Besides plants displaying a wild-type or a phglo1 phenotype, three new phenotypic
classes were encountered in the F2 progeny of the phglo1 x phglo2 cross. A first class
consisted of plants that exhibit a complete conversion of petals to sepals and of stamens
to carpels (Figure 2G). The five carpelloid organs in the third whorl are fused and form
a central tubular structure. Development of the genuine bilocular gynoecium formed
in the fourth whorl of the wild-type flower often is strongly reduced. Molecular analysis indicated these plants to be the expected homozygous double mutants. Because
phglo1 and phglo2 single mutants both develop petals and stamens, this indicates that
at least one of the two GLO/PI genes must be active to enable B-function activity in the
flower. In a second class, an unexpected phenotype was encountered: plants exhibiting
a qualitative change of anthers into carpels, whereas petal identity remained largely
unaffected (Figure 2H). Moreover, the base of the petal tube in these flowers was considerably enlarged, and petal tube length and size of the corolla were reduced compared
with wild-type and phglo1 single mutant flowers (Figures 2L and 2Q). Furthermore,
there is a strong increase in third-whorl organ number, mainly consisting of numerous
carpelloid structures, although rudimentary petaloid structures develop regularly in
between these organs and the second-whorl petals. Often, ovules and placental tissue
develop on and in between these third-whorl organs without being encapsulated in an
ovary (Figure 2M). In contrast with phglo1 phglo2 double mutants, the wild-type bilocular gynoecium develops normally in plants of this class, although it can be partially
fused with carpelloid tissue from the third whorl (Figure 2H). All analyzed plants
belonging to this class turned out to be homozygous mutant for phglo2 and heterozygous for phglo1. A third class consisted of plants displaying a more pronounced phenotype than the subtle phglo1 single mutants (Figures 2I and 2Q). The partial conversion of petal to sepaloid tissue along the petal midveins is more outspoken, and in the
majority of the flowers, stigmatic tissue develops on top of the anthers in the third
whorl. Occasionally, a stamen was fully converted into a carpel (Figure 2J).
Longitudinal growth of the petal tube and corolla is reduced compared with wild-type
and single phglo1 mutants (Figure 2Q). Genotype analyses revealed that all tested
plants of this class were homozygous mutant for phglo1 and heterozygous for phglo2.
Remarkably, we thus found gene dosage effects for both the PhGLO1phglo1 phglo2 and
the phglo1PhGLO2phglo2 genotypes.

phdef phglo1 Double Mutant Analysis
Apart from plants displaying the phdef mutant phenotype (Figure 2K), the phglo1
mutant phenotype (Figure 2A), or a wild-type phenotype, two additional phenotypic
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classes were observed in the F2 progeny. First, we noticed plants that look very similar
to phdef single mutants, except that they systematically develop stigmatoid tissue on
top of the anthers (Figure 2N). Genotyping confirmed that these plants were phdef
phglo1 double mutants. The second group consisted of plants with flowers displaying a
strongly enhanced phglo1 phenotype, resulting in a particularly attractive new type of
P. hybrida flower (Figures 2O and 2Q). The partial conversion of petals to sepals is
more outspoken than in phglo1 single mutants, especially along the petal midveins. The
corolla tissue in between the enlarged green midveins displays full petal identity,
although the total corolla surface is considerably reduced compared with phglo1 single
mutants. All of these plants appeared homozygous mutant for phglo1 and heterozygous
for phdef, again indicating the occurrence of gene dosage effects.

phdef phglo2 Double Mutant Analysis
In the F2 progeny of this cross, two phenotypes were encountered, besides wild
type–appearing plants and plants with the phdef phenotype. One class consisted of
plants with flowers exhibiting a complete conversion of petals to sepals and of anthers
to carpels (Figure 2P). Genotyping revealed that these plants were phdef phglo2 double
mutants. The phenotype of these plants is strikingly similar to that of phglo1 phglo2
double mutants, although in general, the carpelloid tubes of the latter were more regularly organized than in phdef phglo2 mutants (cf. Figure 2G with 2P, inset). In both
cases, the outer wall of the central carpelloid tube is densely covered with trichomes,
which are never found in the inner two whorls of wild-type flowers, and development
of the fourth-whorl pistil is often strongly reduced. These phenotypic effects are very
similar to what has been observed in def and glo mutants in Antirrhinum (Sommer et
al., 1990; Trobner et al., 1992). The phenotype of phdef phglo2 flowers further clearly
demonstrates that PhDEF is involved in anther development, which has remained elusive so far because phdef single mutants exhibit normal anthers. Plants of the second
class (data not shown) displayed a phenotype similar to the one shown in Figure 2N:
flowers that look like phdef single mutants, except that they frequently develop stigmatic tissue on top of the anthers. Such plants proved to be homozygous for phdef and
heterozygous for phglo2.

phglo1 bl, phglo2 bl, and phdef bl Double Mutant Analysis
To test whether the second-whorl defects observed in phglo1 and phdef flowers are independent from organ identity, we have crossed these mutants with the P. hybrida A-function mutant blind (bl) (Vallade et al., 1987). Because of ectopic expression of the C-
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function gene PMADS3 in whorls 1 and 2 (Tsuchimoto et al., 1993; Kater et al.,
1998), bl flowers display homeotic conversion of the corolla limb into antheroid structures in the second whorl (Figure 3C) and under certain conditions of mainly the tips
of the sepals into carpelloid tissue in the first whorl.

62

Figure 3 Flower Phenotypes of bl Single and phglo1 bl, phdef bl, and phglo2 bl Double Mutants.
(A) and (B): Young and full-grown phglo1 bl flowers, respectively, displaying second-whorl organs consisting of a tube carrying antheroid structures with stigmas on top (inset).
(C): Full-grown bl flower with second-whorl organs terminating with antheroid structures.
(D) and (E): Flowers of young and full-grown phdef bl double mutants, respectively, showing the presence of second-whorl organs consisting of antheroid structures with short style–stigma structures on
top (top inset). Third-whorl anthers appear as wild type. Two sepals in (D) and all sepals in (E) have
been removed. Bottom inset, full-grown phdef bl flower with a short greenish tube.
(F): phglo2 bl flower, phenotypically identical to bl single mutant flowers. The arrow indicates one of
the sepal tips that is fully converted to a style–stigma structure. This aspect of the phenotype of bl
mutant flowers is only rarely observed.

We have shown that the phglo1 mutation affects petal development only locally in the
petal midveins at the edge of the corolla. A very similar local homeotic change occurs
in phglo1 bl flowers: the second-whorl antheroid organs carry small style–stigma structures on top (Figures 2B and 3A), indicating an absence of B-function activity only in
the distal ends of these organs. Therefore, we conclude that the subtle second-whorl

bw.royaert

24-10-2006

11:52

Pagina 63

chapter 2

phenotype of phglo1 is independent from organ identity. As expected, phglo2 bl flowers are indistinguishable from those of bl single mutants (cf. Figures 3C and 3F)
because phglo2 single mutants do not exhibit homeotic conversions. By contrast,
although phdef flowers display a full homeotic conversion of petals to sepals, the effect
of the phdef mutation on the development of the second-whorl antheroid organs in bl
flowers is much less severe (Figures 3D and 3E). Instead, these second-whorl organs
resemble those of phglo1 bl (Figures 3A and 3B), exhibiting antheroid organs carrying
small style–stigma structures on top. Furthermore, the tube often is replaced by five
separate filamentous structures, whereas if present, the tube usually is more greenish,
and its longitudinal outgrowth remains rather restricted (Figure 3E, inset). The same
phenotype was obtained using another phdef allele (Table 1, gp [PLV]) crossed with the
bl mutant (Tsuchimoto et al., 2000). These results are quite surprising because phdef
single mutants have second-whorl organs that are fully converted to sepals, suggesting
a complete absence of B-function activity in the second whorl. Therefore, because Cfunction genes are ectopically expressed in the second whorl of bl flowers, one would
expect that the second-whorl organs of phdef bl double mutants would entirely consist
of carpelloid organs rather than the observed antheroid structures carrying small
style–stigma structures on top. This phenotype suggests that P. hybrida contains a Bclass gene, presumably a DEF/AP3 homologue, which can complement the phdef mutation regarding antheroid formation in the second whorl of phdef bl double mutants but
that is unable to complement petal development in the second whorl of phdef single
mutants. Most likely, this postulated B-class gene represents the same gene that is
responsible for the rescue of stamen development in the third whorl of phdef single
mutants. PhTM6, a P. hybrida DEF/AP3 homologue, is the most logical candidate to
represent this gene (Figure 1), although we cannot at this point formally exclude the
possibility that another yet unknown candidate gene might be involved. To further
investigate this, we have included the bl single and phdef bl double mutants in the
expression analysis of the B-class genes described below.

RT-PCR Expression Analysis in Wild-Type and Mutant Floral Organs
To further elucidate regulatory interactions between the four P. hybrida B-class MADS
box genes and to correlate these with the observed phenotypes, we have monitored
their expression levels in the floral whorls of the wild type and a selection of informative mutant combinations by reverse transcription (RT)–PCR.
In wild-type P. hybrida flowers (Figure 4A), the expression domain of the two PI homologues PhGLO1 and PhGLO2 and the euAP3 homologue PhDEF is mainly confined
to the second and third whorls, as described previously (Angenent et al., 1992; van der
Krol et al., 1993), and signals are slightly stronger in 0.5-cm buds compared with the
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Figure 4 Expression Analysis of the Four P. hybrida B-Class MADS Box Genes in Floral Organs of
Wild-Type and Various Mutant P. hybrida Flowers as Determined by RT-PCR.
(A): Expression in wild-type flowers.
(B): Expression in flowers of a selection of informative B-class mutant combinations.
(C): B-class gene expression in flowers of an A-function mutant (bl) and an AB-function double
mutant (phdef bl).
Ca, carpel; Pe, petal; Se, sepal; St, stamen. Homeotically converted organs are shown in bold and
underlined. Whorl numbers are indicated below the gel images. Expression of glyceraldehyde-3-phosphate dehydrogenase was monitored as a positive control. a, size indications of the flower buds reflect
petal length; b, sepals harvested from bl and phdef bl flowers have been enriched for having a strong
penetration of the bl first-whorl phenotype, consisting of sepals carrying stigmatoid tissue on the tips;
c, second-whorl tissue harvested from bl and phdef bl flowers consists of antheroid structures and
antheroid structures topped with style–stigma structures, respectively; d, the gene-specific primer pair
designed to monitor PhGLO1 expression flanks the insertion site of the phglo1-2 footprint allele. This
results in the amplification of a slightly larger fragment than from samples containing the wild-type
allele.

later stage. Low levels of PhDEF expression were also detected in the first and fourth
whorls, confirming earlier observations (Tsuchimoto et al., 2000), which have also
been reported for DEF in A. majus (Schwarz-Sommer et al., 1992). The expression patterns of PhGLO1, PhGLO2, and PhDEF are thus very similar to their counterparts in
Arabidopsis and A. majus. By contrast, the expression of PhTM6 (a paleoAP3-type
gene) differs drastically in this respect. Highest signals for PhTM6 transcripts in 0.5cm buds are detected in carpels and stamens, whereas expression levels observed in
petals and sepals are much lower. In 4- to 5-cm buds, PhTM6 levels remain high in the
fourth whorl whereas declining in the stamens. Notably, L. esculentum TM6 (another
paleoAP3-type gene) transcripts also accumulate to high levels in the center of the
flower (Pnueli et al., 1991).
In the various B-mutant combinations (Figure 4B), the expression patterns of
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PhGLO1, PhGLO2, and PhDEF are highly consistent with the observed phenotypes;
in all fully converted organs in the different B-class mutant combinations, the expression levels of these genes are either below detection limit or significantly reduced. By
contrast, the expression level of PhTM6 in phdef, phglo1 phglo2, phdef phglo2, and
PhGLO1phglo1 phglo2 does not differ from the wild type, indicating that its expression
at the transcriptional level is not regulated by PhDEF, PhGLO1, or PhGLO2.
In flowers of the A-function bl mutant (Figure 4C), expression patterns of PhGLO1,
PhGLO2, and PhDEF appear as in the wild type, mainly confined to second- and thirdwhorl organs, as described previously (Angenent et al., 1992, Tsuchimoto et al., 1993).
By contrast, PhTM6 expression levels in a bl mutant background are clearly upregulated in second-whorl organs and to a lesser extent in first-whorl organs as compared with
the wild type. This is quite surprising because in the original ABC model of flower
development, high expression levels of B-class MADS box genes have been proposed to
be confined to the second and third whorls only, independently from A- and C-function activity, as we observe for PhGLO1, PhGLO2, and PhDEF. In flowers of phdef bl
double mutants, expression levels of PhGLO1 and PhGLO2 in the third whorl and in
the second whorl are comparable to the wild type, confirming earlier observations
(Tsuchimoto et al., 2000). This differs from what is observed in phdef flowers, where
PhGLO1 and PhGLO2 expression levels are reduced in the second-whorl sepaloids
(Figure 4B), indicating that PhDEF is required for the upregulation of PhGLO1 and
PhGLO2 in the second whorl in wild-type flowers but not in the second whorl in bl
flowers. Similar to what we observe in bl single mutants, PhTM6 is mainly expressed
in whorls 2, 3, and 4 and at slightly lower levels in the first whorl, indicating that the
absence or presence of PhDEF transcripts does not influence the upregulation of
PhTM6 in the second and first whorls of bl flowers. Strikingly, the PhTM6 expression
pattern in wild-type, bl, and phdef bl flowers offers a very logical explanation for the
unexpected second-whorl phenotype of phdef bl mutants (see Discussion).

In Situ Hybridization
To further analyze the expression patterns of the P. hybrida B-class MADS box genes
during the early stages of flower development, we have monitored the spatial and temporal expression patterns of PhTM6 and PhGLO2 by in situ hybridization (Figure 5).
Expression patterns of PhGLO1 and PhDEF during early flower development have
been documented previously (Angenent et al., 1995a).
PhGLO2 transcripts are first detected in the very early stamen and petal primordia, where
transcripts are initially uniformly distributed (Figure 5A) and remain localized in these
organs during further development (Figures 5B and 5C). The PhGLO2 expression pattern during early development is thus very similar to PhGLO1 (Angenent et al., 1995a).
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Figure 5 In Situ Localization of PhGLO2 and PhTM6 Transcripts in P. hybrida Flower Buds.
Sections were hybridized with digoxigenin-labeled antisense RNA probes of PhGLO2 ([A] to [C]) and
PhTM6 ([D] to [I]). Cross-sections of large flower buds are shown in (C), (F), and (I). All others are
longitudinal sections. The first two columns show sections of wild-type P. hybrida flower buds; the last
column consists of sections of bl mutant flower buds. First- to fourth-whorl organs are indicated by
the according numbers. The red color reflects the presence of transcripts.
(A): Young wild-type flower bud with developing sepals and petals, stamen, and carpel primordia.
PhGLO2 expression is detected in petal and stamen primordia, but not in sepals and in the center of
the flower.
(B) and (C): PhGLO2 expression remains localized in petals and stamens during further development.
(D): Young wild-type floral bud at a comparable stage as in (A). In contrast with PhGLO2, highest levels
of PhTM6 mRNA are present in stamen primordia and in the center of the flower, whereas low levels are
detected in petal primordia.
(E) and (F): PhTM6 expression during stages as in (B) and (C). Highest expression levels are found in
the developing pistil, especially in the tissue that will give rise to the placenta and ovules and in the stamens. Very low PhTM6 levels can be observed in the developing petals.
(G): Young bl mutant flower bud at a similar developmental stage as in (A) and (D). The three inner whorls
show comparable PHTM6 expression levels, in contrast with PhTM6 expression in the wild type.
(H): PhTM6 expression in a bl floral bud at a similar developmental stage as in (B) and (E). The upregulation of PhTM6 expression in second-whorl organs is very pronounced compared with the wild type.
Note that second-whorl organs start to enlarge according to the adaxial-abaxial axis, which finally will
result in the formation of a tube terminating in five antheroid structures.
(I): bl floral bud at a slightly later developmental stage compared with (C) and (F), which allows capturing sections through the anthers and the well-developed second-whorl antheroid organs in the same
plane. PhTM6 mRNA accumulates in the developing ovules and placental tissue, in the third-whorl
anthers, and in the second-whorl antheroid structures.
Scale bars = 100 µm in (A), (D), and (G); 200 µm in (B), (C), (E), (F), (H), and (I).
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To illustrate PhTM6 expression in comparison with PhGLO2, we have selected similar
developmental stages of wild-type and bl flower buds. In early stage wild-type buds with
emerging stamen and petal primordia (Figure 5D), highest levels of PhTM6 expression
are detected in stamen primordia and in the center of the flower bud. Signal is also present in the emerging petal primordia but at a lower level compared with third and fourth
whorls. During later stages of development (Figures 5E and 5F), expression in the petals
drops further in comparison with stamens and pistil, where high expression levels are
maintained. During development of the pistil, PhTM6 expression is mainly confined to
the cells that give rise to the placental tissue and ovules. In bl flowers, PhTM6 expression
levels and localization in third- and fourth-whorl organs are comparable to wild-type
flowers throughout development (Figures 5G to 5I). By contrast, expression in the developing second-whorl organs is clearly upregulated and during later stages accumulates to
levels comparable to third-whorl expression, even before the antheroid nature of the bl
second-whorl organs becomes apparent (Figures 5G and 5H). Note that a weak signal can
also be seen in the left sepal tip of the bud in Figure 5G. At a slightly later stage, the distal ends of the bl second-whorl organs adapt an antheroid morphology, which is clearly
visible in the cross-section shown in Figure 5I. At this stage, PhTM6 expression in the
second-whorl organs is mainly localized in the developing antheroid tissues. These results
are in full agreement with the RT-PCR data.

P. hybrida DEF/GLO Heterodimer Formation:
Promiscuity and Monogamy
It was demonstrated previously that PHDEF is able to interact with both PHGLO1
and PHGLO2 (Immink et al., 2003), indicating that heterodimer formation between
DEF/AP3 and GLO/PI proteins is conserved in P. hybrida. We have further investigated protein–protein interactions among the four P. hybrida B-class proteins using the
yeast GAL4 two-hybrid system. Growth of yeast colonies on selective media was scored
after 7 d of incubation at 20°C (Table 2). Interactions could be demonstrated between
PHDEF and both PHGLO1 and PHGLO2, confirming previous results. In contrast
with PHDEF, our data indicate that PHTM6 is only capable of interacting with
PHGLO2 in yeast. However, after a prolonged incubation of 10 d, limited yeast
growth could also be detected in the PHTM6/PHGLO1 combination (but not in the
PHTM6/PHDEF combination and in the negative control), suggesting that PHTM6
and PHGLO1 might also be capable of interacting, although very weakly. Nevertheless,
these results suggest that PHGLO2 might be the preferred interaction partner of
PHTM6, although we cannot exclude the possibility that in vivo additional factors are
present, which may stabilize PHTM6/PHGLO1 heterodimers
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Table 2 B-Class MADS Box Protein Interactions as Determined by the Yeast GAL4 Two-Hybrid System
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Putative Heterodimer

- LT X-α-GAL Assay -LTH +10mM3-AT

-LTHA

BD-PHDEF + AD-PHGLO1

Blue

+

+

BD-PHDEF + AD-PHGLO2

Blue

+

+

BD-PHDEF + AD-PHTM6

White

-

-

BD-PHGLO2 + AD-PHTM6

Blue

+

+

BD-PHGLO1 + AD-PHTM6

White

-

-

α

-

of the yeast cells on the selective medium. All experiments were conducted at 20°C. A, Ade; H, His; L, Leu; T,
Thr; 3-AT, 3-amino-1,2,4-triazole.

Discussion
Duplicated B-Class Genes May Diverge in Function
Whereas in both A. majus and Arabidopsis a single pair of genes interacts to define the
developmental fate of the meristems in whorls 2 and 3, the situation in P. hybrida is
more complicated: two GLO/PI as well as two DEF/AP3 subfamily members have been
identified, the latter consisting of a euAP3-type (PhDEF) and a paleoAP3-type
(PhTM6) gene. Theoretically, when both genes encoding the two partners in a
DEF/GLO (or AP3/PI)-type heterodimer undergo duplication, four heterodimers can
be expected: DEF1/GLO1, DEF1/GLO2, DEF2/GLO1, and DEF2/GLO2.
Eventually, this redundancy might lead to the loss of one or both of the duplicated
copies, or alternatively, subfunctionalization and/or neofunctionalization might lead to
retention of the extra copies. According to this duplicated B-class heterodimer model
and assuming that eudicot B-class MADS box proteins can only act as heterodimers
consisting of a DEF/AP3 and a GLO/PI member, def1 def2 and glo1 glo2 double
mutants should result in full homeotic conversions of both the second and the third
whorls, whereas the phenotype of the remaining double mutant combinations depends
on the extent to which the duplicated genes have functionally diverged.

bw.royaert

24-10-2006

11:52

Pagina 69

chapter 2

The Largely Redundant PhGLO1 and PhGLO2
Genes Are Required for B-Function Activity in P. hybrida
To elucidate the biological role of the two GLO/PI homologues in P. hybrida, we have
applied an insertion mutagenesis approach to obtain loss-of-function alleles. phglo1
flowers display only a very local change from petal to sepal identity in the second whorl,
whereas the stamen filaments and tube remain unfused. This indicates that PhGLO1
controls the formation of the petal midvein and growth under the zone of petal and
stamen initiation, which causes the corolla tube and stamen filaments to emerge as a
congenitally fused structure. Interestingly, nonfusion was also observed in phdef flowers and in mild PhDEF cosuppression lines, which still developed petals (van der Krol
et al., 1993), suggesting that PHDEF and PHGLO1 jointly direct this process. phglo2
flowers on the other hand exhibit a wild-type architecture, although pollen maturation
might be affected. Thus, for both PhGLO1 and PhGLO2 loss-of-function mutations,
the drastic homeotic conversions as seen in Arabidopsis pi and Antirrhinum glo
mutants were not observed. This, together with the fact that PhGLO1 (Angenent et al.,
1995a) and PhGLO2 (Figures 4 and 5) exhibit similar expression patterns in developing flowers, suggested that PhGLO1 and PhGLO2 act largely redundantly in petal and
stamen development. This is confirmed by the phenotype of phglo1 phglo2 flowers,
which display a complete homeotic change from petals to sepals and stamens to carpels.
Moreover, this phenotype indicates a complete absence of B-function activity, implying that the two P. hybrida DEF/AP3 homologues PhDEF and PhTM6 by themselves
or together do not exert B-function activity. This is in full accordance with the predictions based on a duplicated B-class heterodimer model. The function of PhGLO1 has
been analyzed previously using a cosuppression approach (Angenent et al., 1993). The
transgenic lines with the most severe alterations exhibited flowers with a phenotype
identical to phglo1 phglo2 double mutants, indicating that cosuppression in these lines
did not occur in a gene-specific way (cf. Vandenbussche et al., 2003b).

DEF/GLO Heterodimer Formation in Relation to
Petal and Stamen Development
The results of the yeast two-hybrid analyses indicate that like in Antirrhinum and
Arabidopsis, P. hybrida B-class MADS box proteins form heterodimers consisting of a
DEF/AP3-like protein combined with a GLO/PI-like protein. Here, we integrate these
data with the results obtained from the expression and mutant analyses into a model
describing petal and stamen development in P. hybrida (Figure 6A).
Concerning the involvement of two DEF/AP3-like proteins in petal development, we
found that in contrast with PhDEF, PhTM6 is expressed at very low levels in the devel-
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Figure 6 Summarizing Model Describing Unique and Redundant Functions of the Proposed P. hybrida B-Class Heterodimers and the Regulatory Interactions among These Genes Based on Mutant
Analyses, Two-Hybrid Interactions, and Expression Studies.
(A): Functions of the proposed heterodimers in wild-type flowers. The two-hybrid interaction data are
represented by solid lines between the involved B-class proteins.
(B): Regulatory interactions among the P. hybrida B-class MADS box genes.
The proposed function of the PHTM6/PHGLO2 heterodimer and the regulatory interactions involving PhTM6 need to be confirmed.

oping petals, indicating that PhTM6 might not be involved in petal development.
Therefore, according to the duplicated B-class heterodimer model, phdef mutations
should result in full homeotic conversion of petals to sepals because in this whorl, the
only putatively available DEF/AP3 partner, PHDEF, is mutated. This is indeed supported by the phenotype of phdef flowers (Figure 2K). Second, we and others (Immink
et al., 2003) found that PHDEF is capable of interacting with PHGLO1 and
PHGLO2, both of which are well expressed in developing petals. This indicates that
PHGLO1 and PHGLO2 might exhibit functional redundancy as common interacting
partners of PHDEF. This is confirmed by the phenotype of phglo1 phglo2 double
mutants (Figure 2G). Therefore, we conclude that petal development is controlled by
the largely redundant PHDEF/PHGLO1 and PHDEF/PHGLO2 heterodimers,
whereas PHTM6 most likely is not involved in this process.
The expression analysis further shows that PhTM6 is well expressed in developing stamens, as has been found for PhDEF, PhGLO1, and PhGLO2, indicating that all four
identified B-class MADS box genes might be involved in stamen development. The
phenotypes of phglo1 phglo2 and phdef phglo2 mutants (Figures 2G and 2P) indeed
directly prove the involvement of PhDEF, PhGLO1, and PhGLO2 in stamen development, and the two-hybrid analysis suggests that these genes act through the formation
of PHDEF/PHGLO1 and PHDEF/PHGLO2 heterodimers. The two-hybrid analysis
further indicated that PHTM6 interacts specifically with PHGLO2 and to a much lesser degree with PHGLO1, suggesting that the PHTM6/PHGLO2 heterodimer (and
presumably not PHTM6/PHGLO1) might also be involved in stamen development.
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Integrating this information in the duplicated B-class heterodimer model and assuming that the capacity to form a heterodimer is a prerequisite for B-function activity,
than the following predictions can be made: In phdef phglo2 double mutants, the only
available heterodimer is PHTM6/PHGLO1. However, the two-hybrid analysis
revealed only a very weak interaction, if any at all, for these proteins. Therefore, in
phdef phglo2 double mutants, B-function activity should be severely reduced or completely absent. On the other hand, in phdef phglo1 mutants, the only heterodimer theoretically available is PHTM6/PHGLO2, and the strong two-hybrid interaction
between these proteins indicates that this heterodimer might be functional in vivo. The
phenotypes obtained in the double mutants are in full agreement with these interpretations. In phdef phglo2 flowers (Figure 2P), stamens are fully replaced by carpels, indicating that the PHTM6/PHGLO1 heterodimer is not formed or not sufficient to confer stamen identity. On the other hand, phdef phglo1 flowers still develop stamens
(Figure 2N), suggesting that the PHTM6/PHGLO2 heterodimer might be sufficient
to induce stamen development. The partner preference of PHTM6 toward PHGLO2
as suggested by the yeast two-hybrid analysis is thus strongly supported by the phenotypes of these mutants.

Functional Divergence within the DEF/AP3 Lineage during Evolution:
Defining Functions for PhDEF and PhTM6
Within the DEF/AP3 subfamily, a major duplication event was identified that coincides with the base of the higher eudicot radiation, resulting in two types of DEF/AP3like proteins, which can easily be distinguished on the basis of their completely divergent paleoAP3 and euAP3 C-terminal motifs (Kramer et al., 1998). Whereas euAP3
genes appear to control stamen and petal identity in higher eudicot species, paleoAP3
genes until now have only been characterized in the monocot species maize (Zea mays)
and rice (Oryza sativa). Both the SILKY1 and OsMADS16 (SPW1) genes (Figure 1)
have been shown to control stamen and lodicule identity (Ambrose et al., 2000;
Nagasawa et al., 2003). Recently, data involving C-terminal motif swapping experiments were published indicating that paleoAP3 and euAP3 motifs within the eudicot
lineage encode divergent functions (Lamb and Irish, 2003); a chimeric construct containing the Arabidopsis AP3 gene, of which the C-terminal euAP3 motif was replaced
by a paleoAP3 motif, was able to partially rescue stamen development in an ap3-3
mutant background, whereas second-whorl organs remained fully sepaloid. These
results indicate that the C-terminal motif of paleoAP3 proteins promotes stamen but
not petal development in higher eudicots, supporting the hypothesis that euAP3 genes
may have obtained a novel function, leading to the development of petals.
In P. hybrida, all currently available data fit this hypothesis. Null mutations in the P.
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hybrida euAP3-like PhDEF gene cause homeotic alterations in the second whorl of the
flower, whereas stamen development remains largely unaffected. Further, we and others (Tsuchimoto et al., 2000) have shown that phdef bl flowers develop antheroid
organs in the second whorl, although the full conversion of petals to sepals in phdef
flowers implies a complete absence of B-function activity in the second whorl in a
phdef genetic background. According to the duplicated B-class heterodimer model, this
suggests that the paleoAP3-like PhTM6 is able to complement the phdef mutation in
stamen development but not in petal development. The expression pattern of PhTM6
in wild-type, phdef, bl, and phdef bl flowers indeed fully supports this hypothesis: In
wild-type and phdef flowers, PhTM6 is highly expressed in the developing stamens, but
only at low levels in the second-whorl petals. On the other hand, in the second-whorl
antheroid organs of bl and phdef bl flowers, PhTM6 expression is strongly upregulated
to levels comparable to third-whorl expression levels in wild-type developing stamens.
Finally, the phenotype of phglo1 phglo2 and phdef phglo2 flowers together with the twohybrid analysis indicate that PHTM6 requires PHGLO2 for B-function activity, suggesting that PHTM6 B-function activity can be abolished through mutagenesis of its
interaction partner, PHGLO2. Recently, we obtained phdef phglo2 bl triple mutants,
and in contrast with phdef bl flowers, these flowers do exhibit a full homeotic conversion to carpels in the second whorl (M. Vandenbussche, S. Royaert, and T. Gerats,
unpublished data). Although a full functional analysis of PhTM6 will be required to
unequivocally prove it, this suggests that PhTM6 is responsible for the rescue of stamen
development in the third whorl of phdef flowers and in the second and third whorls of
phdef bl flowers. PhTM6 is thus a very likely candidate to represent gene X as postulated by Tsuchimoto et al. (2000). It may be noted that PhTM6, by sequence a B-function gene, behaves as a C-function gene both in respect to its wild-type expression pattern as well as its changed pattern in an A-function mutant background.

Regulatory Interactions
In both Arabidopsis and A. majus, it has been shown that the expression of either one
of the B-function genes is initiated independently but that the maintenance of high levels of AP3 and PI depends upon the presence of the heterodimeric protein complex
itself. In A. majus, this interdependence occurs in both whorls 2 and 3, where DEF and
GLO gene products are required to regulate each others’ expression positively at the
level of transcription. In Arabidopsis, such an interdependent relationship exists on the
transcriptional level between AP3 and PI in whorl 3, but AP3 continues to be transcribed in the second-whorl sepals in a PI mutant background. AP3 protein is however not detected in second-whorl organs of pi mutants (Jack et al., 1994). The results
from our RT-PCR analysis (Figure 4) indicate that for PhDEF on the one hand and for
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PhGLO1 or PhGLO2 on the other hand, a similar interdependent relation at the transcriptional level exists, as has been found in Antirrhinum. In phglo1 phglo2 flowers,
PhDEF expression is strongly reduced in whorls 2 and 3, indicating that PhDEF
requires the presence of at least one of the two GLO/PI homologues to maintain its own
expression. Similarly, in the second whorl of phdef mutants, the expression levels of
both PhGLO1 and PhGLO2 are reduced, suggesting that these genes require PhDEF to
maintain high levels of expression in the second whorl (Van der Krol et al., 1993). In
the third whorl of phdef flowers, PhGLO1 and PhGLO2 are still expressed at high levels, indicating that another gene, most likely PhTM6, acts redundantly with PhDEF to
maintain expression of the P. hybrida GLO genes (see below). Nevertheless, in phdef
phglo2 flowers, expression levels of phdef, PhGLO1, and phglo2 are severely downregulated in both the second and third whorls. Other evidence that PhDEF affects the
expression of PhGLO1 and PhGLO2 came from transgenic lines overexpressing PhDEF
(Halfter et al., 1994). In these lines, sepals are converted to petals, and PhGLO1 and
PhGLO2 are ectopically expressed in these converted tissues.
By contrast, the expression pattern of PhTM6 remained virtually unchanged in all tested B-function mutants, indicating that maintenance of PhTM6 expression at the transcriptional level does not depend on the activity of PhDEF, PhGLO1, and PhGLO2. A
schematic representation of all of these regulatory interactions in wild-type P. hybrida
flowers is shown in Figure 6B.
Further, we found that PhTM6 is upregulated in the second whorl of bl flowers (and
to a lesser degree in the first whorl), indicating that PhTM6 expression either is
repressed by the BL gene product or, alternatively, that PhTM6 requires C-function
activity to maintain high expression levels. The latter hypothesis is consistent with the
idea that B- and C/D-function genes originally might have been more tightly associated with each other in reproductive organ development, before specialized sterile perianth organs appeared during flower evolution (Theissen et al., 2000, and references
therein). Unfortunately, we cannot yet verify the hypothesis that PhTM6 requires Cfunction activity because C-function mutants are not yet available in P. hybrida. Finally,
our data suggest that both PhGLO1 and PhGLO2 expression in whorl 3 of phdef
mutants and in whorls 2 and 3 of phdef bl flowers is possibly maintained by PhTM6,
despite the fact that at least in in vitro experiments, PhTM6 appears to interact only
with PhGLO2 on the protein level. A plausible explanation for this would be that
although PHTM6 is not capable of heterodimerizing with PHGLO1, the
PHTM6/PHGLO2 heterodimer might be capable of activating PhGLO1 expression.
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Normally, B-class gene dosage is not directly associated with phenotypic changes in flower
morphology. Like the known B-class mutant alleles from Arabidopsis and Antirrhinum,
all available phglo1, phglo2, and phdef mutations are fully recessive, implying that a reduction of 50% in gene dosage because of the presence of a mutant allele in a heterozygous
state does not induce any phenotypic effect. However, when a function that is normally
encoded by one gene is duplicated, gene dosage can be further reduced to a level of 25%
in plants homozygous mutant for gene copy A and heterozygous for gene copy B. This
readily explains our observation of gene dosage effects in specific progeny classes, as, for
example, in the second whorl of PhDEFphdef phglo1 flowers and in the second and third
whorls of phglo1 PhGLO2phglo2 flowers (Figures 2I, 2J, 2O, and 2Q). Further, in
PhGLO1phglo1 phglo2 flowers, second-whorl organs fully retain their petal identity,
whereas stamens are replaced by carpelloid structures (Figures 2H, 2L, 2M, and 2Q).
This indicates that the sensitivity of petal and stamen development toward a reduction in
B-class gene dosage differs and that the third whorl apparently requires a higher dose of
B-function activity to maintain normal identity. Remarkably, a similar phenomenon was
observed in Antirrhinum in heterozygous plants carrying a def null allele in combination
with the temperature sensitive def-101 allele (Schwarz-Sommer et al., 1992; Zachgo et al.,
1995). Gene dosage effects have also been described for specific sepallata mutant combinations (Favaro et al., 2003).

Evolution of P. hybrida B-Function Regulation Compared with Antirrhinum
and Arabidopsis
The data presented here demonstrate that gene duplications in the DEF/AP3 and
GLO/PI lineages in P. hybrida have led to a functional diversification of their respective
members, which is reflected by partner specificity and whorl-specific functions among
these proteins. Nevertheless, when the individual actions of PhDEF, PhGLO1, and
PhGLO2 are considered together, they appear basically to function in a similar way as
DEF/GLO in Antirrhinum and AP3/PI in Arabidopsis. Analyzed in more detail, the P.
hybrida B-class loss-of-function phenotypes and the regulatory network among these
genes resemble more the situation in Antirrhinum than in Arabidopsis, which is logical given the taxonomic distribution of the three species. In addition, we identified a
novel function fulfilled by a B-class heterodimer: PHDEF/PHGLO1 seems to be controlling the fusion of the stamen filaments with the petal tube. In Antirrhinum and
Arabidopsis, this function apparently is not present because in these flowers, wild-type
stamens emerge as freestanding structures. This might be an example of a subtle dif-
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ference in function that accounts for species-specific differences in floral architecture.
In contrast with what we found for PhDEF, all current data indicate that the function
and mode of action of the paleoAP3-type PHTM6 differs significantly from the known
euAP3-type DEF/AP3-like proteins; PhTM6 is mainly expressed in the third and
fourth whorls, its maintenance of expression does not require functional GLO/PI-like
proteins, its expression pattern is altered in an A-function mutant background, and
most likely PhTM6 is not involved in petal development. The latter is consistent with
the hypothesis that the evolutionary origin of the higher eudicot petal structure coincided with the appearance of euAP3-type MADS box genes (Kramer et al., 1998; Lamb
and Irish, 2003; Vandenbussche et al., 2003a). Future research focused on a functional analysis of PhTM6 may shed new light on the recruitment of B-class MADS box
genes in petal and stamen development during evolution.

Methods
Phylogenetic Analysis
The neighbor-joining tree shown in Figure 1 was obtained according to the methodology described previously (Vandenbussche et al., 2003a).

Plant Material and Genotyping
For the crosses described in this article, we have used a phglo1-2 line in which the
dTph8 transposon has excised, leaving behind a 5-bp footprint, which introduces a stop
codon at amino acid position 143 of the PhGLO1 coding sequence. This phglo12–derived footprint allele induces an identical phenotype as the phglo1-1 and the original phglo1-2 alleles. From the phglo2 alleles (Table 1), we have selected phglo2-3
because in this line, the first exon encoding the DNA binding MADS domain is disrupted by the transposon insertion, most likely resulting in a null mutation.
Homozygous phglo1-2, phglo2-3, and phdef-1 mutants were crossed with each other
and to the bl mutant (Vallade et al., 1987), and the resulting F1 plants were self-fertilized to obtain F2 progenies. All the different phenotypic classes described segregated in
agreement with the expected Mendelian ratios, and similar results were obtained when
we analysed additional F2 progenies obtained from different F1 individuals.
Genotyping of the phglo1-2 and phglo2-3 insertion alleles was done by PCR using genespecific forward (fw) and reverse (rv) primer pairs flanking the insertion sites
(PhGLO1-fw, 5’-CTT GAA GGG TGA AGA TAT CAC ATC-3’; PhGLO1-rv, 5’TTC CTC ATC ATC CTC AGA ACC TC-3’; PhGLO2-fw, 5’-GAG AAG TGA GAT
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ATT AGG TAT GG-3’; and PhGLO2-rv, 5’-GCT ACA ATA TTC ATG CAT CTT
GCC AGA-3’) (data not shown). Genotypes for phdef and bl mutant alleles were scored
on a phenotypic basis and, in specific cases, confirmed by backcrossing with phdef and
bl homozygous mutants, respectively.

Electron Microscopy

76

Samples for cryo-scanning electron microscopy were first frozen in slush, prepared in
an Oxford Alto 2500 cryo-system (Catan, Oxford, UK), and then analyzed in a JEOL
JSM-6330F field emission electron scanning microscope (JEOL, Tokyo, Japan).

RT-PCR Analysis
Total RNA from different tissues was isolated using Trizol reagent (Life Technologies,
Cleveland, OH) according to the instructions of the manufacturer. First-strand cDNA
synthesis was done by combining 2 µg of total RNA diluted in 20 µL with 1 µL of
oligo(dT)25 primers (700 ng/µL), 4 µL of water, 8 µL of first-strand buffer, 4 µL of 0.1
M DTT, 2 µL of 10 mM deoxynucleotide triphosphate, and 1 µL of Superscript II RT
(200 units/µL; Gibco BRL, Cleveland, OH) in a total volume of 40 µL. After incubation for 2 h at 42°C, the mixture was diluted 10 times. Five microliters of this dilution
was used as a template for PCR amplification. PCR products were visualized by radiolabeling one primer of each gene-specific primer pair and analyzed by PAGE as
described previously (Vandenbussche et al., 2003b). Integrity of the RNA samples and
cDNA synthesis was monitored by measuring the expression level of glyceraldehyde-3phosphate dehydrogenase as a positive control (25 PCR cycles). Signals for the B-class
MADS box genes as presented here were obtained after 33 PCR cycles. Expression in
the wild type was analyzed at two developmental stages (in 0.5-cm and 4- to 5-cm buds);
for the mutant samples, these two stages were pooled. All reactions have been done in
duplicate starting from independent RNA samples, and all results were in good agreement (data not shown). Some of the expression patterns shown here have been analyzed
previously by RNA gel blot analysis; we have obtained comparable results in all cases
(Angenent et al., 1992, 1995; van der Krol et al., 1993; Tsuchimoto et al., 2000).

In Situ Hybridization
3’ gene-specific fragments of PhGLO2 and PhTM6 were generated by PCR using genespecific primer pairs and subsequently cloned in pGEM-T (Promega, Madison, WI),
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containing T7 and SP6 transcription sites. Probe synthesis and in situ hybridizations
were performed as described previously (Cañas et al., 1994). Images were recorded with
an AxioCam digital camera (Zeiss, Jena, Germany).

Two-Hybrid Analysis
The pBD-GAL4 bait and pAD-GAL4 prey vectors containing PhDEF, PhGLO1, or
PhGLO2 were provided by Richard Immink and described previously (Ferrario et al.,
2003). A full-length cDNA copy of PhTM6 was generated by PCR and cloned into the
pAD-GAL4 vector. The GAL4 yeast two-hybrid analyses were performed as described
previously (Immink et al., 2003), using the yeast strain PJ69-4a (James et al., 1996).
Selection for interaction was performed on selective medium lacking His supplemented with 10 mM 3-AT (3-amino-1,2,4-triazole; Sigma, St. Louis, MO) and confirmed
on selective medium lacking His and Ade and on medium supplemented with X-α-Gal
(CLONTECH, Palo Alto, CA). Growth of yeast on selective media was scored after 7
d of incubation at 20°C, whereas blue staining was scored after an overnight incubation at 20°C.

Sequence Deposition
The genomic structure of PhGLO1 (AY532265) and PhTM6 (AY532264) was determined by sequencing PCR-generated fragments amplified from genomic DNA, covering the full coding sequence of these genes. Sequence data from this article have been
deposited with the EMBL/GenBank data libraries under accession numbers AY532264
and AY532265.
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In Antirrhinum and Arabidopsis, the respective DEF and AP3 MADS-box proteins are
required to specify petal and stamen identity. Sampling DEF/AP3 homologues of a
wider range of eudicot species revealed that actually two types of DEF/AP3 proteins
exist within the core eudicots, called euAP3 and TM6 type proteins. While the function of euAP3 proteins (to which AP3 and DEF belong) is well understood, little is
known about the function of the more ancestral TM6 proteins in higher eudicots. Here
we show that the Petunia euAP3 and TM6 proteins have functionally diverged:
PHDEF, (also known as GP) functions as a classical euAP3 type protein in the determination of petal and stamen identity. Like DEF and AP3, PhDEF is mainly expressed
in whorls two and three and its expression pattern remains unchanged in a blind
mutant background, in which the cadastral C-repression function in the perianth is
impaired. On the other hand, Petunia PHTM6 functions as a B-class organ identity
protein only in the determination of stamen identity. Atypically, PhTM6 is regulated
like a C-class gene rather than a B-class gene: PhTM6 is mainly expressed in whorls
three and four and repressed by BLIND in the perianth, thereby preventing involvement in petal development. A promoter comparison between PhDEF and PhTM6
genes indicates that an important change in regulatory elements has taken place during or after the duplication event that resulted in euAP3 and TM6 type genes.
Surprisingly, although PhTM6 normally is not involved in petal development, 35S driven PhTM6 expression can restore petal development in a phdef (gp) mutant background. Finally, for seven solanaceous species tested, we isolated both euAP3 and TM6
type genes, suggesting that a dual euAP3/TM6 B-function system might be the rule in
the Solanaceae.

Introduction
Ever since the formulation of the classic ABC model of flower development (Coen and
Meyerowitz, 1991), tremendous progress has been made in the understanding of the
genetic control of flower development. The ABC model proposes the existence of three
types of gene function A, B and C that act in different combinations to specify the
identity of the floral organs. A alone yields sepals, A in combination with B yields
petals; B with C yields stamens; and C alone yields carpels. Moreover, the model
implies an antagonistic relationship between the A and C functions. The analysis of floral developmental mutants in the model species Arabidopsis and Antirrhinum revealed
the central role that MADS-box transcription factors play in flower development. It
turned out to be mostly members of this gene family that carry out all or part of the A,
B and C functions (Sommer et al., 1990; Yanofsky et al., 1990; Huijser et al., 1992;
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Jack et al., 1992; Mandel et al., 1992; Trobner et al., 1992; Bradley et al., 1993; Goto
and Meyerowitz, 1994).
Synthesis of this knowledge has greatly facilitated the analysis and understanding of
flower development in other species and now offers an exciting framework to understand how flower development might have evolved at the molecular level. Of the
plethora of morphological innovations that have been associated with plant evolution,
the invention of a petal identity program has certainly been one of the key innovations,
because it is tightly associated with a revolution in pollination mechanisms through the
recruitment of insects as pollen carriers. Therefore, the molecular and functional evolution of the genes encoding these organ identity programs in relation to the evolution
of the flower during radiation of the plant kingdom is of particular interest.
In both higher eudicot model species snapdragon and Arabidopsis, the respective
DEFICIENS (DEF) and APETALA3 (AP3) MADS-box proteins are required to specify petal identity in the second whorl and stamen identity in the third whorl (Sommer
et al., 1990; Jack et al., 1992). As a heterodimer together with the GLOBOSA (GLO)
and PISTILLATA (PI) proteins, respectively, they encode the B-function according to
the classic ABC model of flower development (Schwarz-Sommer et al., 1992; Goto and
Meyerowitz, 1994). Arabidopsis and Antirrhinum are distantly related core eudicot
species; therefore, the highly similar organization of the B-function in both species initially suggested that the function as identified for DEF/AP3 and GLO/PI genes might
be conserved across the core eudicots.
However, the isolation of DEF/AP3 homologues from a wider range of eudicot species
revealed that, in fact, two paralogous DEF/AP3 lineages can be found in the core eudicots, and a phylogenetic analysis indicated that the two lineages have arisen by a gene
duplication event that has occurred close to or at the base of the higher eudicot radiation (Kramer et al., 1998).These two types can easily be distinguished on the basis of
their fully divergent but highly conserved C-terminal motifs, called the euAP3 and
paleoAP3 motifs (Kramer et al., 1998). Interestingly, euAP3 type genes (to which both
DEF and AP3 belong) so far have been found exclusively in higher eudicot species. On
the other hand, paleoAP3 type genes have a much broader distribution range and have
been encountered in many taxa throughout the angiosperms, underscoring the antiquity and strong conservation of this motif throughout plant evolution. PaleoAP3 type
genes are being identified in an accumulating number of core eudicot species (Kramer
et al., 1998; Kramer and Irish, 2000; Kim et al., 2004; Kramer et al., 2006), including
the seven additional solanaceous species examined here. DEF/AP3 genes of the
paleoAP3 type in core eudicot species are called TOMATO MADS BOX GENE6
(TM6) genes after the first isolated member from tomato (Solanum lycopersicum)
(Pnueli et al., 1991). Comparison of sequences encoding the two different types of Cterminal motifs revealed that the origin of the novel euAP3 motif can be traced back to
a frameshift mutation just upstream of the paleoAP3 motif, because second reading
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frame translation of a number of paleoAP3 coding sequences yields euAP3-like motifs
(Vandenbussche et al., 2003a).
Therefore, both the species distribution and C-terminal motif conservation ascribe the
more ancestral B-class characteristics to the TM6 lineage, whereas euAP3 proteins seem
to be a novelty restricted to the core eudicot species. EuAP3 proteins have been studied
extensively. In contrast, little is known about the function of TM6 proteins in higher
eudicots. Elucidating TM6 function, therefore, might help to understand the mode of
B-function evolution and thereby the evolutionary development of the eudicot flower.
Petunia hybrida (and a range of other species) has, unlike Arabidopsis, maintained both
a euAP3 and a TM6 gene (van der Krol et al., 1993; Kramer and Irish, 2000), making
it an ideal model to study the evolutionary development of the B-function.
Previous work has provided indirect genetic evidence that in Petunia the B-function is
organized differently compared with Arabidopsis and Antirrhinum. Mutations in the
Petunia euAP3 homologue PhDEF (also called GP, Green Petals) cause full homeotic
conversion of petals to sepals in the second whorl, whereas stamen identity remains
unaffected (van der Krol et al., 1993). The simplest explanation for such a phenotype
is that subfunctionalization has occurred and that PhDEF has a unique function in
conferring petal identity, whereas another gene then would be responsible for stamen
identity, possibly in a redundant way with PhDEF. However, when phdef mutants are
combined with the A-function-like blind (bl) mutant, the phenotype of the double
mutants suggests that more is at stake (Tsuchimoto et al., 2000; Vandenbussche et al.,
2004). In the recessive Petunia bl mutant (Vallade et al., 1987), the C-function MADSbox genes PETUNIA MADS BOX GENE3 (pMADS3) and FLORAL BINDING PROTEIN6 (FBP6) are ectopically expressed in whorls one and two, leading to the homeotic conversion of the corolla to antheroids in the second whorl, and occasionally, the
development of carpelloid tissue in the first whorl (Tsuchimoto et al., 1993). In agreement with this, it has been demonstrated that ectopic pMADS3 expression is sufficient
to phenocopy the bl mutation (Tsuchimoto et al., 1993; Kater et al., 1998). The function of BL, therefore, corresponds to the cadastral component of the A-function as a
repressor of C-expression in the perianth.
Bearing in mind that the complete conversion of petals to sepals in the phdef mutant
indicates a full absence of B-function activity in the second whorl, the rules of the classic ABC model would predict that phdef bl double mutants should develop carpelloids
in the second whorl as a result of the action of the C-function alone. By contrast, phdef
bl double mutant flowers develop antheroids in the second whorl only the tip of which
is converted to stigmatic tissue (Tsuchimoto et al., 2000; Vandenbussche et al., 2004).
Together, the phenotypes of phdef and phdef bl flowers suggest the presence of an atypical B-function protein in Petunia, which cannot complement PhDEF as a petal identity gene in the second whorl, but is capable of conferring stamen identity to the third
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whorl. In addition, this protein might also be responsible for the unexpected development of stamenoids in the second whorl of phdef bl double mutant flowers.
Here, we present evidence that the atypical function and regulation of PhTM6 is responsible for the unusual single and double mutant floral phenotypes, demonstrating that
the euAP3- and TM6-type genes have functionally diverged in Petunia. The euAP3-type
protein PhDEF is expressed mainly in whorls two and three (van der Krol et al., 1993)
and its expression pattern remains unchanged in a bl mutant background (Tsuchimoto
et al., 2000). Here we show that in the wild-type-appearing phtm6 mutant background,
loss of PhDEF function causes the homeotic conversion of petals to sepals and of stamens to carpels, as has been described for def and ap3 mutants. Therefore, the unusual
one-whorled phenotype of single phdef (gp) mutants can be entirely ascribed to PhTM6
function. PhDEF thus displays all typical characteristics that have been associated with
normal euAP3 gene function as described for DEF and AP3.
On the other hand, PhTM6 does not exhibit the full B-function spectrum, because it
is only involved in the determination of stamen organ identity. In addition, PhTM6 is
regulated fundamentally differently than euAP3 genes: PhTM6 is mainly expressed in
whorls three and four and is repressed directly or indirectly by the C-repression function BL in the perianth, thereby excluding any involvement in petal development
(Vandenbussche et al., 2004). A comparison between PhDEF and PhTM6 putative
promoter sequences further supports the notion that an important change in regulatory elements took place during or after the duplication event that resulted in the euAP3
and TM6 lineages. These observations support the hypothesis of an ancestral role for
B-type MADS-box genes in distinguishing male from female reproductive structures
(Mouradov et al., 1999; Sundström et al., 1999; Sundström and Engström, 2002;
Winter et al., 2002).
Even though PhTM6 is not naturally involved in petal determination, we found that
petal formation in a phdef mutant could be restored qualitatively by complementation
with a 35S:PhTM6 construct. We will discuss our findings in the light of current models of flower evolution. Finally, we were able to isolate members of both the euAP3- and
TM6-type gene lineages for seven additional solanaceous species from seven different
genera, suggesting that a dual euAP3/TM6 B-function system as found in Petunia
might be the rule in the Solanaceae, rather then the single euAP3 system from
Arabidopsis.
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To reveal the function of PhTM6, we screened the available Petunia dTph1 transposon
libraries for insertions into the PhTM6 coding sequence. Screening a total of around
13,000 plants, we identified a single family of 20 individuals, segregating for a dTph1
insertion in the PhTM6 gene. Sequence analysis of the progeny of these plants confirmed the presence of a dTph1 element in PhTM6, inserted 463 bp downstream of the
ATG startcodon, in the fourth exon, at the 3’ splice junction. Because the dTph1 transposon encodes stopcodons in all three reading frames in both directions (Gerats et al.,
1990), the phtm6-1 allele most likely represents a null-allele since the insertion results
in a truncated protein lacking about one third of its normal length. Nevertheless, no
clear morphological aberrations were found in the flowers of homozygous mutant
plants compared to wild-type flowers (Figure 1A). To investigate the effect of the transposon insertion on phtm6-1 transcription, we monitored Phtm6 expression in the four
floral organs of phtm6-1 and wild-type flowers (Figure 2). Real-time PCR analysis indicates that in wild-type plants PhTM6 is expressed highest in stamens and pistils and at
considerably lower levels in petals and sepals, confirming previous results obtained by
conventional RT-PCR and in-situ hybridization (Vandenbussche et al., 2004). In all
organs of phtm6-1 flowers expression dropped to very low levels or below detection
limit. These results suggest that a functional PhTM6 protein might be required to
maintain its own expression, as has also been found for euAP3 genes DEF, AP3 and
PhDEF (GP) in Antirrhinum, Arabidopsis and Petunia, respectively (Schwarz-Sommer
et al., 1992; Halfter et al., 1994; Jack et al., 1994). In agreement with the wild-type
appearance of phtm6 flowers, the other Petunia B-class MADS-box genes PhDEF,
PhGLO1 and PhGLO2 remain normally expressed in phtm6-1 mutants (Figure 2).
We also developed transgenic Petunia lines in which PhTM6 is downregulated by RNA
interference (RNAi). Two independent lines in which RNAi resulted in a more than
tenfold down-regulation of steady state mRNA levels were selected for further analysis.
Similar to the phtm6-1 transposon insertion mutants, no obvious phenotype was
observed in flowers of these lines (not shown). The results indicate that PhTM6 functions redundantly with other factors, or alternatively, that the phenotype is so subtle
that we have missed it.

phtm6 phdef, phtm6 phglo1 and phtm6 phglo2 Double Mutant Analysis
The most obvious candidate to share function(s) with PhTM6 among the other
Petunia B-class MADS-box genes is PhDEF (GP), since both genes belong to the
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Figure 1 Phenotypes Observed in Various P. hybrida B-class and bl mutant combinations
(A) to (D): Top views of wild-type W138 (A) and phdef (green petals) (B) flowers and close-up top views
of bl (C) and phdef bl (D) flowers.
(E) to (H): Sideview of wild-type W138 (E), phdef (gp) (F), bl (G), and phdef bl (H) flowers.
(I) and (J): Topview (I) and detail (J) of phtm6/+ phdef flowers showing proliferating anther tissue in
the third whorl terminating in a short style-stigma structure (arrow).
(K): phtm6 phdef double mutant flower showing a full conversion of stamens to carpels forming a central congenitally fused chimney-like structure.
(L): Flower of a PhTM6-RNAi line in a phdef mutant background showing a similar phenotype as
phtm6 phdef flowers.
(M) and (N): Topview and detail of phtm6/+ phdef bl flowers showing proliferating anther tissue in the
third whorl and carpelloid structures in the second whorl (arrow in N). Sepals were removed in (N) to
reveal inner organs.
(O): phtm6 phdef bl triple mutant flower showing a full conversion of petals and stamens to carpelloids
forming a central multi-whorled congenitally fused chimney-like structure.
(P): Flower of a PhTM6-RNAi line in a phdef bl mutant background showing a similar phenotype as
phtm6 phdef bl flowers.
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Figure 2 Expression analysis of P. hybrida B- and C-class MADS-box genes in floral whorls of wildtype and various mutant flowers as determined by real-time PCR.
Whorl numbers and organ types are indicated below and are indicated as follows: Se (sepal); Pe (petal);
St (stamen); Ca (carpel). Homeotically converted organs are shown in bold and underlined. All reactions were performed in duplicate using a biological replicate for each sample (represented by pairs of
grey and black bars). Height of the bars for a given gene indicates relative differences in expression levels within the range of tissues tested. For each primer combination separately, the highest expression
value encountered in the series of different tissues tested was set equal to 100, whereas lower values are
plotted relative to this highest value on a linear Y-axis scale. GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) expression levels were used for normalization.

DEF/AP3 clade. To obtain phdef phtm6 double mutants, homozygous phtm6-1 individuals were crossed with the previously described phdef-1 bl double mutants
(Vandenbussche et al., 2004). The resulting F1 progenies were self-fertilized to obtain
phtm6 phdef double and phtm6 phdef bl triple mutants in the next generation (for triple
mutants, see next paragraph). In a first F2 population of about 250 individuals, only
four phenotypic classes were observed, either displaying wild-type, phdef, bl, or phdef
bl phenotypes as described previously (Vandenbussche et al., 2004). When we analyzed
these plants at the molecular level, all homozygous phdef-1 mutants appeared to be
homozygous wild-type for PhTM6, whereas homozygous phtm6-1 mutants were all
homozygous wild-type for PhDEF. These results suggested a close linkage between the
PhTM6 and PhDEF loci. To identify rare recombination events between the two loci,
we screened a second F2 population of about 2,000 plants. In this population,
homozygous phdef and phdef bl mutants were selected by phenotype and subsequently
screened for the presence of the phtm6-1 allele by PCR. Two plants were found to be
homozygous for the phdef-1 mutation and heterozygous for phtm6-1, and one plant
was homozygous mutant for phdef-1 and bl and heterozygous for phtm6-1 (see below).
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Although stamen development is virtually unaffected in phdef and phdef bl mutants
(Figures 1B to 1D), normal development of the third whorl organs in the phtm6/+
phdef recombinants was seriously disturbed. In flowers of such plants, development of
the anther filaments was strongly suppressed whereas the loculi of the anthers developed as brain-like folded structures consisting of proliferating antheroid tissue and terminating in a short style-stigma like structure (Figure 1I to 1J), suggesting a partial loss
of determinacy in the third whorl of phtm6/+ phdef flowers. This is in agreement with
our previous observation of a partial loss of determinacy in the third floral whorl of
phglo1/+ phglo2 plants (Vandenbussche et al., 2004), giving further support for the
involvement of B-class MADS-box genes in cell proliferation and determinacy
(Bowman et al., 1992; Trobner et al., 1992; Jack et al., 1994; Sakai et al., 1995; Krizek
and Meyerowitz, 1996).
Although pollen maturation and fertility in phtm6/+ phdef plants weree heavily
impaired, selfing occasionally gave rise to viable seeds. In the resulting F3 progenies,
besides plants displaying a phdef or phtm6/+ phdef phenotype, a new phenotype was
encountered: a class of plants displayed flowers exhibiting a complete homeotic conversion of the second whorl petals to sepals and of the third whorl stamens to carpels
(Figure 1K). The five carpelloid organs in the third whorl were fused and formed a
tubular structure. The development of the original pistil in the fourth whorl was severely reduced in most flowers. Molecular analysis confirmed all of these plants to be phdef1 phtm6-1 double mutants. These results demonstrate that PhDEF and PhTM6 act
redundantly in the determination of stamen identity in the third whorl and in preventing premature termination of the flower meristem in the centre of the flower, as
has been described for DEF in Antirrhinum (Trobner et al., 1992). In accordance with
the sepal and carpel identities of second and third whorl organs in phtm6 phdef double
mutant flowers, the expression of both PhGLO1 and PhGLO2 was almost undetectable
in these two whorls (Figure 2) whereas in phdef (gp) single mutants, expression in the
third whorl was maintained (cf. Angenent et al., 1992; van der Krol et al., 1993) This
indicates that PhDEF and PhTM6 act redundantly in maintaining GLO expression in
the third whorl. The phenotype of phtm6 phdef double mutant plants is very similar to
that of the previously described phglo1 phglo2 and of phdef phglo2 double mutants
(Vandenbussche et al., 2004).
When the PhTM6 RNAi transgene was introduced in the phdef mutant background,
we observed a homeotic conversion of anthers to carpelloid organs very similar to that
in phtm6 phdef mutants (Figure 1L), although we observed some variation in the completeness of the homeotic conversion between different lines, and between flowers of
the same plants during development (not shown), most likely the result of differences
in the degree of silencing. In strongly silenced flowers, the expression of both PhGLO1
and PhGLO2 was reduced to a similar degree as in phtm6 phdef flowers (not shown).
To analyze the remaining possible genetic interactions between the four Petunia B-type
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MADS-box proteins, we also created phtm6 phglo1, and phtm6 phglo2 double mutants.
Flowers of these double mutants did not show any additional phenotypes compared to
phglo1 (fbp1) and phglo2 (pmads2) single mutants (see Vandenbussche et al., 2004).

phtm6 phdef bl Triple Mutant Analysis

88

Analysis of the expression of PhTM6 in bl mutant flowers shows that whereas PhTM6
is expressed at low levels in wild-type second whorl organs, its expression is strongly
upregulated in the first two whorls of bl mutants (Figure 2). This offers an explanation
for the striking phenotype of phdef bl double mutant flowers, which unexpectedly
showed restoration of B-function activity in the second whorl compared with phdef single mutants (Tsuchimoto et al., 2000; Vandenbussche et al., 2004). To test whether this
atypical expression profile of PhTM6 might be the cause of the striking phenotype of
phdef bl mutants, we created phtm6 phdef bl triple mutants. These plants were obtained
by self-fertilizing the single phtm6/+ phdef bl individual mentioned in the previous section. As in phtm6/+ phdef plants, the third whorl anthers of this plant developed as
brain-like structures consisting of proliferating antheroid tissue terminating in a stylestigma structure (Figures 1M and 1N). In addition, most of the antheroid tissue produced in the second whorl of phdef bl double mutants was converted to carpelloid tissue often forming a clear pistil-like structure including an ovary at the base. Again, selfing was problematic due to strongly reduced pollen viability, although we occasionally
obtained some seed-set. In the next generation, we observed a new phenotype: plants
exhibiting flowers of which both petal and stamen whorls were fully converted to
carpelloid organs, together forming one central multi-whorled congenitally fused structure (Figure 1O). Molecular analysis confirmed these plants to be phtm6 phdef bl triple
mutants. In agreement with this, when the PhTM6-RNAi transgene was crossed into
a phdef bl mutant background, a very similar phenotype was obtained in the heavily
silenced lines (Figure 1P). These results demonstrate that the unexpected development
of antheroid tissue in the second whorl of phdef bl double mutants is entirely attributable to ectopic PhTM6 expression in this whorl. In agreement with the observed phenotypes, PhGLO1 and PhGLO2 expression disappeared entirely in phtm6 phdef bl triple
mutants (Figure 2) and in phdef bl PhTM6-RNAi plants (data not shown), whereas the
PhGLO genes were normally expressed in phdef bl double mutants (Figure 2). This
finding clearly demonstrates that PhTM6 is capable of maintaining PhGLO expression
also in the second whorl, on the condition that BL is mutated.
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Figure 3 PhTM6 overexpression phenotypes in
wild-type and phdef mutant backgrounds
(A): 35S:PhTM6 overexpression in wild-type
Petunia showing the development of ectopic petals
on the outer surface of the petal tube.
(B): Detail of first whorl organs in 35S: PhTM6
plants showing a partial conversion to a petal tubelike structure.
(C): 35S:PhTM6 overexpression in a phdef mutant
background showing partial and more complete
complementation of petal development. The arrow
indicates the main petal veins retaining sepal identity in a strongly complemented overexpression
line.
(D) to (F): Scanning electron microscopy images of
the adaxial epidermis of (D) phdef second whorl
sepalloids showing the typical sepal epidermal characteristics such as jig-saw shaped epidermal cells
interspersed by trichomes and stomata, (E) wild
type petals showing the characteristic conical petal
cells; (F) second whorl petals of phdef mutants
complemented with 35S: PhTM6. Scale bars represent 100 µm.

PhTM6 Overexpression in Wild-type and in a phdef Mutant Background
In wild-type Petunia flower development, PhTM6 acts redundantly with PhDEF in
determining stamen identity but apparently plays no role in petal development. In
agreement with this, although there is some PhTM6 expression in emerging petal primordia at early stages (Vandenbussche et al., 2004), its expression is not maintained in
these regions as it is in stamens and ovary. Moreover, because PhTM6 expression is
strongly upregulated in the perianth organs of a bl mutant flower, PhTM6 expression
seems to be repressed directly or indirectly in the first two whorls by the BL product in
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wild-type flowers, thereby excluding any involvement of PhTM6 in petal development.
To test whether the PHTM6 protein is capable of determining petal identity on itself,
we constitutively expressed PhTM6 under the control of a 35S promoter in wild-type
and phdef genetic backgrounds. In a wild-type genetic background, several independent
transformants developed flowers with an extra whorl of smaller separate petals, fused to
the abaxial side of the petal tube (Figure 3A). Remarkably, all abaxial characteristics of
wild-type petals such as a dense trichome coverage on the petal tube and abaxial epidermal cell types are found at the adaxial side of the ectopic petals, whereas the typical
wild-type adaxial conical cells and the pigmentation of the inner tube are found on the
abaxial side of the ectopic petals. These ectopic petals thus seem to have switched abaxial-adaxial polarity and although they remain smaller and do not fuse with each other,
they form a perfect mirror image of wild-type petals. Occasionally, even sepals acquired
a partial petal identity: although the distal ends of the sepals retained their wild-type
identity, the development of a clear tube-like structure could be observed, at their basis
(Figure 3B). This petaloid tissue senesced at the same time as the petals long before the
remaining part of the sepals senesced.
When the 35S:PhTM6 construct was introduced in a phdef genetic background, a
range of phenotypes was observed, from a very partial to an almost complete restoration of petal development (Figure 3C). Electron microscopy analysis of these restored
petals revealed a semi-complete restoration in epidermal cell-type differentiation:
whereas the second whorl organs of phdef flowers displayed jigsaw-shaped epidermal
cells covered by trichomes (Figure 3D), typical for Petunia first whorl sepals, the
restored petals in phdef 35S:PhTM6 plants displayed the characteristic conical petal
cells (Figure 3F) similar to wild type petal cells (Figure 3E). These results indicate that
although PhTM6 in wild-type Petunia flower development is not involved in petal
development, when ectopically expressed in the second whorl, the protein is clearly
capable of inducing petal development in a phdef mutant background.

Promoter Comparison Between euAP3 and TM6 Genes
To further investigate the differences in expression between PhDEF and PhTM6, we
have isolated putative 5’ regulatory sequences of both genes by genome walking. For
comparison, we also isolated the corresponding regulatory sequences from the putative
orthologs from tomato, LeAP3 and LeTM6, which have a similar expression pattern
compared to PhDEF and PhTM6, respectively (Vivian Irish, personal communication).
The resulting genome walks yielded putative promoter fragments for the four genes
varying in size between 1.5 to 3 kb upstream of the putative ATG. To test sequence
conservation within the Solanaceae, we first aligned the obtained putative promoter
sequences of the two euAP3 type genes PhDEF and LeAP3. Over most of the align-
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Figure 4 Alignment of conserved regions identified in euAP3 and TM6 type 5’ putative regulatory
sequences.
Species names are abbreviated as follows and accession numbers of these sequences are shown between
brackets.: Ph: Petunia hybrida (PhDEF:DQ539416; PhTM6: DQ539417 ); Le: Lycopersicon esculentum
(Solanum lycopersicum) (LeAP3: DQ539418; LeTM6: DQ539419); Mo: Misopates orontium
(AM162207); Am: Antirrhinum majus (X62810); At: Arabidopsis thaliana (U30729); Cp: Cochlearia
pyrenaica (AF248970) Numbers flanking the fragments indicate their relative position to the ATG
startcodon, (1): Position of the three proposed CArG boxes in the Arabidopsis AP3 promoter (Hill et
al., 1998; Tilly et al., 1998). (2) Position of the proposed CArG box in the Antirrhinum DEF promoter and (3) mutation site of the chlorantha def allele (Schwarz-Sommer et al., 1992).

ment, only dispersed short regions of homology were found. On the other hand, a
highly conserved region was identified closer to the ATG, present in both PhDEF and
LeAP3 putative 5’ regulatory sequences, suggesting that this domain might be important for proper PhDEF and LeAP3 expression. Comparison of this domain with other
published euAP3 type 5’ regulatory sequences showed a major part of this conserved
region to correspond with a previously identified highly conserved domain in the
upstream regulatory regions of euAP3 type DEF and StDEF4 genes (Schwarz-Sommer
et al., 1992; Garcia-Maroto et al., 1993) and also found in a large set of Brassica AP3
homologues (Hill et al., 1998; Tilly et al., 1998; Koch et al., 2001). The alignment of
this euAP3 type 5’ regulatory domain from PhDEF and LeAP3 (Solanaceae) is shown
in Figure 4A, together with the corresponding domain from two Lamiaceae species
(AmDEF and MoDEF) and two Brassica species (AtP3 and CpAP3).
A homology search with the obtained 2.7 kb upstream fragment of the tomato TM6
gene revealed the presence of two large elements with a frequent occurrence elsewhere
in the tomato genome but not in the Petunia TM6 promoter, suggesting that these represent tomato specific repetitive elements not related to TM6 function. Notably, in the
tomato TM6 promoter, a 0.7 kb element was found at position -362 relative to the
ATG startcodon, which shows high homology with the tomato putative XC transpo-
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son (Guyot et al., 2005). In the 1.5 kb 5’ fragment of the PhTM6 gene, a repetitive element was found at position -1002 bp relative to the ATG. For the alignment of
PhTM6 and TM6 5’ regulatory sequences, we have removed these repetitive elements.
The general picture that emerged was similar to that observed for the euAP3 sequences:
most of the upstream region displays only short stretches of local homologies whereas
closer to the putative ATG, a region was found, which displays high sequence conservation between PhTM6 and TM6 (Figure 4B). This region is located in approximately the same position relative to the ATG startcodon as the euAP3 5’ regulatory domain.
Because euAP3 genes originate from the duplication of an ancestral paleoAP3 type
gene, we compared the putative regulatory elements of both lineages, but no obvious
homologies between these elements could be identified (Figure 4). These results indicate that, upon or during the duplication event, an important change in the upstream
regulatory sequences between euAP3 and TM6 lineages took place.

Figure 5 Neighbor-Joining Tree of newly isolated euAP3 and TM6 homologues from various solanaceous species
including a selection of B-class lineage MADS-box genes from other informative taxa.
Members of the GLO/PI subfamily were used as an outgroup and 1000 bootstrap samples were generated to assess support for the inferred relationships. Local bootstrap probabilities of > 70 % are shown near the major branching points.
euAP3 and TM6 putative proteins from solanaceous species included in this analysis are indicated with the extension
SOL-X, of which the X corresponds to the lettering of the images of the flowers of these species shown in the left panel.
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Isolation of euAP3 and TM6 Homologues from Other Members
of the Solanaceae
With Petunia, tomato, potato and Nicotiana benthamiana, the Solanaceae are well represented in the group of core eudicot species for which both euAP3 and TM6 genes
have been submitted to the database. This suggests that a dual euAP3/TM6 B-function
system might be conserved among the Solanaceae. To further investigate this, we
applied a degenerate PCR approach to isolate DEF/AP3 members from seven additional solanaceous species, all belonging to different genera. The result of this analysis
is presented in a neighbour joining tree (Figure 5) with the addition of some DEF/AP3
genes from other informative taxa. For a recent more complete overview of other available TM6 sequences, we refer to Kramer et al. (2006). For all seven solanaceous species
tested, we were able to isolate both a euAP3 and a TM6 type B-class gene, whereas for
one species two euAP3 copies and one TM6 gene were found. Without exception, all
newly isolated genes terminate with either a paleoAP3 motif in case of the TM6 members, or a euAP3 motif for the euAP3 lineage genes. The latter motif shows some variation, because a shorter variant is present in all solanaceous species tested, except for
Petunia hybrida (PhDEF) and Brunfelsia uniflora (BuDEF) (Figure 5). The euAP3 motif
of PhDEF and BuDEF resembles more that of the Antirrhinum, Hydrangea and
Arabidopsis euAP3 genes than that of the euAP3 genes of the other solanaceous species
examined, suggesting that the shorter form of the euAP3 motif has evolved fairly
recently within a subset of the Solanaceae. This is further supported by the observation
that these shorter forms in the coding sequence still show homology beyond their stopcodons with the slightly longer variant of Petunia and Brunfelsia when a one-nucleotide
gap is introduced (data not shown). Kramer et al. (2006) have recently described these
two variants of C-terminal motifs within the Solanaceae in detail.

Discussion
A Comparison between PhDEF and PhTM6 Function
and Regulation in Petunia
Although the function of euAP3 proteins has been studied extensively, little is known
about the function of TM6 proteins. In previous studies on the B-function in Petunia,
it was found that loss-of-function of the euAP3 type PhDEF (Green Petals) protein
causes homeotic conversion of petals to sepals in the second whorl (van der Krol et al.,
1993), whereas stamen development remains unaffected. Because of this one-whorl
phenotype, it was suggested that PhDEF might function differently compared to DEF
and AP3 in Antirrhinum and Arabidopsis. However, when the phdef-1 null allele is
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introduced in the wild-type appearing phtm6-1 mutant background, a homeotic conversion of petals to sepals and stamens to carpels is observed, exactly as has been
described for def and ap3 mutants in Antirrhinum and Arabidopsis. The one-whorled
phenotype of phdef mutants, therefore, is entirely attributable
to the action of
PhTM6. Also at the level of gene expression and regulation, PhDEF is very similar to
DEF and AP3. PhDEF is expressed mainly in whorls two and three (van der Krol et al.,
1993), and its expression domain remains unaltered in a bl mutant background
(Tsuchimoto et al., 2000; Vandenbussche et al., 2004). Furthermore, PhDEF expression is autoregulated (Halfter et al., 1994) and requires the presence of at least one of
the two Petunia GLO proteins to maintain its own expression (Vandenbussche et al.,
2004). Therefore, we conclude that PhDEF displays all typical characteristics that have
been associated with euAP3 gene function as identified for AP3 and DEF.
PhTM6, by contrast, is expressed mainly in whorls three and four throughout flower
development (Vandenbussche et al., 2004). Because stamen development is not
impaired in either phdef or phtm6 single mutants, and stamens are fully converted to
carpels in phtm6 phdef double mutants, we conclude that PhTM6 functions as a stamen identity gene, fully redundant with PhDEF. Unlike PhDEF, the expression pattern of PhTM6 in both wild-type and bl mutant backgrounds mimics that of a C-class
gene rather than a B-class gene (Figure 2). The full conversion of antheroids to carpels
in phtm6 phdef bl triple mutants and in phdef bl PhTM6-RNAi lines (Figure 1O and
1P) further demonstrates that this unusual expression pattern forms the molecular basis
for why the phenotype of phdef bl double mutant flowers seemed to elude the rules of
the classical ABC model.
Together, these results indicate that the regulatory control of PhTM6 and PhDEF
expression is fundamentally different (Figure 6). Although the expression pattern of
PhDEF remains unchanged in a bl mutant background, PhTM6 expression is strongly
upregulated in the second whorl, and to a lesser extent in the first whorl, suggesting
that PhTM6 expression is repressed by the BL product in the Petunia perianth organs,
similar to C-class genes. Alternatively, the PhTM6 expression domain shift in bl
mutants could also be explained as an indirect effect. If maintenance of PhTM6 expression required C-class activity, then the ectopic C-class expression in bl mutants might
upregulate PhTM6 expression in the perianth (see also last paragraph of the discussion). In addition, the strong expression levels throughout ovule development suggest
additional functions for PhTM6 in the fourth whorl. The answer to the latter question
may be found in the analysis of redundant ovule function(s).
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Figure 6 Summarizing model of the B-function regulation in Petunia hybrida.

Regulatory Interactions and Redundant and Unique Functions of
the B-class Heterodimers in Petunia Flower Development
In Antirrhinum and Arabidopsis, it has been shown that DEF and AP3 function as an
obligate heterodimer in combination with GLO and PI (Trobner et al., 1992; Krizek
and Meyerowitz, 1996; McGonigle et al., 1996), providing a molecular explanation for
the similar phenotypes observed in either def (ap3) or glo (pi) mutants. In Petunia, the
situation is more complex because two GLO/PI genes have been identified, and within
the DEF/AP3 lineage, both PhDEF and PhTM6 are present (Angenent et al., 1992; van
der Krol et al., 1993; Kramer and Irish, 2000). Nevertheless, the full conversion of
petals to sepals and of stamens to carpels observed in phglo1 phglo2 double mutants
(Vandenbussche et al., 2004) and in the phtm6 phdef double mutants described here,
demonstrate that DEF/AP3 and GLO/PI function in Petunia is also interdependent. In
both double mutant combinations, no heterodimers can be formed because either both
GLO/PI or both DEF/AP3 proteins have been mutated. Interestingly, in a yeast twohybrid assay, although PHDEF was shown to interact both with PHGLO1 and
PHGLO2 (Immink, 2003), PHTM6 displayed a strong partner preference for
PHGLO2 (Vandenbussche et al., 2004). The phenotype of phtm6 phdef flowers together with the phenotype of phglo2 phdef and phglo1 phdef mutant flowers (Vandenbussche
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et al., 2004) now provide full genetic support for this partner preference. Since no Bfunction activity can be performed without expression of at least one of the GLO
genes, and because PHTM6 interacts only with PHGLO2, abolishing PHGLO2 function should result in the concomitant loss of B-class activity for PHTM6 as well. On
the other hand, loss of PHGLO1 function should not influence B-function activity of
PHTM6. Indeed, the full conversion of stamens to carpels in phtm6 phdef double
mutants is identical to the phenotype of phglo2 phdef mutants, whereas in phglo1 phdef
mutants, stamen development is virtually unaffected. These results, together with the
complete absence of B-function activity in phglo1 phglo2 double mutant flowers, indicate that although PHTM6 only interacts with one of the GLO genes, obligate heterodimerization with a GLO/PI protein as a prerequisite for B-function activity is also
conserved for PHTM6.
To further specify the function for each of the three Petunia DEF/GLO heterodimers
that apparently can be formed, we made all possible B-class double mutant combinations to create the different genetic backgrounds in which the capacity to specify petal
and/or stamen identity of the remaining B-class MADS-box pair(s) can be tested.
Previously, we proposed that petal development in Petunia is controlled by the concerted action of PHDEF/PHGLO1 and PHDEF/PHGLO2 heterodimers. In addition,
the downregulation of PhDEF expression levels in the second whorl of phglo1 phglo2
double mutants and of PhGLO1 and PhGLO2 expression levels in the second whorl of
phdef mutants demonstrates that the maintenance of PhDEF and PhGLO1/2 expression
in the second whorl is interdependent (Vandenbussche et al., 2004).
In phtm6 phglo1, phtm6 phglo2 and phdef phglo1 double mutants, stamens develop normally, indicating that either the PHDEF/PHGLO2, the PHDEF/PHGLO1, or the
PHTM6/PHGLO2 heterodimer is sufficient to determine stamen identity. At the level
of transcriptional regulation, the complete absence of Petunia GLO expression in
phtm6 phdef double mutant flowers (Figure 2) but not in phdef (Angenent et al., 1992;
van der Krol et al., 1993) or phtm6 single mutant flowers indicates that PhDEF and
PhTM6 act redundantly in maintaining GLO expression in the third whorl.
Summarizing, we conclude that petal development is redundantly controlled by
PHDEF/PHGLO1 and PHDEF/PHGLO2 heterodimers, whereas stamen development can be accomplished by PHDEF/PHGLO1, PHDEF/PHGLO2 or
PHTM6/PHGLO2 heterodimers in Petunia.

Promoter Comparison between euAP3 and TM6 Genes
The clearly divergent expression patterns of PhDEF and PhTM6 suggest that at the
moment of or after the duplication that gave rise to the TM6 and euAP3 lineages, an
important change in the regulatory sequences of these genes must have taken place, at
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least in the lineage leading to Petunia. In the PhDEF and LeAP3 promoter sequences,
a very similar conserved domain was found that also is conserved in promoters of
euAP3 type genes from more distantly related species. In Antirrhinum, the chlorantha
mutation, which causes defects in maintenance of def expression in petals and stamens
(Schwarz-Sommer et al., 1992) maps to this region (Figure 4). In Arabidopsis, this
region has been shown to be essential for initiation and maintenance of AP3 expression
in both petals and stamens. In addition, CArG box binding sites have been identified
in this region, in both Antirrhinum and Arabidopsis (Schwarz-Sommer et al., 1992; Hill
et al., 1998; Tilly et al., 1998). However, only the third Arabidopsis CArG box seems
to reside within the most conserved parts of this domain (Figure 4), suggesting that the
position of CArG boxes might differ between species.
Surprisingly, this highly conserved region present in euAP3 type genes is absent in the
TM6 promoter sequences of Petunia and tomato. Instead, an unrelated conserved region
was found, suggesting that the euAP3 5’ regulatory element may have been acquired
during or shortly after the duplication event that created the euAP3 gene lineage.
Currently, we cannot rule out the alternative scenario that the euAP3 element was originally present in the ancestral gene, and that it has been lost in the TM6 lineage as a
result of subcompartimentalization of initially entirely overlapping expression domains
with the euAP3 lineage genes. The answer to this question will require a comparative
promoter study of TM6/paleoAP3 type sequences from a wider range of species including the basal angiosperms. The fact that both the TM6 and euAP3 type genes contain
conserved but different domains in their respective promoters raises the question of how
these elements might have been acquired during evolution. When the tomato genomic
sequence will become available, a synteny comparison up- and downstream of the
LeAP3 and TM6 loci might reveal if the TM6/euAP3 duplication was part of a larger
duplicated chromosomal fragment as has been found for C-class MADS-box genes
(Causier et al., 2005), or resulted from a single gene duplication event.

Speculations about the Molecular Origin of the Functional Divergence
between PhDEF and PhTM6 in Relation to the Evolution of Petal
Development in Higher Eudicots
At the protein level, the most obvious difference between euAP3 and paleoAP3 proteins is their completely divergent C-terminal euAP3 and paleoAP3 motif, which has
been highly conserved within both lineages (Kramer et al., 1998). In Arabidopsis, the
AP3-motif was shown to be essential for proper AP3 function, since truncation of the
AP3 protein by removing the C-terminal region eliminates its function (Lamb and
Irish, 2003). Lamb and Irish (2003) also showed that a chimeric AP3 protein in which
the euAP3 motif was replaced by a paleoAP3 motif from Dicentra eximia (including the
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preceding PI-derived motifs), could partially complement the Arabidopsis ap3 mutant
in stamen development, but not in petal development. These results led to the suggestion that the paleoAP3 C-terminus retains a stamen promoting activity, but is unable
to promote petal development in a higher eudicot genetic background.
In agreement with this, we found that in Petunia, PhTM6 is involved in the determination of stamen – but not petal identity, wheras PhDEF is involved in both stamen
and petal identity. By contrast, despite the presence of a paleoAP3 type motif in its Cterminus, Petunia PhTM6 as a stamen identity gene is perfectly capable of inducing
petal development when ectopically expressed, even in the first whorl (Figure 3). A very
similar phenotype was described for overexpression of GP (PhDEF) in Petunia (Halfter
et al., 1994), including the development of additional petals fused to the abaxial side
of the petal tube. Thus, the petal promoting capacity of the paleoAP3 type PHTM6
protein sequence on itself seems not to differ qualitatively from that of PHDEF, a classical euAP3 type protein.
This is not the first example of petal rescue by overexpressing a B-class MADS-box
gene, which in its natural context is not involved in petal development. In maize and
rice, the paleoAP3 genes Silky1 (Sil) and Superwoman1 (Spw1) have been shown to be
required to specify stamen identity in the third floral whorl and lodicule development
in the second whorl, respectively (Ambrose et al., 2000; Nagasawa et al., 2003).
Lodicules are small specialized organs that swell at anthesis to open the grass floret.
When Si1 was expressed in an Arabidopsis ap3 mutant background under control of the
AP3 promoter, the development of stamens but also of petals was almost completely
restored (Whipple et al., 2004), although this required higher levels of expression than
compared to endogenous AP3 expression. Apparently, the euAP3 motif in itself is not
essential to confer a petal identity function to a B-class protein in the higher eudicots
since both Si1 and PhTM6 carry paleoAP3 motifs. The discrepancy between the results
for both TM6 and Si1 overexpression and the outcome of the motif swapping experiments in Arabidopsis might be attributable to the heterologous and chimeric nature of
the construct used in the latter experiment. Differences in the rest of a paleoAP3 protein might normally functionally compensate for the lack of a euAP3 motif, but using
chimeric constructs this compensation would be missed. In this respect, it would be
interesting to test the petal promoting capacity of the native Dicentra paleoAP3 protein
used in the study of Lamb and Irish (2003).
In Petunia, the restoration of petal development in phdef mutants by PhTM6 overexpression indicates that the incapacity of the PhTM6 regulatory unit to maintain high
expression levels in the second whorl is the main cause for the lack of a petal identity
function of PhTM6. Therefore, the functional divergence between PhDEF and
PhTM6 would be caused mainly by changes in expression pattern. However, the classic distinction of either changes in the protein sequence and/or changes in the expression pattern as a source of functional divergence between two paralogous genes might
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not be so easily made for genes whose protein products function in a positive autoregulatory loop. Arabidopsis AP3/PI and Antirrhinum DEF/GLO protein complexes are
known to enhance the initially low expression levels of the genes that encode them and
maintain them at sufficiently high levels to function properly as organ identity genes
(Trobner et al., 1992; Goto and Meyerowitz, 1994; Jack et al., 1994; Krizek and
Meyerowitz, 1996; McGonigle et al., 1996; Riechmann et al., 1996a; Yang et al.,
2003a; Yang et al., 2003b). Mutations in the protein sequence can affect partner affinity or specificity of protein-protein interactions in the protein complexes involved in
autoregulation, and, in theory, can thereby cause a shift in the floral domains in which
maintenance of expression is achieved. Therefore, it is important to consider the possibility that changes in the protein-coding sequence might have contributed to the difference in expression between PhTM6 and PhDEF.
Gomez-Mena et al. (2005) recently showed that maintaining AP3 expression requires,
besides the presence of a GLO/PI protein, the presence of either AG (stamens) or AP1
(petals). Because of the antiquity of the stamen identity program, the autoregulatory
loop involving AG most likely represents the ancestral regulatory mechanism of B-class
MADS-box proteins. In this respect, it is interesting to note that the expression pattern
of PhTM6 in wild-type and bl mutant backgrounds can also be explained as a result of
the incapacity of PhTM6 to maintain expression outside of a C-expression domain
context. PhTM6 is initially expressed in petal primordia, but at later stages it fails to
get strongly upregulated, in contrast to what happens during stamen development.
When using a constitutive promoter for complementation experiments, any potential
effect of changes in protein sequence on the capacity of maintenance of expression will
obviously remain obscured. Therefore, to fully understand the influence of promoter
evolution and/or protein changes on the functional divergence between euAP3 and
paleoAP3 genes, these two aspects should be studied both combined and in parallel.
Our future research will include complementation experiments in a phtm6 phdef double mutant background using either the PhDEF or PhTM6 promoters, fused to either
wild-type PhDEF and PhTM6 cDNA sequences or fused to modified versions of these
proteins, including a frameshifted version of the PhTM6 coding sequence, as such
mimicking the mutation that was at the basis of the euAP3 lineage.

Materials and Methods
Isolation of Phtm6::dTPh1 Knockout Alleles
The available W138 insertion libraries were screened as described previously
(Vandenbussche et al., 2003b), with either a PhTM6 forward (5’-TGA TTG ATT
TGT ACC AGA GGA CAC T-3’) or a reverse (5’-GCA AGA CGT AGA TCA CGA
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GAA CCA-3’) primer located at the start of exon 2 and at the C-terminus, respectively, in combination with the inverted repeat primer (5’-GAA TTC GCT CCG CCC
CTG-3’) complementary to the terminal inverted repeats of the dTPh1 transposon.
These libraries consist of a number of progenies of 20-25 plants each, obtained upon
selfing of individual W138 plants (Koes et al., 1995).

100

Plant Material and Genotyping
Genotyping of the phtm6-1 allele was performed by PCR using a gene specific primer
pair flanking the insertion site (PhTM6-1 fw (5’-GAC TCA AAC AGA TAC CTG
CAG GAA G-3’); PhTM6-1 rv (5’-ACC AAA TCA TGT ACG AGG CTT CCA T3’)), and products were sized by polyacrylamide gelelectrophoresis. Genotyping for the
phglo1-2 and phglo2-3 insertion alleles was done as described previously
(Vandenbussche et al., 2004). Segregation analysis of the EMS induced phdef-1 allele
(de Vlaming et al., 1984) was initially done on a phenotypic basis but later on performed as follows: The full coding sequence of phdef-1 was amplified, sequenced and
compared with the wild-type PhDEF coding sequence, revealing a single point mutation (A to T) in the MADS-domain of the phdef-1 allele, resulting in the conversion of
a (AGA) arginine codon to a stop codon (TGA). Translation of this sequence gives a
premature termination of the PhDEF protein sequence after 24 amino-acids.
Genotyping was done by hot-start PCR using two discriminating forward primers terminating at the 3’ end either with a T or an A and displaying a 4bp length-difference
mibus454 (Phdef1-fw, 5’AAA CAG GCA AGT GAC ATA TTC TAA GAG AT-3’ and
mibus455 (PhDEF-fw, 5’AGG CAA GTG ACA TAT TCT AAG AGA A-3’) in combination with a non-discriminating reverse PhDEF primer, mibus456, (PhDEF-rv, 5’TCT TGG ATA CGT ACG TGA TAG AT-3’). Resulting products were sized by polyacrylamide gelelectrophoresis. Genotypes for bl mutant alleles were scored on a phenotypic basis and, in specific cases confirmed by backcrossing with bl. All expected
double and triple mutants were obtained in the F2 populations in agreement with the
expected Mendelian ratios with the exception of the cross between phtm6-1 and the
double mutant phdef-1 bl as has been described in the results section.

Construction of Transgenic PhTM6 Overexpression and RNAi Lines in
WT, phdef-1 and phdef-1 bl Backgrounds
The full-length PhTM6 coding sequence was amplified by PCR from a W138 stamen
derived cDNA template with PhTM6-ORF-fw (5’-AAA AAG CAG GCT TCG AAG
GAG ATA AAA AAA TGG GTC GTG GTA AAA TTG AG-3’) and PhTM6-ORF-
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rv (5’-AGA AAG CTG GGT TAT CTT CAA GCA AGA CGT AGA TCA C-3’)
primers containing part of the Gateway® attB1 and attB2 sites. A part of the PhTM6
non-conserved 3’UTR was chosen as a template for RNAi and amplified by PCR using
PhTM6-RNAi-fw (5’-AAA AAG CAG GCT TGA AGA TAA CAA TTT GGC AAT
G -3’) and PhTM6-RNAi-rv (5’-AGA AAG CTG GGT CAT CTC TTT GGT ATC
ATT CTG ATG-3’) primers containing part of the Gateway® attB1 and attB2 sites.
After a second PCR with universal attB adapter primers to add the full attB-adapters,
both PCR products were cloned in pDONR™221 (Invitrogen). The full-length
PhTM6 coding sequence was then introduced in the pK2GW7 overexpression vector,
and the PhTM6 3’UTR fragment was introduced in the binary RNAi vector
pK7GWIWG2(1) (Karimi et al., 2002). The resulting destination vectors were used
subsequently to transform Agrobacterium tumefaciens EHA105 cells via freeze-thaw
transformation (Chen et al., 1994). Leaf discs from Petunia F1 progeny plants resulting from a cross between phdef-1 bl or phdef-1 mutants and the easily transformable
Mitchell variety (W115) were transformed as described (Horsch et al., 1985). T1
Kanamycin resistant plants, that were also positive in a Kanamycin gene PCR-test, were
self-fertilized. The resulting T2 progenies were genotyped for phdef-1 and phenotypically scored for the bl mutation.

Quantitative Real-time RT-PCR Analysis
The different flower organs (sepals, petals, stamens and pistils) were sampled separately from 1cm flower buds. Every organ type was sampled in duplicate. Total RNA was
extracted from these tissues using Trizol reagent (Life Technologies, Cleveland, OH)
according to the instructions of the manufacturer. RNA samples were measured and
equalized and their integrity was analyzed by gel-electrophoresis. First-strand cDNA
synthesis was done by combining 1 µg of total RNA diluted up to 10 µL with DEPCwater and denatured for 5’ at 65°C with a mix containing 1µL 50µM oligo(dT)25
primers, 0.85µL of DEPC-water, 4 µL of 5x first-strand buffer, 2 µL of 0.1 M DTT, 2
µL of 5 mM deoxynucleotide triphosphate, and 0.15 µL of Superscript III (200
units/µL; Gibco BRL, Cleveland, OH) in a total volume of 20 µL. After incubation for
4 h at 42°C, and an inactivation of the polymerase for 10 minutes at 70°C, the mixture was diluted 20 times by adding 380 µL DEPC-water. Quantitative real-time RTPCR was performed on five microliters of the diluted cDNA (50 ng of total RNA) with
the addition of 10 pmoles for both primers, in a total volume of 25 µL with iQ™
SYBR® Green supermix (BioRad) in a MyiQ single colour real time PCR machine
(BioRad). Expression levels were normalized to GAPDH expression levels and were
tested to be identical upon normalization with ACTIN. Specific primer pairs were
designed with the help of Beacon Designer 4 software (PREMIER Biosoft
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International), in such a way that they would only amplify cDNA and no genomic
DNA under the PCR conditions used. To avoid amplification of the transgene in the
PhTM6 RNAi plants, the PhTM6 primer pair was chosen outside of the 3’-UTR
which was used for RNA interference. The primers used to quantify gene expression
levels were Pet_GAPDH-fw (5’-ACC ACT GTC CAC TCA CTT ACT G-3’) and
Pet_GAPDH-rv (5’-TGC TGC TAG GAA TGA TGT TGA ATG-3’) and Pet_ACTINfw (5’-GTT GGA CTC TGG TGA TGG TGT G-3’) and Pet_ACTIN-rv (5’- CCG
TTC AGC AGT GGT GGT G-3’). The primers used for the QPCR of the B and Cfunction genes were PhTM6-fw (5’-GCA GGA AGA GGG TGA GGA AC-3’) and
PhTM6-rv (5’-GCC ATA GCA GAG TTG AAA TGT CC-3’); PhDEF-fw (5’-AGA
AGA AGG TCA GGA ATG TGG AAG-3’) and PhDEF-rv (5’-GTT GAA GGC GTA
AGG CTA ATA TGC-3’); PhGLO1-fw (5’-AAT GAG GTT CTG AGG ATG ATG
AGG-3’) and PhGLO1-rv (5’-CTT CGC CAA TTT CTC CCA TAT TCC-3’);
PhGLO2-fw (5’-TGG AGG AGG AAC ACA AGC AAC-3’) and PhGLO2-rv (5’-CGA
AGG GCA AAT GGC ATC TG-3’); pMADS3-fw (5’-TTC TTG GTG AAT CTC
TTG CTG-3’) and pMADS3-rv (5’-GGT AAT GGT TGT TGG TCT GC-3’).
The PCR program consisted of a first step of denaturation and Taq activation at 95°C
for 3 min, followed by 40 cycles of 95°C for 15 s and 57°C for 45 s. To determine the
specificity of the PCR, the amplified products were subjected to melt curve analysis
using the machine’s standard method and analyzed by gel-electrophoresis. For all
PCRs, we used a negative control that did not contain cDNA template. Each sample
had a biological replicate (shown as pairs of grey and black bars). The relative expression was calculated as described in Vandesompele et al. (2002) using GAPDH expression for normalization. For each primer combination separately, the highest expression
value encountered in the series of different tissues tested was set equal to 100, and lower
values were plotted relative to the highest value on a linear Y-axis scale.

Cloning of euAP3 and TM6 Homologues from a Range of Other
Solanaceous Species
Seven species flowering at the time of analysis and all belonging to different genera were
selected from the extensive Nijmegen Solanaceae collection (http://www.bgard.science.ru.nl/) for further analysis. Species accession numbers are shown in parentheses
after the species names: Brunfelsia uniflora (954750024); Scopolia carniolica
(984750174); Cestrum fasciculatum (944750210); Juanulloa aurantiaca (A14750191);
Mandragora autumnalis (934750027); Solandra maxima (944750283); and Solanum
pseudolulo (A44750258). Samples consisting of flower buds from various developmental stages were collected and subjected to RNA extraction and cDNA synthesis as
described for Petunia in the above paragraph. euAP3 and TM6 like sequences were
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amplified from these templates using either a Sol-euAP3-fw degenerate primer (5’ATG GCT CGT GGD AAR ATC CAG ATC AAG-3’) or a Sol-TM6-fw degenerate
primer (5’-ATG GGY CGT GGD AAR ATT GAR ATC AAG- 3’) in combination
with a oligo(dT)29-(G/A/C)-3’ reverse primer in a hot-start PCR using Platinum Taq
(BD sciences). For one PCR reaction, the following components were mixed together:
5 µl cDNA template, 2.5 µl 10x PCR reaction buffer (with 15 mM MgCl2), 1 µl SolDEF-fw or Sol-TM6-fw primer (10 pmol/µl), 0.5 µl dNTPs (10 mM), 1 µl
oligo(dt)29(G/A/C) (10 pmol/µl), 0.08 µl Platinum Taq DNA polymerase
(GibcoBRL), and deionised water till 25 µl. The mixture was amplified in a Perkin
Elmer 9600 thermocycler with the following PCR profile: 10 cycles (94°C for 15 s,
60°C for 30 s -1°C / cycle, 72°C for 60 s) followed by 35 cycles (94°C for 15s, 50°C
for 30 s, 72°C for 60 s). The samples were checked on a 1,5 % agarose gel and subsequently cloned and sequenced.

Phylogenetic Analysis
For the phylogenetic analysis of the newly isolated euAP3 and TM6 homologues from
the various solanaceous species, we aligned 34 protein sequences using ClustalW
(Thompson et al., 1994). This alignment was checked manually and edited using
BioEdit (Hall, 1999) (see supplemental data online). A neighbor-joining tree was computed using Treecon (Van de Peer and De Wachter, 1994). To assess the support for the
inferred relationships, 1000 bootstrap samples were generated.

Electron Microscopy
Samples for cryo-scanning electron microscopy were first frozen in slush, prepared in
an Oxford Alto 2500 cryo-system (Catan, Oxford, UK), and then analyzed in a JEOL
JSM-6330F field emission electron scanning microscope (JEOL, Tokyo, Japan).

Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries
under the following accession numbers: PhDEF, DQ539416;PhTM6, DQ539417; Sl
AP3, DQ539418; Sl TM6, DQ539419; Mo DEF, AM162207; Am DEF, X62810; At
AP3, U30729; Cp AP3, AF248970; Bu DEF, DQ539401; Sp DEF, DQ539402; Ma
DEF, DQ539403; Ja DEF, DQ539404; Sm DEF, DQ539405; Sc DEF1, DQ539406;
Sc DEF2, DQ539407; Ce DEF, DQ539408; Ja TM6, DQ539409; Ma TM6,
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DQ539410; Bu TM6, DQ539411; Sc TM6, DQ539412; Ce TM6, DQ539413; Sm
TM6, DQ539414; Sp TM6, DQ539415.
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Ovule development, and subsequent seed development after fertilization are two
important processes in the plant life cycle. A cosuppression strategy indicated a role for
FBP7 and FBP11 in ovule and seed development. To further elucidate the details of the
molecular mechanism of ovule development, we tried to create the fbp7 fbp11 double
mutant in order to compare its phenotype with the cosuppression phenotype. To create the double mutant, we made use of transposon insertion alleles. Footprint alleles
were found for FBP11 with a footprint size of 6 base pairs, resulting in a non-disturbed
reading frame. We continued to select excision events with footprints that cause a
frameshift mutation and identified a 7 base pairs footprint allele for FBP11. We are
now in the process of creating the double mutant.

Introduction
In the early 1990s, genetic studies of floral homeotic mutants in Antirrhinum and
Arabidopsis laid the basis for the classical ABC model of floral development (Sommer
et al., 1990; Bowman et al., 1991; Coen and Meyerowitz, 1991; Theissen, 2001). The
existing ABC model had to be extended after the discovery of two new classes of floral
homeotic genes; the class D genes form one of those classes.
Two Petunia genes, FLORAL BINDING PROTEIN 7 (FBP7) and FBP11, were the
first to be functionally characterized as class D genes (Angenent et al., 1995b).
Expression of FBP7 and FBP11 is confined to the ovules and placental tissues in the
ovary (Angenent et al., 1995b). In developing ovules the two genes show a high level
of expression in the elongating integument and the funiculus. In mature ovules, high
levels of FBP7 and FBP11 expression were detected in the endothelium (Angenent et
al., 1995b). Cosuppression of FBP11 (which causes also downregulation of FBP7) in
transgenic petunia plants converts ovules into carpelloid structures accompanied with
stylar-like tissue and stigmatic papillae (Angenent et al., 1995b). On the other hand,
overexpression of FBP11 results in the production of ectopic ovules, mainly on the first
whorl sepals and occasionally on the petals (Colombo et al., 1995). Yeast two-hybrid
analyses show that FBP11 interacts with the E-class genes FBP2, FBP5 and FBP9
(Immink et al., 2002). Yeast three-hybrid analyses show that FBP11 and FBP7, mediated by FBP2, also interact with the B-sister protein FBP24 (Becker et al., 2002;
Nougalli Tonaco et al., 2005). The interaction between FBP24, FBP2, and FBP11 has
also been show in vivo using FRET-FLIM (Nougalli Tonaco et al., 2005). All these data
show that FBP7 and FBP11 play a role in ovule identity specification and in ovule differentiation, and that they have a late function in mature ovules and seed development
(Angenent et al., 1995b; Colombo et al., 1995; Cheng, 2000). Moreover, it has been
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suggested that the complex between FBP24, FBP2, and FBP11 might be responsible
for this late function in ovule development (Nougalli Tonaco et al., 2005).
Single mutants of the Arabidopsis homologue of FBP7/11, SEEDSTICK (STK), have
normal ovules but are defective in funiculus development. The stk mutant funiculus is
bigger than a wild-type funiculus. In the mutants, most of the seeds stay connected to
the fruit, their position and arrangement is irregular, and mature seeds are smaller than
wild-type seeds (Pinyopich et al., 2003). Loss-of-function and overexpression demonstrates that STK also functions in ovule development but redundantly with AG, SHP1
and SHP2 (Rounsley et al., 1995; Savidge et al., 1995; Flanagan et al., 1996; Favaro et
al., 2003; Pinyopich et al., 2003).
Homologues of FBP11 have been identified in monocots. Examples are ZAG2 and
ZMM1 in maize (Schmidt et al., 1993; Theissen et al., 1995), OsMADS13 in rice
(Lopez-Dee et al., 1999, Favaro et al., 2002), LMADS2 in lily and EgMADS1 in
lisianthus (Tzeng et al., 2002), HoMADS1 in hyacinth (Xu et al., 2004), and AVAG2
in asparagus (Yun et al., 2004). For more details about the overexpression of some of
these monocot genes I refer to Chapter 1.

Results and Discussion
Two Petunia genes, FBP7 and FBP11, were the first to be functionally characterized as
D-class genes (Angenent et al., 1995b). Cosuppression of FBP11 in transgenic petunia
plants (which causes also downregulation of FBP7) induces the conversion of ovules
into carpelloid structures (Angenent et al., 1995b). To find out more about the D-function genes in Petunia, and to independently compare the phenotype of the fbp7 fbp11
cosuppression plants, we intend to create the fbp7 fbp11 double mutant with the transposon insertion alleles fbp11-1 (insertion 2 base pairs (bp) upstream of the ATG start
codon) and fbp7-2 (insertion 64 bp downstream of the ATG start codon), as described
Table 1 Towards the selection of the fbp7 fbp11 double mutant
Family
NA1020 (20)
NA2045 (124)
NC2232 (43)
NC2233 (43)
NC2234 (43)
NC2349 (55)
NC2232extra (82)
NC2233extra (94)
NC2234extra (98)
NC2463 (24)

Parents
fbp11 st I
x
NA1020
x
W138-1
x
W138-2
x
W138-3
x
NC2232-20
x
W138-1
x
W138-2
x
W138-3
x
NC2234extra-48 x

A2191-1
S
NA2045-B18
NA2045-B18
NA2045-B18
S
NA2045-B18
NA2045-B18
NA2045-B18
S

Allelic composition
fbp11-1 H
x
fbp7-2 H
fbp11-1 H / fbp7-2 H
x
S
wt
x
fbp11-1 / fbp7-2
wt
x
fbp11-1 / fbp7-2
wt
x
fbp11-1 / fbp7-2
fbp11 H / fbp7 H
x
S
fbp11-1 / fbp7-2
wt
x
wt
x
fbp11-1 / fbp7-2
wt
x
fbp11-1 / fbp7-2
fbp11-1 H / fbp7-2 H
x
S

bold, mutant allele; H, heterozygous; S, self-fertilization; wt, wild type; (numbers), number of plants
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by Vandenbussche et al. (2003). The lines used, their allelic composition, and the selection scheme are summarized in Table 1 (see page 107).
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Figure 1 Examples of footprint selection for the fbp7 fbp11 double mutant.
(A): NA2045 selection for fbp7 (left panel) and fbp11 (right panel). The control used is DNA of a
wild-type W138 plant. Plant 18: transposon insertion band and footprint band for fbp7; faint wildtype and footprint band, normal transposon insertion band for fbp11. This plant has been selected to
continue with.
(B): NC2232 selection for fbp7. Plant 20: wild-type band and footprint band for fbp7, has been
selected to continue with. Plant 19 still has the transposon insertion band.
(C): NC2349 selection for fbp11. The samples marked with an arrow, are homozygous mutant (footprint band) for fbp11. The size of the footprint is 6 base pairs (bp). The control used is NC2232-20.
(D): NC2234extra selection for fbp11. The gel has been loaded twice. Sample 14 has a footprint size
of 9 bp, sample 48 has a footprint size of 7 bp (arrows) and thus a disturbed reading frame. Plant 48
has been selected to make the double mutant.
C, control DNA sample; M, λ DNA/PstI marker; M1, marker for first loaded samples; M2, marker
for second loaded samples; ft, footprint band; Ti, transposon insertion band; wt, wild-type band.
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Single mutants were crossed and the obtained seeds were sown to give the F1 progeny
NA1020. Double heterozygous plants (plants 2, 5, 6, 7, 8 and 10) were selected by
PCR and self-fertilized to give the F2 progeny NA2045, which should contain around
6% (1 out of 16 for a normal mendelian segregation) fbp7 fbp11 double mutant plants.
This was checked and confirmed using radiolabeled primers and running the PCR
products on a polyacrylamide gel. One selected double mutant plant, NA2045-B18,
was homozygous mutant for fbp11, still containing the transposon insertion, and
homozygous mutant for fbp7, containing a transposon insertion and a footprint
(Figure 1A). The floral organs had a normal appearance and although the ovules looked
normal, there were problems with female fertility because (self-)fertilization of the double mutant plants appeared to be very difficult. The pollen of the plants were good and
used to cross the double mutant with wild-type W138 plants. The observed wild-type
phenotype, however, is in contrast to the mutant phenotype of the FBP11 cosuppression plants. In those transgenic plants, ovules were transformed into carpelloid structures with stylar and stigma-like tissue (Angenent et al., 1995b). One reason for the
morphologically wild-type phenotype might be because of the insertion of the transposon at 2 bp in front of the start codon of FBP11. The insert might not induce a complete knockout. Another reason can be that in the cosuppression plants more genes
than only FBP11 and FBP7 are knocked out or downregulated.

fbp11 wt
fbp11-6bp
fbp11-7bp
fbp11-9bp

....|....| ....|....| ....|....| ....|....| ....|....|
10
20
30
40
50
CAGTCAGGAA AGTGAGATCA TT~~~~~~~~ ~ATGGGGAGA GGAAAGATAG
CAGTCAGGAA AGTGAGATCA TTATGGGG~~ ~ATGGGGAGA GGAAAGATAG
CAGTCAGGAA AGTGAGATCA TTATGGGGT~ ~ATGGGGAGA GGAAAGATAG
CAGTCAGGAA AGTGAGATCA TTATGGGGTC CATGGGGAGA GGAAAGATAG

fbp11 wt
fbp11-6bp
fbp11-7bp
fbp11-9bp

....|....| ....|....| ....|....| ....|....| ....|....|
60
70
80
90
100
AGATAAAGAG GATCGAGAAC AACACAAATA GGCAGGTGAC TTTCTGCAAG
AGATAAAGAG GATCGAGAAC AACACAAATA GGCAGGTGAC TTTCTGCAAG
AGATAAAGAG GATCGAGAAC AACACAAATA GGCAGGTGAC TTTCTGCAAG
AGATAAAGAG GATCGAGAAC AACACAAATA GGCAGGTGAC TTTCTGCAAG

Figure 2 Alignment of FBP11 wild-type allele and the 6, 7, and 9-base pairs footprint alleles, respectively. The nucleotides in italic are the footprint, ATG start codon (bold) and 8 bp of transposon insertion target site (underlined).

To eliminate the first reason, we crossed wild-type W138 plants with the double
mutant NA2045-B18 and checked the progeny - NC2232, NC2233 and NC2234 for transposition events. When a dTph1 transposon inserts into a target, it generates an
8-bp target site duplication (Gerats et al., 1990; Quattrocchio et al., 1999). When the
transposon excises, it normally leaves a footprint behind. This footprint is composed of

109

bw.royaert

24-10-2006

11:52

Pagina 110

On the involvement of FBP7 and FBP11 in ovule and seed development

110

the target site duplication in total or in part, and it is often separated by one or more
inverted nucleotides of the target site duplication (Quattrocchio et al., 1999; see also
Figure 2). The resulting footprint may disturb the reading frame of the gene and may
cause a knockout. Plant NC2232-20 showed a transposition event for both FBP11 and
FBP7. NC2232-20, being heterozygous for FBP7 with a footprint allele (Figure 1B),
and heterozygous for FBP11 with a footprint allele (data not shown), was self-fertilized
and we analyzed the progeny - NC2349 - for the presence of the two mutant alleles.
Out of a total number of 55 plants, five double mutants were found (NC23492,31,37,48,54). Both alleles were footprint alleles. Sequencing of the fbp11 allele indicated a footprint size of 6 bp (Figure 1C and Figure 2), resulting in a non-disturbed
reading frame, with the possibility that still a functional protein may be formed.
We therefore analyzed a next set of plants (NC2232extra, NC2233extra and
NC2234extra) to get a knockout allele for FBP11. Seven more fbp11 footprints were
found, some of the fragments were cut out of the gel, reamplified and sequenced. The
fragment of NC2234extra-14 exhibits a 9 bp footprint (and thus still in-frame), but
the footprint size of the fragment of NC2234extra-48 was 7 bp, indicating an fbp11
frameshift allele (Figure 1D and Figure 2). Progeny of plant NC2234extra-48 will be
tested for the double mutants and checked for specific phenotypes. The expression of
the two alleles will be analyzed by quantitative RT-PCR.

Materials and Methods
Plant DNA Extractions
Two 96-well boxes are filled with 1.2 ml microtubes and one 3 mm tungsten carbide
ball was added. The boxes are put into liquid nitrogen. Leaf material is harvested from
young petunia plants and put in the microtubes. The microtubes are closed with microtube capstrips and homogenized using the Retsch MM300 mixer for 30 sec at 30 Hz.
To each microtube, 500 µl of hot (60°C) CTAB extraction buffer (100 mM Tris.HCl
pH 7.5 / 700 mM NaCl / 10 mM EDTA / 1% (w/v) N-cetyl-N,N,N-trimethylammoniumbromide) is added, inverted 30 times and incubated for 15 min at 60°C.
Afterwards, the microtubes are cooled down on ice for 10 min. The boxes containing
the microtubes are centrifuged to bring down all liquid, using the Sigma 4-15C centrifuge. Then, 250 µl of chloroform/isoamylalcohol (24/1) is added, tubes are closed
and mixed by inverting during 5 to 10 min. The boxes are centrifuged for 4 min at
6000 rpm (5800g). Two hundred microliters of the supernatants is transferred to new
1.2 ml microtubes, containing 200 µl isopropanol. The tubes are closed and mixed by
inverting for about 30 times. After incubation and precipitation of the DNA for 10
min at room temperature, the samples are centrifuged for 10 min at 6000 rpm, the
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supernatants is removed, and the pellets are washed with 500 µl 70% ethanol. The samples are centrifuged again for 10 min at 6000 rpm, the supernatants removed, and the
pellets dried under vacuum for 10 min. The pellets are dissolved in 800 µl of TE buffer
(10 mM Tris.HCl pH 8.0 / 0.1 mM EDTA) and incubated for 10 min at 60°C. Five
microliters of the DNA extract is used as template in the PCR reactions.

Primer Labeling
For 50 PCR reactions, the 5’ ends of 50 pmoles of one primer were labeled with 1 unit
T4 polynucleotide kinase and 2.5 µl γ-33P-ATP (50 µCi, 10 mCi/ml) in a final volume
of 50 µl in 1x T4 PNK A buffer (50 mM Tris.HCl pH 7.6, 10 mM MgCl2, 5 mM
DTT, 0.1 mM spermidine-HCl, 0.1 mM EDTA) (Eurogentec) and incubated at 37°C
for 1 hour. Finally, the kinase was inactivated by heating at 80°C for 5 min.

PCR Conditions and Primers
For one PCR reaction (in total volume of 25 µl), using a radio-labeled primer: take 2.5
µl 10xPCR buffer, 0.75 µl 50 mM MgCl2, 0.5 µl 10 mM dNTP, 1 µl 1 pmol labeled
primer, 1 µl 10 pmol of the second primer, 0.05 µl Platinum Taq polymerase
(Invitrogen), add deionized water to a total volume of 20 µl, and add 5µl of template
DNA.
For a non-radioactive PCR reaction (in total volume of 25 µl), take 2.5 µl 10xPCR
buffer, 0.75 µl 50 mM MgCl2, 0.5 µl 10mM dNTP, 1 µl 10 pmol forward primer, 1
µl 10 pmol reverse primer, 0.05 µl Platinum Taq polymerase (Invitrogen), add deionized water to a total volume of 20 µl, and add 5µl of template DNA.
The FBP7-2 primers are mibus119 (reverse 5’-AGA GTA CTC ATA GAC GCG GCC
A-3’) and mibus226 (forward 5’-CAG GAA TAT TAT ATT GTG AGA TGG GA-3’).
PCR profile for FBP7-2: 14 cycles of 94°C for 30 s, 71°C for 30 s and touchdown of
0.7°C per cycle, and 72°C for 45 s, followed by 40 cycles of 94°C for 30 s, 63°C for
30 s, and 72°C for 45 s. The FBP11-1 primers are mibus247B (forward 5’-AGC AGT
CAG GAA AGT GAG ACT-3’) and mibus248 (reverse 5’-AAA GAA CTG AAA GTT
CGT AAG CT-3’). PCR profile for FBP11-1: 45 cycles of 94°C for 30 s, 53°C for 30
s, and 72°C for 60 s.
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Polyacrylamide Gel Electrophoresis
Before loading the samples on a 4.5 % polyacrylamide gel, 20 µl of formamide loading dye (98% formamide, 10 mM EDTA, 0.06% bromophenolblue and 0.06% xylen
cyanol) is added to the PCR samples. The samples are then denaturated for 5 min at
94°C and afterwards put one ice. After electrophoresis, gels are dried onto Whatmann
3MM paper using a standard slab gel drier and exposed to Kodak BioMax films for
fragment isolation.

112
Reamplification, Cloning and Sequencing of the Fragments
Fragments are cut out of the dried gel and soaked in 200 ml water for 1 hour at room
temperature and briefly vortexed 4 to 5 times. Five microliters of the eluate is reamplified in a volume of 30 µl using the same PCR conditions are described above. The
reamplification products are checked on a 1% agarose gel. The reamplified products
were cloned into pGEM®-T (Promega) and sequenced using the CEQ™ DTCS
Quick Start Kit and the CEQ2000 DNA Analysis System (Beckman Coulter) according to the manufacturer’s instructions.
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Like in Arabidopsis, the SEP-like genes in Petunia underwent multiple duplications
accompanied with changing expression patterns and redundant functions. To elucidate
the details of redundancy between the various Petunia SEP-like genes and their function, we intend to knockout those genes using transposon insertions. The presently
available transposon insertion alleles are crossed to create double, triple and further
multiple mutants. Earlier results showed that FBP2 is essential to maintain determinacy in the third whorl and that FBP2 and FBP5 are required for petal and stamen identity functions. The fbp2 fbp5 double mutant phenotype also showed that FBP2 and
FBP5 act redundantly in the determination of ovule identity, since all ovules in the
double mutant are replaced by sepal or leaf-like organs.
Whereas FBP2 and FBP5 expression is confined within the developing flower, another
SEP-like gene, FBP9, is much earlier expressed since its transcripts are also detected in
stems, leaves, and bracts, thus before the onset of flower development. Furthermore,
the fbp9 insertion mutant develops two bracts at each node (as in wild-type plants), but
also single bracts along the inflorescence shoot without the production of axillary
meristems. To finally proof whether this mutant phenotype cosegregating with the fbp9
insertion allele is actually caused by loss of fbp9 function, an RNA interference (RNAi)
strategy will be applied. Nevertheless, it indicates an early function for FBP9 in meristem identity. In addition, to investigate whether FBP9 also has a (late) function in conferring floral organ identity, the creation of the fbp2 fbp5 fbp9 triple mutant has been
set up. Progress in this work will be discussed. Two other insertion alleles, fbp4 and pfg,
also segregate in the lines leading to the triple mutant and their effects on the phenotypes presented here still remain to be studied. The obtained phenotypes are discussed
because they might already give some indications about the function of the genes, however, they should be regarded as preliminary results only. Part of the crosses are redone
using this time the fbp4 transposon insertion allele to be better able to follow the segregation.

Introduction
The classical ABC model of floral development, developed through the study of floral
homeotic mutants in Antirrhinum majus and Arabidopsis thaliana, was insufficient to
explain some of the observed mutant phenotypes (Sommer et al., 1990; Bowman et al.,
1991; Coen and Meyerowitz, 1991; Theissen, 2001). The existing ABC model had to
be extended after the discovery of two new classes of floral homeotic genes; one of those
classes is formed by the class D genes, as discussed in Chapter 4. The other class is
formed by the class E genes, and will be discussed in this chapter. In Arabidopsis
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thaliana the SEPALLATA (SEP) genes belong to the class E genes. The properties of the
SEP genes will be briefly discussed here (for more details I refer to chapter 1). The
SEPALLATA genes SEP1, SEP2, SEP3, and SEP4 are expressed after the activation of
the meristem identity genes but before the activation of the B and C floral organ identity genes. All SEP genes are expressed in the four floral whorls, except SEP3, which is
not expressed in the first whorl. All SEP genes, except SEP4, are also expressed in developing ovules (Flanagan and Ma, 1994; Huang et al., 1995; Savidge et al., 1995;
Mandel and Yanofsky, 1998; Ditta et al., 2004).
In the sep1 sep2 sep3 triple mutants all floral organs are transformed into sepals, with
indeterminacy in the fourth whorl (Pelaz et al., 2000). In the sep1 sep2 sep3 sep4
quadruple mutant, however, all floral organs are transformed into leaf-like organs. This
suggests that the A, B and C floral organ identity genes need the SEP genes for proper
functioning in the development of sepals, petals, stamens and carpels. Moreover, the
SEP genes are also involved in meristem identity. The sep1 sep2 sep3 triple mutants
occasionally show secondary flowers in the axils of the first-whorl organs, indicating
loss of flower meristem identity. The loss of meristem identity is more pronounced in
the sep1 sep2 sep3 sep4 quadruple mutants (Pelaz et al., 2000; Ditta et al., 2004). SEP4
also has a more important role in meristem identity compared to the other SEP genes
because when sep4 is combined with ap1 (apetala1), the flowers display a cauliflowerlike phenotype, even when the plants are homozygous wild-type for CAL (CAULIFLOWER) (Ditta et al., 2004).
The SEP3 protein mediates the establishment of the interaction between either AP1 or
AG and the AP3/PI heterodimer (Fan et al., 1997; Honma and Goto, 2001).
Simultaneous overexpression of either AP1 or AG together with AP3, PI and SEP3 in
transgenic plants induces a conversion of vegetative leaves into petaloid or stamenoid
structures, respectively. These data indicate that a quartet complex of MADS box transcription factors determines the identity of the petals and stamens (Honma and Goto,
2001; Pelaz et al., 2001b). Furthermore, SEP3 also mediates ovule development
together with the SHP proteins and either AG or STK (Favaro et al., 2003).
In our model species, Petunia hybrida, six SEP-like genes have been found so far: FBP2,
FBP4, FBP5, FBP9, FBP23 (Angenent et al., 1994; Immink et al., 2002; Immink et
al., 2003) and pMADS12 (own group). FBP2, FBP5, and pMADS12 are expressed in
petals, stamens, and carpels. pMADS12 is also expressed in the sepals. FBP4, FBP9, and
FBP23 are expressed in sepals, petals and carpels, but not in stamens. FBP4 is also
expressed in bracts, and FBP9 is expressed in all vegetative tissues of the plant. FBP4
and FBP23 are also expressed in seed pods (Ferrario et al., 2003).
Yeast two-hybrid analyses showed that FBP2, FBP5, and FBP9 interact with, for example, FBP6 and PMADS3 (C-class proteins). PMADS12 interacts only with FBP6 and
not with PMADS3. FBP2 and FBP5 also interact with FBP7 and FBP11 (D-class proteins). FBP9 and PMADS12, however, interact only with FBP11 and not with FBP7
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(Ferrario et al., 2003; Immink et al., 2003). Yeast two- and three-hybrid analyses
showed that FBP2 and FBP4 are able to form complexes with the B-class heterodimers
PHDEF/PHGLO1 and PHDEF/PHGLO2. FBP5 can also interact with
PHDEF/PHGLO1, but less than FBP2 or FBP4, and no complex formation was possible with PHDEF/PHGLO2. Interaction between SEP-like proteins and single B-class
proteins was not observed (Ferrario et al., 2003; Immink et al., 2003). Yeast two-hybrid
analyses also indicate that there is no direct interaction between B- and C-class proteins
(Immink et al., 2003). Yeast four-hybrid analyses, however, show that an interaction
between B- and C-class proteins is possible in the presence of FBP2. Only the combinations PHGLO1 PHDEF PMADS3 FBP2 and PHGLO2 PHDEF FBP6 FBP2 score
positive in the yeast screening, indicating that the formation of higher order complexes is a very specific process (Ferrario et al., 2003). Recently, yeast three-hybrid analyses
showed that FBP2 mediates the interaction between FBP11 (or FBP7) and the B-sister protein FBP24 (Becker et al., 2002; Nougalli Tonaco et al., 2005). The interaction
between FBP24, FBP2, and FBP11 has also been show in planta using FRET-FLIM
(Nougalli Tonaco et al., 2005).
Ectopic expression of FBP2 in transgenic Arabidopsis plants with a wild-type background resulted in early flowering (after the production of only two rosette leaves).
Ectopic expression of FBP2 in the sep1 sep2 sep3 triple mutant completely restored
petals and stamens and partially restored the pistil. These results demonstrate that
FBP2 is the SEP3 orthologue (Ferrario et al., 2003). Cosuppression of FBP2 resulted
in the homeotic conversion of floral organs into sepal-like structures in the three inner
whorls, and loss of determinacy in the center of the flower (Angenent et al., 1994).
Recently it was shown that also FBP5 was downregulated in the cosuppression plants
(Ferrario et al., 2003). Using loss-of-function mutants for FBP2 and FBP5 due to
transposon insertions, we showed that the fbp2 fbp5 double mutant has a less severe
phenotype compared with the FBP2 cosuppression lines (Vandenbussche et al., 2003b;
see also results and discussion).
It is clear that the SEP and SEP-like genes underwent multiple duplications.
Duplications in the SEP lineage have shown to be accompanied with changing expression patterns, changed protein-protein interaction partners, and redundant functions
(Zahn et al., 2005). Therefore, it is appropriate to knockout the various petunia SEPlike genes and to study the redundancy between the genes and their functions by creating double, triple and multiple mutants.

Results and Discussion
In our group, we showed with the mutant phenotypes of the fbp2 single mutant and
the fbp2 fbp5 double mutant that FBP2 is essential for meristem determinacy in the
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third whorl, and that FBP2 and FBP5 are required for petal and stamen identity functions. Moreover, FBP2 and FBP5 are also required in conferring ovule development
(Vandenbussche et al., 2003b). FBP9, another SEP-like gene, is expressed in petals and
carpels (the gene has probably no late function in stamens, and early-expression data
are not yet available), but also in stems, leaves, and bracts, thus before the onset of
flower development, in contrast to FBP2 and FBP5 (Ferrario et al., 2003). In wild-type
plants, two bracts develop at each node of the inflorescence shoot. The same happens
in the fbp9 insertion mutant, but also single bracts develop along the inflorescence
shoot without the production of axillary meristems. This phenotype indicates that
FBP9 might have an early function in the control of meristem identity during inflorescence development. To examine whether FBP9 also has a late function in floral
organ development, the creation of the fbp2 fbp5 fbp9 triple mutant has been set up.
We used the transposon insertion alleles fbp2-1 (insertion 332 base pairs (bp) downstream of the ATG start codon), fbp4-2 (insertion 37 bp downstream of the ATG start
codon), fbp5-1 (insertion 120 bp downstream of the ATG start codon), and fbp9-1
(insertion 101 bp downstream of the ATG start codon), as described by Vandenbussche
et al. (2003).

Selection of the fbp2 fbp5 Double Mutant
The lines used, their allelic composition, and the selection scheme towards the selection of the fbp2 fbp5 double mutant (Vandenbussche et al., 2003b) are summarized in
Table 1. An FBP5 heterozygous plant was crossed with an FBP4 heterozygous plant
and the obtained seeds were sown to give the F1 progeny NA1011. Double heterozygous plants were selected by PCR and self-fertilized to give the F2 progeny NA2040,
which should contain the fbp4 fbp5 double mutant plants. This was checked and confirmed using radio-labeled primers and running the PCR products on a polyacrylamide
gel (data not shown). One selected plant, NA2040-A-22, was mutant for the fbp4 allele
and heterozygous for FBP5. NA2040-A-22 was then crossed with the fbp2 insertion
allele and the obtained seeds were sown to give the F1 progeny NA2068. Plants
NA2068-1, -7, and -19 were selected as heterozygous for FBP2, FBP4, and FBP5.
Seeds obtained by self-fertilization of the plants gave the F2 progeny NB2082,
NB2083, and NB2084, respectively. These lines were analyzed by PCR and the fbp2
fbp5 double mutants were selected and phenotyped (Vandenbussche et al., 2003b). The
fbp2 fbp4 fbp5 triple mutant was not encountered, presumably due to the small number of plants present in this screening.
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x
x
x
x
x
x

Parents
A2202-4
NA1011
NA2040-A-22
NA2068-1
NA2068-7
NA2068-19

A2201-7
S
A2349-4
S
S
S

Table 1 Towards the selection of the fbp2 fbp5 double mutant

Family
NA1011 (11)
NA2040 (38)
NA2068 (24)
NB2082 (35)
NB2083 (16)
NB2084 (13)

Parents
x
A2201-7
x
S
x
S
x
A2349-4
x NA2040-B-30
x
S
x
S
x
S
x
S
x
NC2116-8
x
NC1530-16
x
S
x
S

Allelic composition
fbp5-1 H
fbp5-1 H / fbp4-2 H
pfg H / fbp9-1
pfg H / fbp9-1
pfg H / fbp9-1
pfg H / fbp9-1 H / fbp2-1 H
pfg H / fbp9-1 H / fbp4-2 H / fbp5-1 H
fbp4-2 / fbp5-1 / fbp9-1 H
pfg / fbp2-1 H / fbp9-1
fbp4-2 / fbp5-1/ fbp9-1
pfg H / fbp2-1 H / fbp4-2 H / fbp5-1 H / fbp9-1
pfg H / fbp2-1 H / fbp4-2 wt:H? / fbp5-1 H / fbp9-1 H
fbp2-1 H / fbp4-2 wt:H? / fbp5-1 H / fbp9-1 H

x
x
x
x
x
x
x
x
x
x
x
x
x

Allelic composition
fbp5-1 H
fbp5-1 H / fbp4-2 H
fbp5-1 H / fbp4-2
fbp2-1 H / fbp5-1 H / fbp4-2 H
fbp2-1 H / fbp5-1 H / fbp4-2 H
fbp2-1 H / fbp5-1 H / fbp4-2 H

bold, mutant allele; H, heterozygous; S, self-fertilization; wt, wild-type; (numbers), number of plants

A2202-4
NA1011
A2172-58
NA2014-3
NA2014-3
NB1032-1
NB1036-12
NB2100-20
NB2093-26
NC2115-10
NC2244-6
NC2330-7
NC2330-12

Table 2 Towards the selection of the fbp2 fbp5 fbp9 double mutant
Family
NA1011 (11)
NA2040 (38)
NA2014 (5)
NB1032 (5)
NB1036 (12)
NB2093 (34)
NB2100 (26)
NC2115 (16)
NC2116 (20)
NC2244 (20)
NC2330 (24)
NC2365 (96)
NC2366 (77)

bold, mutant allele; H, heterozygous; S, self-fertilization; wt, wild-type; (numbers), number of plants
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x
x
x
x
x
x

fbp4-2 H
S
fbp2-1
S
S
S

fbp4-2 H
S
S
fbp2-1
fbp5-1 / fbp4-2
S
S
S
S
pfg / fbp2-1 / fbp9-1
wt
S
S

bw.royaert

24-10-2006

11:52

Pagina 119

chapter 5

Selection of the fbp2 fbp5 fbp9 Triple Mutant
For the selection of the fbp2 fbp5 fbp9 triple mutant, the lines used, their allelic composition, and the selection scheme are summarized in Table 2. The origin of lines
NA1011 and NA2040 is already mentioned in Table 1. One selected fbp4 fbp5 double
mutant plant, NA2040-B30, contained the original transposon insertion but also a
footprint for both of the genes (data not shown). The floral organs and ovules of the
fbp4 fbp5 double mutant had a normal appearance. The fbp2 fbp9 double mutant
(NC2116-8) and the fbp4 fbp5 fbp9 triple mutant (NC2115-10) were crossed. Their
progeny (NC2244-6) was crossed with a wild-type W138 plant to obtain plants that
were completely heterozygous for FBP2, FBP4, FBP5, and FBP9. These plants (line
NC2330) could be used to select either the fbp2 fbp5 fbp9 triple mutant or the fbp2
fbp4 fbp5 fbp9 quadruple mutant. All the genes, except fbp9, lost their original transposon insertion and contain a footprint. One problem that arose in line NC2330 was
the presence of a footprint for fbp4, which was difficult to distinguish from the wildtype fragment due to its very small size (probably only a few bp of difference). Plants
NC2330-7 and NC2330-12 were selected as being heterozygous for FBP2, FBP5, and
FBP9, and wild type for FBP4, because we intended to select the fbp2 fbp5 fbp9 triple
mutant. The plants were self-fertilized and their progeny analyzed. Two triple mutants
were found in the line NC2365, with a more severe phenotype than the fbp2 fbp5 double mutant, as described earlier by Vandenbussche et al. (2003). Four plants, in the
same line, were found with a different phenotype, which were homozygous mutant for
fbp9. The plants displayed the fbp9 phenotype but also had a terminal flower. Probably
a new mutation arose in this line, or maybe the presence of the fbp4 footprint allele,
and possibly the pfg (petunia flowering gene) insertion allele, which is also segregating in
NC2365 could be the cause. Because we doubt now about the presence of the fbp4
footprint and the pfg insertion allele, it becomes more difficult to be sure about the
allelic composition of the triple combinations (line NC2330 leading to NC2365 and
NC2366), and as such the results described here should be regarded as preliminary
results. Nevertheless, the phenotypes described here are coming from line NC2366
(except for the triple mutant, coming from NC2365) that does not contain PFG, and
only the fbp4 footprint allele could be the disturbing factor.

Phenotypic Analysis of Single Mutants
Plants homozygous mutant for fbp5 have a wild-type phenotype (Figures 1A to 1D)
(Vandenbussche et al., 2003b). Plants homozygous mutant for fbp4 (as part of the original starting lines) also have a wild-type appearance (data not shown). Plants homozygous mutant for fbp2 have normal sepals and normal-shaped petals. The greenish color
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Figure 1 Phenotypes of the single mutants.
(A) to (D): fbp5 mutant with wild-type appearing phenotype in (A) the flower, (B) ovary, (C) a longitudinal section through the ovary showing normal ovules, and (D) an anther.
(E) to (F): fbp2 mutant showing (E) a greenish mutant flower, (F) a normal-appearing ovary with a secondary flower bud, (G) a longitudinal section showing normal wild-type ovules, and (H) an anther
with a more triangular shape compared to (D).
(I) to (K): fbp9 mutant showing (I) a wild-type appearing flower, (J) a normal flower inflorescence with
two bracts and the axillary shoots (orange arrows), and (K) an fbp9 mutant inflorescence with extra
bracts that develop along the inflorescence shoot but without producing axillary meristems (white
arrows).
an, anther; cw, carpel wall; fi, filament; ov, ovules; pl, placenta; si, secondary inflorescence . Scale bars
are 1.0 mm in (B), (D), (F) and (H); 500 µm in (C) and (G).
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of the petals around the edges and the midveins, however, indicates a partial conversion of petal identity to sepal identity. Stamens have an abnormal triangular shape, but
carpels and ovules develop in a normal way. In addition, secondary inflorescences are
present in the third whorl, indicating indeterminacy in the third whorl (Figures 1E and
1F). One of those rare MADS-box genes giving a mutant phenotype in Petunia as a single insertion is fbp9. However, there is no proof yet that fbp9 is causing the phenotype
but it does cosegregate with the mutant phenotype. RNAi experiments are set up to
investigate this possibility (A. Rijpkema, unpublished results). Plants homozygous
mutant for fbp9 have a normal flower development (Figure 1I) but differ in plant architecture compared to wild-type plants. In wild-type plants the inflorescence has two
bracts at each node. In the axil of one of the bracts the inflorescence meristem will
develop into a terminal flower. In the axil of the other bract the inflorescence meristem
will continue to develop as an inflorescence shoot after which the process reiterates the
same branching pattern (Souer et al., 1998) (Figure 1J). In the fbp9 mutant single
bracts also develop along the inflorescence shoot but without producing axillary meristems (Figure 1K) (Vandenbussche, 2002).

Phenotypic Analyses of Double Mutants and Single Mutant Combinations
Plants homozygous mutant for fbp2 and fbp5 are identified in our screen for fbp2 fbp5
fbp9 triple mutants and their phenotype is in agreement with our previously obtained
results (Vandenbussche et al., 2003b). The fbp2 fbp5 double mutants show a small
increase in the conversion of petal to sepals compared with the fbp2 single mutant,
although it may differ in different plants (Figure 2A v. Figure 1E). Anthers, with an
abnormal triangular shape, develop petaloid structures on their base and sepal-like or
leaf-like structures at their top (Figure 2D). The tip of those structures is green and covered with trichomes. A huge ovary-like structure develops in the fourth whorl, covered
with trichomes and often consisting of two or more carpels that remain unfused at the
top. No transmitting tissue is found in the style and inside the ovary, leaf-like organs
replace the ovules (Figures 2B and 2C) (see also Vandenbussche et al., 2003b).
Plants homozygous mutant for fbp2 and heterozygous for FBP5 display the fbp2
mutant flower phenotype and the abnormal triangular-shaped anthers (Figure 2E and
2H), very rarely at the inside of the ovary small carpelloid tissue (style and stigma) is
formed at the base, indicating some degree of indeterminacy in the fourth whorl
(Figures 2F and 2G). Plants heterozygous for FBP2 and homozygous mutant for fbp5
display a wild-type phenotype with normal ovules in the ovary (data not shown).
Plants double mutant for fbp2 and fbp9 display a combination of the fbp2 and the fbp9
mutant phenotypes, in an additive manner (Figures 2I and 2J). Moreover, at the base
of the placenta in the ovary, carpelloid tissue is formed and grown out longer than
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Figure 2 Phenotypes of the double mutants and single mutant combinations.
(A) to (D): fbp2 fbp5 double mutant. (A) the petals of the flowers are a little bit more converted to
sepals (compare with Figure 1E), (B) a longitudinal section through the ovary reveals the replacement
of ovules by leaf-like structures, (C) detail of (B), and (D) anther, with an abnormal triangular shape,
develops petaloid structures at the base of the anther and sepal-like or leaf-like structures at the top.
(E) to (H): fbp2 FBP5/fbp5 single mutant combination (E) flower similar to fbp2 phenotype, (F) ovary
with normal-appearing ovules develops a few carpel-like structures at the base, (G) detail of (F), and
(H) anther, with an abnormal triangular shape.
(I) to (L) fbp2 fbp9 double mutant (I) flower is a little bit more greenish than the fbp2 single mutant,
(J) development of the typical fbp9 mutant inflorescence (compare with 1K), (K) rarely formed carpellike structures at the base of the ovary, and (L) triangular-shaped anther, developing some petal-like tissue at the base.
an, anther; ca, carpel-like tissue; cw, carpel wall; fi, filament; llo, leaf-like organs; ov, ovules; pe, petallike tissue; pl, placenta; se, sepal-like tissue.
Scale bars are 1.0 mm in (B), (D), (F), (H) and (L); 500 µm in (C), (G) and (K).
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observed for the plants homozygous mutant for fbp2, heterozygous for FBP5 (Figure
2K, compare with Figure 2G). Sometimes, the triangular-shaped anthers formed some
petaloid tissue at the base (Figure 2L). Plants homozygous mutant for fbp2, heterozygous for FBP9 exhibit the fbp2 mutant phenotype and very rarely carpelloid tissue was
observed at the base of the placenta. Plants heterozygous for FBP2 and homozygous
mutant for fbp9 exhibit the fbp9 mutant phenotype with a normal ovary (data not
shown).
Plants double mutant for fbp5 fbp9 were not present in the segregating populations.
Plants homozygous mutant for fbp5 and heterozygous for FBP9 have a wild-type
appearance with a normal ovary. Plants heterozygous for FBP5 and homozygous
mutant for fbp9 have the fbp9 mutant phenotype, but also rarely carpelloid tissue is
formed at the base of the placenta (data not shown).

Phenotypic Analyses of fbp2 fbp5 fbp9 Triple Mutant
and Double/Single Mutant Combinations
The fbp2 fbp5 fbp9 triple mutant (resulting from line NC2365 with fbp4 and pfg segregating in the population) displays a more dramatic phenotype compared with the
fbp2 fbp5 double mutant. The general appearance of the plant architecture in the triple
mutant is similar to the plant architecture of the fbp2 fbp9 double mutant (comparable with Figure 2J). On the other hand, there is also the typical fbp2 fbp5 double
mutant phenotype in the flower. Petals are a little bit smaller, and much greener than
the fbp2 fbp5 double mutant (Figures 3A and 3B). Stamens in the fbp2 fbp5 mutant
have filaments with abnormal triangular-shaped anthers with petaloid tissue at the base
of the anthers, and sepal-like or leaf-like tissue on the top. In the triple mutant, however, filaments are much shorter, anther tissue is reduced (compared to the fbp2 fbp5
double mutant) and replaced by sepaloid tissue (Figure 3G). In the fourth whorl the
same huge ovary-like structure develops, as in the fbp2 fbp5 double mutant. The nonfusion of the carpels is more pronounced (Figure 3E) compared with the fbp2 fbp5
mutant. Inside the ovary, ovules are transformed into leaf-like structures, and these
structures continue to grow during later development. Figure 3E shows a young ovary,
where the leaf-like structures are hardly developed. Figure 3C (and detail in Figure 3D)
shows a later stage, in which the leaf-like structures are more developed. In Figure 3F,
one carpel half is removed of a big ovary of an almost mature flower and the leaf-like
structures are clearly visible.
It seems that FBP9 has no or only a minor additive effect on the development of the
ovary and that FBP2 and FBP5 are the main players. This can be seen in plants that are
homozygous mutant for fbp2 and fbp5. The flowers of the triple mutant have basically
the same phenotype as the fbp2 fbp5 double mutant (Figures 3H to 3J, the ovary in
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Figure 3 Phenotypes of the triple mutants and double/single mutant combinations
(A) to (G): fbp2 fbp5 fbp9 triple mutant. (A) and (B) Top and side view of the flower, petals are a little bit
smaller and greener than the fbp2 fbp5 mutant (compare with Figure 2A), (C) and (D) longitudinal section and detail through the ovary reveals the conversion of ovules into leaf-like structures, like in the fbp2
fbp5 double mutant (compare with Figures 2B-C), (E) composed picture of the whole ovary with the style
converted into two separated leaf-like structures, the non-fusion of the carpels in the style is more pronounced compared with the fbp2 fbp5 mutant (compare with Figure 3H), (F) detail of the leaf-like structures in the ovary, (G) triangular-shaped anthers with sepal-like or leaf-like tissue tissue developing at the
base and at the top of the anther (compare with Figure 3J).
(H) to (J): fbp2 fbp5 FBP9/fbp9 double mutant combination, (H) composed picture showing the ovary
with the split style-stigma structure, typical for the fbp2fbp5 double mutant, and the secondary bud (typical for the fbp2 mutant phenotype), (I) longitudinal section through the ovary revealing the conversion of
ovules into leaf-like structures, and (J) triangular-shaped anther with petaloid tissue at the base of the
anther and sepal-like or leaf-like tissue at the top.
(K) to (P): fbp2 FBP5/fbp5 fbp9 double mutant combination, (K) fbp2-like phenotype of the flower, but
the secondary bud is growing out to a mature flower, (L) ovary of a young bud revealing ovules and a few
carpel-like structures at the base, (M) detail of an ovary of an older bud revealing the ovules (with some
deformed ovules), and much more carpel-like structures, (N) longitudinal section through an older ovary,
(O)-(P) two successive transverse sections through the ovary showing carpel-like structures and ovules.
(Q) and (R): petalgreen FBP4/fbp4 mutant plant, (Q) a dry flower with an fbp2-like phenotype, which
forms two secondary inflorescences growing out into mature flowers, and (R) development of carpel-like
structures on the ovary.
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(S) to (V): FBP2/fbp2 fbp5 fbp9 double mutant combination, (S) ovary of young bud showing some rare
carpel-like structures at the base, (T) ovary of an older bud with more carpel-like structures, (U) and (V)
longitudinal section and detail through the ovary of an older bud showing developing carpel-like structures
at the base.
(W) to (Z): FBP2/fbp2 fbp5 FBP9/fbp9 single mutant combination, (W) and (X) ovary (and detail) of a
young bud showing a rare carpel-like structure, (Y) and (Z) ovary and detail of an older bud showing some
more carpel-like structures.
an, anther; ca, carpel-like tissue; cw, carpel wall; ffl, first flower; fi, filament; llo, leaf-like organs; ov, ovules;
pe, petal-like tissue; pl, placenta; s, style; se, sepal-like tissue; si, secondary inflorescence; st, stigma.
Scale bars are 1.0 mm in (C), (E) to (J), (L), (S) to (U), (W) and (Y); 500 µm in (D), (M) to (P), (R),
(V), (X) and (Z).
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Figure 3I is at a comparable stage as the ovary in Figures 2B and 3C). On the other
hand, the petals in the triple mutant are greener compared to the double mutant. In
our selection we had only two triple mutants, thus not enough to say something about
it in a quantitative way. The greener appearance might be because of the presence of
fbp9, fbp4, pfg or a combination of these genes. In contrast, plants homozygous mutant
for fbp2 and fbp9, and heterozygous for FBP5 have normal appearing ovaries, but
inside at the base of the placenta, lots of carpelloid tissue develops (Figures 3L to 3N).
Longitudinal and transversal sections also show that the carpel-like structures develop
from the placenta (Figures 3N and 3P) and not from transformed ovules, although
some ovules have an abnormal form (Figure 3M). Moreover, the secondary inflorescences in the third whorl often continue to develop and grow out into mature flowers
(Figure 3K). Plants homozygous mutant for fbp2, and heterozygous for FBP5 and
FBP9 exhibit the fbp2 mutant phenotype but also develop carpelloid tissue at the base
of the placenta in the ovary (data not shown). Plants homozygous mutant for fbp5 and
fbp9, and heterozygous for FBP2 display the fbp9 mutant phenotype and also the
carpelloid tissue developing at the base of the placenta. Ovaries from younger buds
show less carpelloid tissue than ovaries from older buds (Figure 3S v. Figures 3T to 3V).
Plants homozygous mutant for fbp5, and heterozygous for FBP2 and FBP9 have a wildtype appearance, but also carpelloid tissue develops, although very rarely (Figures 3W
and 3X). Here as well, ovaries from older buds show some more carpelloid tissue
(Figures 3Y and 3Z), but not in the same extent as the plant homozygous mutant for
fbp2 and fbp9, and heterozygous for FBP5. Plants homozygous mutant for fbp9, and
heterozygous for FBP2 and FBP5 exhibit the fbp9 mutant phenotype and also very sporadically produce carpelloid tissue at the base of the placenta (data not shown).
In conclusion, the increased petal-to-sepal conversion, the sepal-like structures on top
of the anthers, the unfused carpels at the top, and the conversion of ovules to leaf-like
organs in the fourth whorl of the fbp2 fbp5 double mutants show that FBP2 and FBP5
act redundantly in the development of petals, stamens, carpels and ovules. FBP2 also
has a unique function in the maintenance of determinacy in the third whorl
(Vandenbussche et al., 2003b). FBP9 might play a role in conferring normal inflorescence architecture, a function that is diverged from the other SEP-like genes, which are
involved in conferring floral organ identity and meristem determinacy. This can be seen
in the fbp2 fbp9 double mutants that display, in an additive manner, a combination of
the fbp2 and the fbp9 mutant phenotypes.
With the reservation of the possibility that FBP4 and PFG are segregating in the populations, and the fact that we had only two triple mutants, we can also suggest that there is
an indication that FBP2, FBP5, and FBP9 act redundantly in the development of petals
because in the triple mutant the flowers are a little bit smaller but greener than the fbp2
single and fbp2 fbp5 double mutant. The shorter filaments and reduced anther tissue in
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the triple mutant are more difficult to explain. Possible genes that might segregate with
FBP9 are FBP4 and PFG but the three genes are not expressed in stamens, at least not in
later developmental stages (Immink et al., 1999; Ferrario et al., 2003). PFG has been
shown to be strongly expressed in floral meristems with its expression persisting during
early floral organ development (Immink et al., 1999). There are no early expression data
of FBP4 or FBP9 available yet. Future work has to show whether these genes are expressed
in stamens during the early stages of floral organ development.
Some double or single mutant combinations (without PFG but possibly with FBP4) indicate that dosage effects are involved in the determinacy in the fourth whorl. For example,
plants homozygous mutant for fbp5 and fbp9, and heterozygous for FBP2 develop carpelloid tissue at the base of the placenta in the ovary (Figures 3S to 3V). Plants homozygous
mutant for fbp2 and heterozygous for FBP5 and FBP9 also develop those carpelloid structures (data not shown). Another fact is that the secondary inflorescences in the third
whorl of plants homozygous mutant for fbp2 and fbp9, and heterozygous for FBP5 develop into a mature terminal flower (again with secondary inflorescences) (Figure 3K).
Whether the segregating FBP4 is involved in both processes remains to be clarified. In
addition, an fbp2-like phenotype that appeared spontaneously has been found during
other selections. The mutation that causes this phenotype is dominant, because the
mutant phenotype is also visible in a heterozygous state. Efforts to clone the gene using
transposon display did not succeed, but plants mutant for this fbp2-like gene and heterozygous for FBP4 showed both indeterminacy in the fourth whorl and outgrowth of
the secondary inflorescences to a terminal flower in the third whorl (Figures 3Q and 3R).
Furthermore, the fbp9 phenotype will be confirmed using RNAi strategies, and the
expression of this gene as well as that of other Petunia SEP-like genes will be further analyzed using quantitative RT-PCR and in situ hybridizations.

Materials and Methods
Plant DNA extractions, primer labeling, and PCR reaction mixtures, as described
in Chapter 4.

Primers
FBP2-2 primers are SR3 (forward 5’-GCA CGT TAC GAA GCA TTA CA-3’) and
SR4 (reverse 5’-CAA GCT GCC TTT CAA GTG AT-3’). PCR profile for FBP2-2
(same profile is used for FBP4-2 and FBP5-1): 14 cycles of 94°C for 15 s, 71°C for 30
s and touchdown of 1°C per cycle, and 72°C for 45 s, followed by 40 cycles of 94°C
for 15 s, 56°C for 30 s, and 72°C for 45 s. FBP4-2 primers are mibus122 (reverse 5’-
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CTG CAA AAT TCA TAG AGT TTG CCA CGG TT-3’) and mibus249 (forward 5’GGA AGA GGG AAG GTA GAA C-3’). FBP5-1 primers are mibus124 (reverse 5’CTG GAG AAC TCA TAA AGT TTG CCA CGA T-3’) and mibus250 (forward 5’AGG AAG AGT AGA GTT GAA GAA G-3’). FBP9-1 primers are mibus65 (reverse
5’-GTT GGA GCT GCA GAA TTC ATA GAG CTT-3’) and mibus85 (forward 5’TGG AAA GAA AGA GAT AAC TAA ACA G-3’). PCR profile for FBP9-1: 14 cycles
of 94°C for 30 s, 70°C for 30 s and touchdown of 0.7°C per cycle, and 72°C for 60 s,
followed by 40 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 60 s.
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High copy number dTph1 transposable elements in petunia line W138 are very active
and generate a large number of new mutations. A Petunia transposable element insertion library has been set up with the main reason to screen for new transposon insertions in interesting MADS-box genes. We discuss here the basics of the creation and
the different ways in which such a library can be used in forward and reverse genetics.
An overview is given about the various obtained mutant phenotypes and their frequency.

Introduction
To study the genetics of a certain process, one can make use of two strategies. The first
strategy is called forward genetics, applied when a specific mutant phenotype is available. The aim of forward genetics is to identify the gene that is responsible for this
mutant phenotype. Mutations in genes can be caused in a natural way (e.g. during the
replication process of the DNA, or resulting from UV radiation). Mutations can also
be deliberately induced by insertion of T-DNAs or transposons. Using this approach,
as the sequence of the T-DNA or transposon is known, it can ‘easily’ be used as a tag
to isolate neighboring sequences, which are presumed to be part of the gene searched
for (reviewed in Maes et al., 1999 and Peters et al., 2003). Mutations can also be
induced using chemicals (e.g. EthylMethaneSulfonate, EMS) or radiation (e.g. fast
neutron bombardment, see further below). Using these approaches, it is much more
difficult to identify the corresponding gene and map-based (or positional) cloning
approaches are necessary to delimit the region containing the corresponding gene.
Map-based cloning is based on the fact that the more a specific marker is linked to the
gene of interest, the closer the marker is physically positioned to the gene, and the
lower the recombination frequency will be between the marker and the gene (reviewed
in Peters et al., 2003).
The second strategy is called reverse genetics. In this strategy the sequence of a particular gene is known but not its function. Disruption of the gene’s sequence using chemicals, radiation sources, and insertion mutagenesis (T-DNAs and transposons) can inactivate the gene and therefore also its function. When the gene has a unique function,
inactivation may induce a mutant phenotype. When the function of the gene is shared
with other genes, it will be more difficult to find a mutant phenotype due to this socalled redundancy (Bevan et al., 1998). In that case all the redundant genes have to be
inactivated in order to find a mutant phenotype. An additional problem is the fact that
some genes have a very particular function that will never result in visible mutant phenotypes and as such their function will remain unknown (Bouchez and Höfte, 1998).
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Some of the techniques and methods used to disrupt the function of a gene will be
explained into more detail.
Chemical mutagenesis of seeds using EMS induces point mutations in DNA. In
Arabidopsis, EMS alkylates guanine, which leads to mispairing, because the alkylated G
pairs to T instead of C resulting in C/G to T/A transition mutations. TILLING or
Targeting Induced Local Lesions IN Genomes is a technique designed to identify
plants mutagenized by EMS that have a mutation in a particular gene of interest. DNA
of the M2 population is pooled and the mutation is detected by heteroduplex formation that forms after heating and cooling of the DNA because wild-type and mutant
DNA is present in the pools. These heteroduplexes are detected using Denaturing
HPLC (McCallum et al., 2000a, 2000b; Henikoff et al., 2004).
Mutagenesis in Arabidopsis using fast neutron bombardment of seeds induces (viable)
chromosomal deletions in the range of 1 kb to 12 kb (Li et al., 2001). DNA samples
are prepared from M2 plants and pooled. Deletion mutants are detected by PCR using
two gene-specific primers and therefore it is important that the PCR extension time is
shortened so that amplification of the wild-type fragment is suppressed (Li et al.,
2001).
Inhibition of expression of a specific gene can also be achieved using antisense, cosuppression (Napoli et al., 1990; van der Krol et al., 1990), and RNA interference (RNAi)
strategies (Fire et al., 1998; Sharp, 2001). The basis of these methods is downregulation of the mRNA level of the targeted gene at the transcriptional level by introducing
the transgene, which shares a high level of sequence similarity with the targeted gene.
The targeted gene expression, however, is often only partially downregulated, which
makes data interpretation more difficult. When the targeted gene belongs to a gene
family, the possibility exists that one or more genes of this gene family are downregulated together with the targeted gene.
A gene function can also be disrupted by insertion mutagenesis. Large collections of
plants mutagenized by an insertion element (T-DNA or transposon) are available
(Parinov and Sundaresan, 2000). To find an insert in a particular gene of interest, PCR
is performed on pooled DNA samples using a gene-specific primer and a T-DNA (or
transposon)-specific primer. The insertion element functions as a tag and is used to isolate neighboring sequences, which are part of the gene searched for (Koes et al., 1995;
Bouchez and Höfte, 1998; Maes et al., 1999 and references therein). The principles of
endogenous and engineered tagging systems (gene trapping vectors) for reverse genetics, and their advantages and disadvantages have been reviewed in Maes et al. (1999).
Creation of tens of thousands insertion lines and especially obtaining saturation of
insertion elements in a particular genome is a very challenging task. Continuous
research is going on to effectively saturate a genome with a lower number of individuals (e.g. Greco et al., 2001).
In Petunia, insertion of the 284-bp endogenous non-autonomous transposable element
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dTph1 (Gerats et al., 1990) may inactivate the gene concerned. Koes and colleagues
developed a procedure to identify dTph1 insertion mutants in large Petunia populations by adapting a particular system of sample pooling, by which insertion alleles are
identified in a single round of screening. They found insertion alleles for various genes
at a frequency of about 1 in 1000 plants (Koes et al., 1995). The protocol has been further adapted to screen for insertions into gene families (Vandenbussche et al., 2003b;
see also discussion).
We discuss here the basics of the creation of a large Petunia transposable element insertion library (hereafter called insertion library or library) and the different ways in which
such a library can be used in forward and reverse genetics. An overview is given about
the various obtained mutant phenotypes.

Materials and Methods
Plant Materials
Seeds of the Petunia hybrida line W138 were obtained from several groups
(Amsterdam, Nijmegen, and Wageningen (the Netherlands), Berne (Switzerland) and
Verona (Italy)) working with Petunia in order to have a broad variation in the library.
Initially, seeds of 235 parental plants were sown of which about 176 progenies germinated. For most of the progenies, about 24 seedlings were selected; for the other progenies more seedlings were taken to ultimately get 4096 plants. The rest of the seedlings
were kept to replace those seedlings that died during the early growth process. The
seedlings were grown under normal greenhouse conditions. After transfer of the
seedlings to a bigger pot, we decided the set-up of the 16x16x16 library. The plants
were placed together per progeny in 16 blocks (1-16). Each block was divided in 4 subblocks (A, B, C, and D), and each sub-block consisted of 8x8 plants (Figures1A and
1B). Progenies containing known insertions were used as internal positional controls of
the library. All the plants were self-fertilized and seeds were harvested individually.
When self-fertilization did not work after repeatedly trying, the plants were crossed
either with another plant from the same progeny or in the end with wild type W115
plants.

Pooling of the Leaf Material
To identify transposon insertion alleles in a single round of screening, a very efficient
pooling system is a necessity. Therefore leaves of each plant were collected and pooled
three times, once according to a specific block, once to a specific row, and once to a
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Figure 1 Creation process of the petunia transposable element insertion library and screening.
(A): Initial 1-D set-up with each block existing of 4 sub-blocks, e.g. block 1 exists of sub-block 1A to
1D. Each sub-block consists of 8x8 plants.
(B): 2-D set-up with each block now consisting of 16x16 plants.
(C): 3-D set-up with all the blocks together, consisting of 16x16x16 plants.
(D): After pooling the leaves of all the plants, per block, per row, and per column, each plant can be
identified with a single address of 3 coordinates according to one block, one column and one row.
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specific column, according to Koes et al. (1995). In this way, each plant has a unique
set of coordinates identified by just one block, one row, and one column position
(Figures 1C and 1D). Leaf sampling was not standardized. The collected leaf material
was ground in liquid nitrogen to a fine powder and mixed thoroughly. The leaf material was later stored at –80°C.

134

Isolation of Genomic DNA
Genomic DNA extractions were performed according to a modified version of the protocol described by Dellaporte et al. (1983). Two teaspoons of powder were put in a tube
and 15 ml extraction buffer (0.1 M Tris.HCl pH 8.0; 50 mM EDTA; 500 mM NaCl),
2 ml of filter sterilized 10% SDS, and 10,5 µl of β-mercaptoethanol were added. The
samples were than incubated for 15 min at 65°C with occasional mixing. Five milliliters of 5 M KAc were added and kept in ice for 15 min. After centrifugation at 4000
rounds per minute (rpm) for 10 min at 4°C, the aqueous phase of the samples was
recovered and filtrated using miracloth material. Then the DNA was precipitated with
10 ml of 2-propanol at – 20°C for at least 30 min (also overnight). The samples were
centrifuged at 4000 rpm for 10 min at 4°C and the pellets were resuspended in 400 µl
TE pH 8.0 (10 mM Tris.HCl, 1 mM EDTA). Ten microliters of RNase A (10 mg/ml)
were added and the samples were incubated for 15 min at 37°C. After addition of 400
µl of CTAB buffer (0.2 M Tris.HCl pH 7.5; 50 mM EDTA; 2 M NaCl; 2% (w/v) Ncetyl-N,N,N-trimethylammoniumbromide) and incubation for 15 min at 65°C, the
samples were extracted with an equal volume of chloroform/isoamyl alcohol (24/1).
The samples were centrifuged for 5 min at 14000 rpm at 4°C, the aqueous phase was
recovered and 800 µl of 2-propanol was added to precipitate the DNA. The samples
were centrifuged again for 5 min at 14000 rpm; the pellets were washed with 400 µl
of 70% ethanol and centrifuged again for 5 min at 14000 rpm. The pellets were dried
for 10 min using a vacuum pump, and dissolved in 500 µl of water (or a mix of
water/TE 1/1). The concentrations of the DNAs were measured and part of it was
diluted to a working concentration of 20 - 40 ng DNA / 5 µl sample (5 µl sample is
used as template DNA to do the screenings for insertions as described by
Vandenbussche et al. (2003). An overview of the position of pooled DNA samples
according the orientation of the library is given in Figure 2 [Blocks (1 – 16), Columns
(I – XVI), and Rows (A – S)].
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Table 1 Observed phenotypes at different developmental stages
Seedling stage Phenotype
3 unfused cotyledons are present
cotyledons are fused at only one side
cotyledons are fused at both sides to form a cup shape
cotyledons and first leaves are white or yellow
cotyledons are green, first leaves are white or yellow
hypocotyl is absent
hypocotyl is elongated
hypocotyl is curled
no first leaves unfolding

Number of
progenies
4
2
3
9
9
1
1
1
1

Mature plants
small to very small plants
bushy plants, lateral shoots emerge
curly leaves
narrow leaves
small leaves
bulged leaves
early leaf senescence
pale plants, have less chlorophyll than wild-type plants
Top bleaching
flower buds stop to develop any further
no apical dominance, younger buds are flowering before the
top flower
Late flowering

16
2
1
1
1
2
1
1
2
9
2

small flowers
long flowers
terminal flower
small limb
Fbp2-like (petals with green edges and green hue around
midveins)
anthers degenerate and no/bad pollen formed
Bad anther opening
normal-looking pollen, but no fertilization possible, male
sterility
short style, smaller than stamens

17
1
2
4
2

5

Flowers

6a
8
6
2a

a = non-mendelian segregation

Figure 2 Orientation of the pooled DNA samples of
the 3-D library. Blocks 1-16, Columns I-XVI, and
Rows A-S.
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Figure 3 Small selection of the phenotypes found in the petunia transposable element insertion
library.
(A): Wild-type seedling.
(B): Seedling with stretched hypocotyl.
(C): Seedling with green cotyledons, but white first leaves.
(D): Seedling with cotyledons fused at only one side.
(E) and (F): Seedling with cotyledons fused at both side, forming a cup-shape.
(G): Wild-type flower.
(H): Mutant flower displaying an fbp2-like phenotype.
(I): Two small plants (dwarfism) with the wild-type plant in the middle.
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Results
Of the 235 selfings that were sown, 176 germinated and 24 progeny plants from each
were transferred to bigger pots. Of the 176 progenies, 112 were unique, coming from
different parental plants. The other 64 non-unique progenies originated from 10 different parentals (different seed pods from the same plant, or the parents are siblings of
the same plant). This means that in our library we had a total number of 122 unique
progenies with a different parental background. From those 122 progenies, 30 different mutant phenotypes (about 25 %) were recovered of which 28 of the observed
mutant phenotypes segregated in a Mendelian way. Nine mutant phenotypes were
found in plants at the seedling stage, 12 in mature plants and nine in the flowers (Table
1). For example, one of the progenies displayed an elongated hypocotyl that is much
longer than a wild-type hypocotyl (Figure 3B v. 3A). In some other progenies seedlings
were found with green cotyledons but with white or yellow first leaves (Figure 3C). In
two other progenies, plants were found with the cotyledons fused at one side (Figure
3D); three progenies (with the same parental background) showed cotyledons fused at
both sides, forming a cup-shape (Figures 3E and 3F). Other progenies showed plants
with one or other kind of reduction in growth. Two examples are given in Figure 3I.
Two fbp2-like phenotypes (compare with fbp2, Chapter 5) were found in the flowers.
The petals of the flower are greenish and a bit smaller than wild-type flowers (Figure
3H v. 3G). All plants were self-fertilized or crossed with another plant from the same
line, when self-fertilization did not work after repeated attempts. When even this did
not work, the plants were crossed with wild-type W115 plants. Seeds pods were harvested individually and finally, seeds were recovered for about 83 % of the lines of the
petunia transposable element insertion library.

Discussion
This new insertion library has been set up with the main goal to screen for new transposon insertions in interesting MADS-box genes (cf. Vandenbussche et al., 2003b).

Use of the Insertion Library in Reverse Genetics Approaches
As such, the Petunia library is used in a reverse genetics approach to identify insertions
in genes of interest. The insertions can knockout those genes of interest and their function, hopefully accompanied with a mutant phenotype. This approach has been adapted for Petunia by Koes et al. (1995) and further adapted to screen for genes belonging
to the same gene family (Vandenbussche et al., 2003b). In short, a gene-specific or a
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family signature primer is used, together with a transposon-specific primer (based on
the terminal inverted repeat sequence) to screen for insertions. Family signature
primers are based on specific sequence motifs of MADS box genes, and are used to
screen for genes that belong to the same gene family. The PCR procedure has been
optimized using a combination of a hot start followed by a touchdown PCR profile and
the use of (labeled) primers with high melting point. PCR fragments are separated
using polyacrylamide gel electrophoresis (PAGE) and visualized by autoradiography.
Possible insertion candidates are those with amplified fragments appearing at three
coordinates (block, column, and row, Figure 1D). The fragments are cut out, reamplified and sequenced. The individual plant can be identified by the three coordinates
(Figure 1C) and the corresponding seeds can be sown to check the segregation of the
new insertion allele, using two gene-specific primers, flanking the place of insertion
(Vandenbussche et al., 2003b). Generally, insertion of transposons creates recessive
mutations and no mutant phenotype will be observed in the original heterozygous
insertant. After self-fertilization of the plants a mutant phenotype can be observed but
only when the function of the gene is not redundant with related family members.
Insertions have been found in some of the MADS-box genes for which we did not have
insertion alleles yet and are now being used in the creation of multiple mutant combinations (M. Vandenbussche, unpublished results).

Use of the Library in Forward Genetics Approaches
Transposon Display
When an interesting mutant phenotype has been found in the library (or other libraries),
there is a high possibility that the mutation is caused by a dTph1 transposon insertion.
The affected gene can be identified with an AFLP-based technique (Vos et al., 1995),
named Transposon Display. This is only possible, however, when the transposon insertion is still present in the affected gene. When the transposon has excised, it can leave a
footprint of a few base pairs, disturbing the reading frame and thus maintaining the
mutation; in that case the affected gene cannot be recovered. Transposon Display allows
the visualization and isolation of transposon flanking sequences (Van den Broeck et al.,
1998). In short, genomic DNA is digested with two restriction enzymes and two specific adaptors are ligated to both ends. One of the restriction enzymes (a hexacutter) recognizes a site conserved in the transposon sequence, the second enzyme (a tetracutter) cuts
nearby in the flanking genomic sequence. The products are PCR amplified with one
primer based on the adaptor and transposon sequence, and the second primer based on
the ‘genomic DNA’ adaptor. A nested PCR is performed on the amplified products using
a radiolabeled transposon-specific inverted repeat (IR) primer and the same ‘genomic
DNA’ adaptor primer. The obtained PCR fragments are then separated using PAGE and
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visualized by autoradiography. Those fragments that are cosegregating with the particular
mutant phenotype contain the IR sequence of the transposon and part of the targeted
gene. The fragments can be isolated from the dried gel, reamplified and sequenced (Van
den Broeck et al., 1998; Maes et al., 1999).
Another technique that is often used to clone transposon tagged genes in Petunia makes
use of a combination of inverse PCR (IPCR) and differential screening of the amplified products (Souer et al., 1995). Genomic DNA of plants, where a mutant phenotype is segregating, is digested with a restriction enzyme. The resulting fragments are
ligated and form a circle. Next, IPCR is performed using two different sets of primers,
one of which is a primer based on the inverted repeat of the dTph1 transposon. The
amplified products of the mutant plants are cloned in an M13 vector, resulting in a
library composed of dTph1 flanking sequences. The amplified IPCR products of both
the wild-type and mutant plants are used as a probe to hybridize the library. The clones
that are hybridizing different between the wild-type probe and the mutant probe are
then isolated for analysis (Souer et al., 1995).

Candidate Gene Approach
When an interesting mutant phenotype is segregating in the library that looks similar
to a known mutant phenotype one can apply a candidate gene approach. There are two
possible ways to follow. One way is to amplify the full coding sequence of the known
gene (or genes) by PCR and to analyze the sequence for the presence of transposon
insertions or transposon-derived footprints. This approach might be used to analyze
the cup-shaped seedlings. A quick literature search indicates that the cup-shaped phenotype might be caused by interference of auxin polar transport. Auxin polar transport
plays an important role in cotyledon formation during embryo development.
Interference with this transport results in the formation of embryos with fused cotyledons. Possible genes involved are PIN1, CUC1 and CUC2 among others (Liu et al.,
1993; Takada et al., 2001; Aida et al., 2002).
Another way is to do an allelism test when mutant alleles are known that have a similar phenotype in the same plant species. In an allelism test, two mutants are crossed and
when the (heterozygous) progeny has again the same mutant phenotype, then both
mutations knock out the same gene. When the progeny has a wild-type phenotype,
then different genes are mutated. This approach might be used to study the fbp2-like
phenotype, encountered in the library. We have isolated before two different insertion
alleles for FBP2 that exhibit an identical phenotype (Vandenbussche et al., 2003b, see
also chapter 5). Crossing these with the newly found fbp2-like plants might tell us
whether we are dealing with a new mutation or just another allele of FBP2.
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The power of the Petunia transposable element insertion library lays in the fact that the
line W138 has a high copy number of dTph1 transposable elements. The transposable
elements are very active, thereby generating a large number of new mutations. We
found 30 different mutant phenotypes on a total number of 122 unique progenies.
Mutations were found in plants at the seedling stage, in mature plants, and in flowers.
This wealth can be exploited using the efficient reverse (Koes et al., 1995;
Vandenbussche et al., 2003b) and forward genetic approaches (e.g., Souer et al., 1995;
de Vetten et al., 1997; Van den Broeck et al., 1998; Quattrocchio et al., 1999; Spelt et
al., 2000).
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Flowers and their floral structural elements play a central role in the biology of the
angiosperms or seed plants. They are responsible for the production of the gametophytes (ovules and/or pollen), pollination, fertilization and propagation by seed production. Angiosperms became the dominant form of plant life on land and exhibit
many morphological and functional key innovations such as the formation of a flower
with a closed carpel.
Flowers are composed of a number of floral structural elements in an ordered pattern.
The basic four floral structural elements are the sepals, petals, stamens and carpels.
Genetic studies of floral homeotic mutants in Arabidopsis and Antirrhinum laid the
basis for the original ABC model of floral development. The existing model had to be
extended after the discovery of two new classes of floral homeotic genes – the class D
genes and the class E genes.
Most of these homeotic genes in the extended ABCDE model belong to a particular
gene family of transcription factors – the MADS-box genes. MADS-box proteins bind
DNA as dimers and typically consist of a DNA-binding region, an oligomerization site,
a transcriptional regulation site, and a nuclear localization signal. Higher order complexes of MADS-box proteins improve DNA target site specificity and fine tuning of
the developmental processes. Extensive sampling of members of the gymnosperms,
basal eudicots, and the core eudicots shows that multiple duplication events occurred
at crucial evolutionary divergence points. An important gene duplication happened
close to the base of the core eudicots in the A-, B-, and C-subfamilies. Gene duplication can be used as a source of variation for evolution. One copy will either get a new
function (neofunctionalization) or the two copies can each retain a different subfunction of the ancestral gene (subfunctionalization).
In the two core eudicot species, Antirrhinum majus and Arabidopsis thaliana, the B-class
function is represented by a pair of genes, that have arisen through an early duplication: the genes are called DEFICIENS (DEF) and GLOBOSA (GLO) in Antirrhinum,
and APETALA3 (AP3) and PISTILLATA (PI) in Arabidopsis. The def and ap3 mutants
cause homeotic changes of petals into sepals, and of stamens into carpels. PI and GLO
are expressed in a similar way as AP3 and DEF and the corresponding mutants have a
similar phenotype. At the protein level, DEF/GLO and AP3/PI form heterodimers to
upregulate their own transcription.
In our model species, Petunia hybrida, also belonging to the core eudicots, these genes
have been duplicated. PhGLO1 (FLORAL BINDING PROTEIN1) and PhGLO2
(PETUNIA MADS BOX GENE2) belong to the GLO/PI lineage; PhDEF (also known
as GREEN PETALS) and PhTM6 (PETUNIA HYBRIDA TM6) belong to the
DEF/AP3 lineage (Chapter 2). Another major duplication event within the DEF/AP3
lineage of the core eudicots resulted in two paralogous lineages - euAP3 (with PhDEF,
DEF, and AP3) and TM6 (with PhTM6) lineage. Transposon insertion alleles were
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identified (during previous work in our group) for PhGLO1, PhGLO2, and PhTM6.
An EMS-induced mutant was identified for PhDEF.
In Chapter 2, a functional analysis has been performed by creating single and double
mutant combinations of phglo1, phglo2, and phdef. The single mutants were also
crossed with the A-function mutant blind. Expression analysis has been done by RTPCR for the four B-class genes, together with a yeast two-hybrid assay, and in situ localization was done for the PhGLO2 and PhTM6 transcripts. In Chapter 3, which is more
focused at the functionally diversified PhDEF and PhTM6 genes, a functional analysis
has been performed by creating double mutant combinations of phglo1, phglo2, and
phdef with phtm6. The triple mutant phdef phtm6 blind was also created. An RNAi
strategy applied to downregulate PhTM6 expression gave comparable results as with
the phtm6 insertion allele. Expression of B- and C-class genes in wild-type and various
mutant flowers was determined by real-time PCR. PhTM6 was also overexpressed in
wild-type and phdef mutant backgrounds. Because of the different expression patterns
of the PhDEF gene and the PhTM6 gene, their promoters were compared.
Additionally, euAP3 and TM6 homologues from various Solanaceae were isolated and
compared.
In phglo1 phglo2 and phdef phglo2 double mutant flowers, a full homeotic conversion
of petals into sepals and of stamens into carpels was observed (Chapter 2). Gene dosage
effects for several mutant combinations caused qualitative and quantitative changes in
whorl two and whorl three meristem fate. PHDEF/PHGLO1 heterodimers seem to be
involved in the fusion of the stamen filaments with the petal tube. This function apparently is not present in Antirrhinum and Arabidopsis because stamens emerge as freestanding structures. Additionally, yeast two-hybrids showed that PHDEF can interact
with PHGLO1 and PHGLO2. PHTM6, on the other hand, has a clear preference for
PHGLO2. This can also be seen in the phdef phglo1 double mutant, which is not capable of making petals in the second whorl. The stamens in the third whorl are normal.
Overall, the functions of PhDEF, PhGLO1, and PhGLO2 appear to be basically similar as DEF/GLO in Antirrhinum and AP3/PI in Arabidopsis, leading to the conclusion
that petal development in Petunia is controlled by the concerted action of
PHDEF/PHGLO1 and PHDEF/PHGLO2 heterodimers (Chapter 2). In contrast, the
function, regulation and interaction of PHTM6 are different compared to the known
euAP3-type DEF/AP3-like proteins (Chapter 2 and Chapter 3).
With the addition of phtm6 phdef, phtm6 phglo1 and phtm6 phglo2 double mutants, we
are now able to complete the picture for stamen development. In phdef phtm6 double
mutant plants, a full conversion of petals into sepals and of stamens into carpels was
observed (Chapter 3). In phtm6 phglo1, phtm6 phglo2 and phdef phglo1 double
mutants, stamens develop normal, indicating that in each case PHDEF/PHGLO2,
PHDEF/PHGLO1 and PHTM6/PHGLO2 heterodimers, respectively, are sufficient
to determine stamen identity. On the level of transcriptional regulation, we show in

163

bw.royaert

24-10-2006

11:52

Pagina 164

Summary and concluding remarks

164

Chapter 2 that PhDEF expression in the second (and third) whorl of phglo1 phglo2
double mutants is down regulated. The expression of PhGLO1 and PhGLO2 is also
down regulated in the second whorl of phdef mutants. This demonstrates that the
maintenance of expression of PhDEF, PhGLO1, and PhGLO2 is interdependent in the
second whorl. In Chapter 3, the complete absence of PhGLO1 or PhGLO2 expression
in phdef phtm6 double mutant flowers but not in phdef or phtm6 single mutant flowers indicates that PHDEF and PHTM6 act redundantly in maintaining PhGLO1 and
PhGLO2 expression in the third whorl.
These results show that the PHDEF and PHTM6 proteins have functionally diverged
and are differently regulated. PHDEF functions as a classical euAP3 type protein in the
determination of petal and stamen identity. PHTM6, as a B-type protein, is only
involved in conferring stamen identity. PhDEF is mainly expressed in the second and
third whorl. The expression pattern is not changed in a blind mutant background, in
which the cadastral C-repression function in the perianth is impaired. PhTM6 is regulated like a C-type gene rather than a B-type gene, because PhTM6 is mainly expressed
in the third and the fourth whorls. BLIND represses PhTM6 expression directly or
indirectly in the perianth, thereby preventing the involvement of PhTM6 in petal
development.
A promoter comparison between PhDEF and PhTM6 genes indicates that an important change in regulatory elements has taken place during or after the duplication event
that resulted in euAP3 and TM6 type genes (Chapter 3). Naturally, PhTM6 in not
involved in petal development, but ectopic expression of PhTM6 driven by a 35S promoter is able to restore petal development in a phdef mutant background and it also
induces the development of ectopic petals in wild-type flowers. Finally, for seven
species from seven different Solanaceous genera, we isolated both euAP3 and TM6 type
genes, suggesting that a dual euAP3/TM6 B-function system might be the rule in the
Solanaceae rather than the single gene system from Arabidopsis and Antirrhinum.
To further explore the involvement of FBP7 and FBP11 in ovule development, and
subsequent seed development, we tried to create the fbp7 fbp11 double mutant (by
using transposon insertion alleles) in order to compare its phenotype with the cosuppression phenotype (Chapter 4). Cosuppression of FBP11 (FBP7 is also down regulated) in Petunia converted ovules into carpel-like structures, with style and stigma-like
characteristics. The first double mutants did not show a mutant phenotype, although,
they were very difficult to fertilize because of reduced female fertility. Probably the
insertion of the transposon 2 base pairs upstream of the ATG start codon of FBP11 was
not a real knockout. We continued to look for transposition events and another five
double mutants were found. Both fbp7 and fbp11 alleles were footprint alleles with a
footprint size of 6 bp for fbp11, resulting in a non-disturbed reading frame, such that
the gene still may exert its normal function. After analysis of an extra set of plants to
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get a knockout allele for FBP11, seven more fbp11 footprints were found. One of the
footprints had a footprint size of 7 bp, indicating an fbp11 frameshift allele. The respective plant has been self-fertilized and the progeny will be tested for the double mutants
and checked for specific phenotypes. In future experiments, the expression of the two
alleles will be analyzed by quantitative RT-PCR.
To elucidate the details of redundancy between the various Petunia SEP-like genes and
their function, we use the available transposon insertion alleles to create double, triple
and further multiple mutants (Chapter 5). The enhanced phenotype of the fbp2 fbp5
double mutants (compared to the fbp2 or fbp5 single mutants), i.e. the increased conversion of petals to sepals, anthers that develop sepal-like structures on their top, the
unfused carpels at the style and stigma, and the conversion of ovules to leaf-like organs
in the fourth whorl, shows that FBP2 and FBP5 act redundantly in the development
of petals, stamens, carpels and ovules. FBP2 has a unique function in conferring determinacy in the third whorl. While FBP2 and FBP5 expression is confined within the
developing flower, another SEP-like gene, FBP9, is already expressed before the onset
of flower development. Normally, two bracts develop only at the nodes in wild-type
plants, but in fbp9 insertion mutants single bracts also develop along the inflorescence
shoot without the production of axillary meristems. Future research using RNA interference (RNAi) has to proof whether the mutant phenotype that cosegregates with the
fbp9 insertion allele is actually caused by loss-of-function of fbp9. Nevertheless, it indicates an early function for FBP9 in meristem identity. In addition, to investigate
whether FBP9 also has a (late) function in conferring floral organ identity, the creation
of the fbp2 fbp5 fbp9 triple mutant has been set up. Despite the possible interference
of pfg and fbp4 insertion alleles in some combinations, there is an indication that FBP2,
FBP5, and FBP9 act redundantly in the development of petals because in the triple
mutant the flowers are a little bit smaller but much greener than the fbp2 single and
fbp2 fbp5 double mutant. Dosage effects are noticed in the development of the anthers,
as well as in the degree of determinacy in the fourth whorl of the different mutant combinations. For example, plants homozygous mutant for fbp5 and fbp9, and heterozygous for FBP2 develop carpelloid tissue at the base of the placenta in the ovary. Future
experiments will concentrate on the analysis of the expression of FBP9 and the other
Petunia SEP-like genes by means of quantitative RT-PCR and in situ hybridizations.
To screen for new transposon insertions in interesting MADS-box genes a new Petunia
transposable element insertion library, existing of 4096 plants (16x16x16 library), has
been set up (Chapter 6). The dTph1 transposable elements in line W138 occur in a
high copy number, and because they are very active, they generate a large number of
new mutations. In the new library, we found 30 different mutant phenotypes on a total
number of 122 unique progenies. Nine mutant phenotypes were found in plants at the
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seedling stage, 12 in mature plants and nine in the flowers. Abnormalities in the
seedling stage were found, amongst others, in number and fusion of cotyledons,
chlorophyll deficiencies and abnormalities in hypocotyl formation. In mature plant
stage, plants were found being small to very small, bushy, abnormalities in leaf shape
and size, flower bud arrest, no apical dominance and late flowering. Most of the flower
mutant phenotypes had to do with variations in flower size and male fertility problems.
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In conclusion, the results described in this thesis together with other published and
own unpublished results show that flower development is driven by very complex interactions between various MADS-box proteins. Dosage effects demonstrate that finetuning of the spatio-temporal expression pattern of the responsible genes is very important. It is, therefore, also necessary to know when and where a certain gene is expressed.
This can be investigated, for example, by in situ PCR, because often, the expression of
most of the genes is already started ‘long’ before the different floral organs become visible. Redundancy of MADS-box genes, although a blessing for nature and an important evolutionary tool, makes is quite tough to investigate the role of a single redundant gene, because all genes have to be knocked out. Using transposon insertions, it
takes quite some time to obtain double, triple or further multiple mutant combinations
and to observe aberrant phenotypes. RNAi is a valuable additional technique to obtain
knockouts or down regulate genes. Another facet for future research is the identification and characterization of the downstream target genes. Despite the fact that the
Petunia genome is not yet sequenced, the species offers a lot of opportunities to study
genes involved in floral development, because of the efficient available reverse and forward genetic approaches.
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Bloemen spelen een centrale rol in de biologie van de zaadplanten. Ze zijn samengesteld uit een geordend aantal structurele bloemelementen, zoals de kelkblaadjes (sepalen), de kroonblaadjes (petalen), de meeldraden (antheren) en de stamper(s) (carpels).
Genetische studies van homeotische bloemmutanten in Arabidopsis en Antirrhinum
lagen aan de basis van het oorspronkelijke ABC model voor de bloemontwikkeling, dat
later verder werd uitgebouwd tot het ABCDE model. De meeste homeotische genen in
dit model behoren tot de MADS-box transcriptiefactoren. Die transcriptiefactoren zijn
eiwitten die het DNA gaan binden als een dimeer. Uitgebreide sampling van de gymnospermen, de basale eudicotylen en de ‘core’eudicotylen toont aan dat er verschillende duplicaties zijn opgetreden. Een genduplicatie kan tijdens de evolutie gebruikt worden als een bron voor variatie. Een kopij van het gen kan dan een nieuwe functie krijgen (neofunctionalisatie) of de twee kopijen delen elk een deel van de oorspronkelijke
functie van het oude gen (subfunctionalisatie).
In Petunia hybrida, de B-klasse functie wordt vertegenwoordigd door vier genen.
PhGLO1 en PhGLO2 behoren tot de GLO/PI lijn; PhDEF en PhTM6 behoren tot de
DEF/AP3 lijn (Hoofdstuk 2). Een belangrijke genduplicatie binnen de DEF/AP3 lijn
van de ‘core’ eudicotylen heeft geleid tot twee paraloge lijnen, nl. euAP3 (met PhDEF,
DEF en AP3) en de TM6-lijn (met PhTM6). Transposon insertion allelen werden
geïndentificeerd voor PhGLO1, PhGLO2 en PhTM6. Een EMS-geïnduceerde mutant
was geïdentificeerd voor PhDEF.
Een functionele analyse van de verschillende genen werd uitgevoerd door het maken
van enkelvoudige en dubbel mutant combinaties met phglo1, phglo2 en phdef. De
enkelvoudige mutanten werden eveneens gekruist met de blind A-functie mutant.
Expressie analyse werd uitgevoerd voor de vier verschillende B-functie genen met
behulp van RT-PCR en ‘yeast two-hybrid assay’ en de in situ localisatie werd bepaald
voor de PhGLO2 en PhTM6 transcripten (Hoofdstuk 2). In Hoofdstuk 3 hebben
we ons meer geconcentreerd op de functionele diversificatie van de PhDEF en
PhTM6 genen. Een functionele analyse werd verricht door het maken van dubbel
mutant combinaties van phglo1, phglo2en phdef met phtm6. De drievoudige mutant
phdef phtm6 blind werd eveneens gemaakt. Een RNAi strategie werd toegepast om
de expressie van PhTM6 te verlagen of uit te schakelen. Expressie van de B- en
C-klasse genen in wild-type en verscheidende mutante bloemen werd bepaald door
middel van real-time PCR. PhTM6 werd eveneens tot overexpressie gebracht in een
wild-type en phdef mutant achtergrond. De promoters van het PhDEF gen en het
PhTM6 gen werden vergeleken omdat ze een verschillend expressie patroon vertonen.
Verder werden ook de euAP3 en TM6 homologen van verscheidene Solanaceae geïsoleerd en vergeleken.
Samenvattend, de ontwikkeling van de petalen in Petunia wordt gecontroleerd door
een gezamenlijke actie van PHDEF/PHGLO1 en PHDEF/PHGLO2 heterodimeren
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(Hoofdstuk 2). De PHDEF/PHGLO1 heterodimeren lijken eveens een rol te spelen
bij de fusie van de filamenten van de antheren met de bloembuis. PhDEF, PhGLO1 en
PhGLO2 onderhouden elkaars transcriptie in de tweede bloemring. In phdef phtm6
dubbel mutante planten, een volledige conversie werd geobserveerd van petalen naar
sepalen en van antheren naar carpels (Hoofdstuk 3). Analyse van de andere dubbel
mutanten geeft aan dat de PHDEF/PHGLO2, de PHDEF/PHGLO1 en de
PHTM6/PHGLO2 heterodimeren voldoende zijn voor de determinatie van de antheer
identiteit. De volledige afwezigheid van PhGLO1 of PhGLO2 expressie in de bloemen
van de phdef phtm6 dubbel mutanten, maar niet in de phdef of phtm6 enkelvoudige
mutanten, geeft aan dat PHDEF en PHTM6 een redundante werking hebben voor het
behouden of onderhouden van de PhGLO1 en PhGLO2 expressie in de derde bloemring (Hoofdstuk 3). Deze resultaten tonen aan dat PHDEF functioneert als een klassiek euAP3 type eiwit in de determinatie van petalen en antheren. PHTM6, als B-type
eiwit, is alleen betrokken bij antheer identiteit. PhDEF expressie is voornamelijk in de
tweede en de derde bloemring. Het expressiepatroon ervan verandert niet in een blind
mutante achtergrond. PhTM6 wordt meer gereguleerd als een C-type gen dan als een
B-type gen, omdat PhTM6 vooral tot expressie komt in de derde en de vierde bloemring. BLIND onderdrukt de expressie van PhTM6 in de perianth en voorkomt daarmee
dat PhTM6 betrokken is bij ontwikkeling van de petalen.
Promoter vergelijking tussen de PhDEF en PhTM6 genen geeft aan dat er een belangrijke verandering is opgetreden in deze regulerende elementen tijdens of na de duplicatie die resulteerde in de euAP3 en de TM6-type genen (Hoofdstuk 3). Ectopische
expressie van PhTM6 door middel van een 35S promoter resulteerde in de ontwikkeling van petalen in een phdef mutante achtergrond en eveneens in de ontwikkeling van
ectopische petalen in wild-type bloemen. De isolatie van zowel de euAP3 als de TM6type genen van verschillende Solanaceae species suggereren dat een tweeledig
euAP3/TM6 B-functie systeem een algemene regel zou kunnen zijn in de Solanaceae,
meer dan het enkelvoudige gen systeem in Arabidopsis en Antirrhinum.
Om de betrokkenheid van FBP7 en FBP11 in eicel- en vervolgens zaadontwikkeling te
onderzoeken, hebben we geprobeerd om de fbp7 fbp11 dubbel mutant te maken met
behulp van transposon insertie allelen (Hoofdstuk 4). Cosuppressie van FBP11 (waarbij ook de expressie van FBP7 is onderdrukt) in Petunia leidde tot de conversie van
eicellen tot carpelachtige structuren. De eerste dubbel mutanten die bekomen waren,
vertoonden geen mutant fenotype. Waarschijnlijk veroorzaakte de transposon insertie
2 base paren vóór het ATG start codon van FBP11 geen echte ‘knockout’. Door het
herhaardelijk selecteren op transposities, om toch een knockout allel te krijgen voor
FBP11, werden zeven fbp11 footprints gevonden. Een van de footprints had een grootte van 7 bp en duidt dus op een fbp11 frameshift allel. De geselecteerde plant met de
footprint werd zelfbestoven en de nakomelingen zullen worden getest voor de aanwe-
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zigheid van dubbel mutanten. De expressie van de twee allelen zal in de toekomst verder geanalyseerd worden door middel van kwantitatieve RT-PCR.
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Voor het ophelderen van de details van redundante Petunia SEP-like genen en hun
functie hebben we gebruik gemaakt van de beschikbare transposon insertie allelen om
dubbele, drievoudige en meervoudige mutanten te creëren (Hoofdstuk 5). Terwijl de
expressie van FBP2 en FBP5 beperkt zijn tot de ontwikkelende bloem, komt FBP9, een
ander SEP-like gen, al tot expressie vóór de start van de bloemontwikkeling. In een
wild-type plant ontwikkelen twee bracteeën op een node, maar in de fbp9 insertie
mutant ontwikkelen eveneens enkelvoudige bracteeën op de inflorescentie scheut, maar
dan zonder de ontwikkeling van axillaire meristemen. Dit geeft aan dat FBP9 een vroege functie heeft in het bepalen van meristeem identiteit. Om te onderzoeken of FBP9
ook een late functie heeft in het bepalen van de identiteit van de bloemorganen hebben we geprobeerd om de fbp2 fbp5 fbp9 drievoudige mutant te creëren. Ondanks de
mogelijke interferentie van de pfg en de fbp4 insertie allelen in bepaalde combinaties,
is er een indicatie dat FBP2, FBP5 en FBP9 redundant functioneren in de ontwikkeling van de petalen. Dit is te zien in de bloemen van de drievoudige mutant die iets
kleiner, maar duidelijk groener zijn dan in de fbp2 enkelvoudige en de fbp2 fbp5 dubbel mutant. Vroeger onderzoek heeft al aangetoond dat FBP2 en FBP5 redundant zijn
in de ontwikkeling van de petalen, antheren, carpels en eicellen. FBP2 heeft een unieke functie in het bepalen van de gedetermineerdheid in de derde bloemring. Gen dosis
effecten spelen een rol in de ontwikkeling van de antheren en in de graad van determinatie van de vierde bloemring in de verschillende mutante combinaties. Verdere
experimenten zullen gericht zijn op de expressie analyse van FBP9 en de andere Petunia
SEP-like genen met behulp van kwantitatieve RT-PCR en in situ hybridisatie.
Een nieuwe Petunia transposon insertie bank, bestaande uit 4096 planten, is opgezet
om te screenen naar nieuwe transposon inserties in interessante MADS-box genen
(Hoofdstuk 6). De dTph1 transposeerbare elementen in de lijn W138 komen voor in
een hoog aantal kopijen en omdat ze zeer actief zijn, genereren ze een groot aantal
nieuwe mutaties. In de nieuwe insertie bank hebben we 30 verschillende mutante
fenotypes ontdekt in een totaal aantal van 122 unieke lijnen. De gevonden afwijkende
fenotypes in het zaailing stadium (9) waren o.a. in het aantal en de fusie van de cotyledonen, chlorofiel deficienties en afwijkingen in hypocotiel vorming. In het volwassen
stadium, planten (12) zijn gevonden die klein tot zeer klein waren, bossig, afwijkingen
in de bladvorm en -grootte, het niet verder uitgroeien van de bloemknoppen, geen apikale dominantie en een late bloei. De meeste bloem mutante fenotypes (9) hadden te
maken met varieties in bloemgrootte en problemen met mannelijke vruchtbaarheid.
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Tenslotte, de resultaten beschreven in deze thesis, samen met andere gepubliceerde en
eigen ongepubliceerde resultaten, tonen aan dat bloemontwikkeling gedreven wordt
door zeer complexe interacties van verscheidene MADS-box eiwitten. Dosis effecten
geven aan dat de fijnregeling van expressie van de verantwoordelijke genen, zowel in
tijd als in ruimte, zeer belangrijk is. Het is daarom ook belangrijk om te weten wanneer en waar een bepaald gen tot expressie komt. Dit kan onderzocht worden door bijvoorbeeld gebruik te maken van in situ PCR, omdat vaak de expressie van de meeste
genen al gestart is, lang voordat de verschillende bloemorganen te zien zijn.
Redundantie van de MADS-box genen is zeer belangrijk voor de evolutie, maar het
bemoeilijkt het onderzoek naar de functie van een enkelvoudig redundant gen omdat
alle andere redundante genen eveneens moeten worden uitgeschakeld. Door gebruik te
maken van transposon inserties duurt het soms redelijk lang om dubbele, drievoudige
en andere meervoudige mutante combinaties te maken en om een afwijkend fenotype
te zien. RNAi kan daarbij een waardevolle bijkomende techniek zijn voor het bekomen
van ‘knockouts’ of voor de onderdrukking van de genregulatie. Een ander facet voor
toekomstig onderzoek is de identificatie and karakterisatie van de ‘downstream’ doelgenen. Ondanks het feit dat the Petunia genoom nog niet gesequenced is, geeft Petunia
ons toch een hoop mogelijkheden voor de studie van de bloemontwikkeling, vooral
door de aanwezigheid van efficiente ‘reverse and forward genetic’ technieken en benaderingen.
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Michel Jacobs. Daar werkte hij tot eind maart 2001 op een samenwerkingsprogramma
tussen de VLIR (Vlaamse Interuniversitaire Raad) en het plantenveredelingsstation
INERA in Burkina Faso (West-Afrika). In Burkina Faso was hij verantwoordelijk voor
het biotechnologische gedeelte van het onderzoek in het kader van de ontwikkeling van
sorghum variëteiten met hoge voedings- en landbouwkundige waarden. Gestimuleerd
en gedreven door dit soort onderzoek is hij in januari 2002 begonnen aan zijn promotieonderzoek aan de Radboud Universiteit Nijmegen op de afdeling Plantengenetica
onder de leiding van Prof. Dr. Tom Gerats en Dr. Michiel Vandenbussche. De resultaten van dit onderzoek staan beschreven in dit proefschrift. Tijdens zijn promotieonderzoek heeft hij twee stagestudenten begeleid en vertegenwoordigde hij, als lid van de
PhD Student Council, van 2003 tot 2005 de afdelingen Plantengenetica en
Celbiologie van de Plant van de Radboud Universiteit binnen de nationale EPS
(Experimental Plant Sciences) Graduate School. Het laatste jaar fungeerde hij als secretaris binnen de Council en heeft hij eveneens met drie collega’s de jaarlijks EPS PhD
Student Day georganiseerd. Eind juni 2006 is hij begonnen als post-doc bij het Franse
onderzoekscentrum CIRAD in de Unité Mixte de Recherche (UMR) – ‘Peuplements
Végétaux et Bioagresseurs en Milieu Tropical’ in Réunion, waar hij onderzoek doet naar
het bepalen van ziekteresistentiegenen in suikerriet met behulp van ‘linkage disequilibrium’.
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Figure 2 Phenotypes Observed in phglo1 Flowers and in the F2 Progenies of the phglo1 phglo2, phdef
phglo1, and phdef phglo2 crosses.

See page 58.

bw.royaert

24-10-2006

11:53

Pagina 179

appendix

179

Figure 3 Flower Phenotypes of bl Single and phglo1 bl, phdef bl, and phglo2 bl Double Mutants.
(A) and (B): Young and full-grown phglo1 bl flowers, respectively, displaying second-whorl organs consisting of a tube carrying antheroid structures with stigmas on top (inset).
(C): Full-grown bl flower with second-whorl organs terminating with antheroid structures.
(D) and (E): Flowers of young and full-grown phdef bl double mutants, respectively, showing the presence of second-whorl organs consisting of antheroid structures with short style–stigma structures on
top (top inset). Third-whorl anthers appear as wild type. Two sepals in (D) and all sepals in (E) have
been removed. Bottom inset, full-grown phdef bl flower with a short greenish tube.
(F): phglo2 bl flower, phenotypically identical to bl single mutant flowers. The arrow indicates one of
the sepal tips that is fully converted to a style–stigma structure. This aspect of the phenotype of bl
mutant flowers is only rarely observed.
See page 62.
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Figure 4 Expression Analysis of the Four P. hybrida B-Class MADS Box Genes in Floral Organs of
Wild-Type and Various Mutant P. hybrida Flowers as Determined by RT-PCR.
(A): Expression in wild-type flowers.
(B): Expression in flowers of a selection of informative B-class mutant combinations.
(C): B-class gene expression in flowers of an A-function mutant (bl) and an AB-function double
mutant (phdef bl).
Ca, carpel; Pe, petal; Se, sepal; St, stamen. Homeotically converted organs are shown in bold and
underlined. Whorl numbers are indicated below the gel images. Expression of glyceraldehyde-3-phosphate dehydrogenase was monitored as a positive control. a, size indications of the flower buds reflect
petal length; b, sepals harvested from bl and phdef bl flowers have been enriched for having a strong
penetration of the bl first-whorl phenotype, consisting of sepals carrying stigmatoid tissue on the tips;
c, second-whorl tissue harvested from bl and phdef bl flowers consists of antheroid structures and
antheroid structures topped with style–stigma structures, respectively; d, the gene-specific primer pair
designed to monitor PhGLO1 expression flanks the insertion site of the phglo1-2 footprint allele. This
results in the amplification of a slightly larger fragment than from samples containing the wild-type
allele.
See page 64.
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Figure 5 In Situ Localization of PhGLO2 and PhTM6 Transcripts in P. hybrida Flower Buds.
Sections were hybridized with digoxigenin-labeled antisense RNA probes of PhGLO2 ([A] to [C]) and
PhTM6 ([D] to [I]). Cross-sections of large flower buds are shown in (C), (F), and (I). All others are
longitudinal sections. The first two columns show sections of wild-type P. hybrida flower buds; the last
column consists of sections of bl mutant flower buds. First- to fourth-whorl organs are indicated by the
according numbers. The red color reflects the presence of transcripts.
(A): Young wild-type flower bud with developing sepals and petals, stamen, and carpel primordia.
PhGLO2 expression is detected in petal and stamen primordia, but not in sepals and in the center of
the flower.
(B) and (C): PhGLO2 expression remains localized in petals and stamens during further development.
(D): Young wild-type floral bud at a comparable stage as in (A). In contrast with PhGLO2, highest levels
of PhTM6 mRNA are present in stamen primordia and in the center of the flower, whereas low levels are
detected in petal primordia.
(E) and (F): PhTM6 expression during stages as in (B) and (C). Highest expression levels are found in the
developing pistil, especially in the tissue that will give rise to the placenta and ovules and in the stamens.
Very low PhTM6 levels can be observed in the developing petals.
(G): Young bl mutant flower bud at a similar developmental stage as in (A) and (D). The three inner whorls
show comparable PHTM6 expression levels, in contrast with PhTM6 expression in the wild type.
(H): PhTM6 expression in a bl floral bud at a similar developmental stage as in (B) and (E). The upregulation of PhTM6 expression in second-whorl organs is very pronounced compared with the wild type.
Note that second-whorl organs start to enlarge according to the adaxial-abaxial axis, which finally will
result in the formation of a tube terminating in five antheroid structures.
(I): bl floral bud at a slightly later developmental stage compared with (C) and (F), which allows capturing sections through the anthers and the well-developed second-whorl antheroid organs in the same
plane. PhTM6 mRNA accumulates in the developing ovules and placental tissue, in the third-whorl
anthers, and in the second-whorl antheroid structures.
Scale bars = 100 µm in (A), (D), and (G); 200 µm in (B), (C), (E), (F), (H), and (I).
See page 66
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Figure 6 Summarizing Model Describing Unique and Redundant Functions of the Proposed P. hybrida B-Class Heterodimers and the Regulatory Interactions among These Genes Based on Mutant
Analyses, Two-Hybrid Interactions, and Expression Studies.
(A): Functions of the proposed heterodimers in wild-type flowers. The two-hybrid interaction data are
represented by solid lines between the involved B-class proteins.
(B): Regulatory interactions among the P. hybrida B-class MADS box genes.
The proposed function of the PHTM6/PHGLO2 heterodimer and the regulatory interactions involving PhTM6 need to be confirmed.
See page 70.
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Figure 1 Phenotypes Observed in Various P. hybrida B-class and bl mutant combinations
(A) to (D): Top views of wild-type W138 (A) and phdef (green petals) (B) flowers and close-up top views
of bl (C) and phdef bl (D) flowers.
(E) to (H): Sideview of wild-type W138 (E), phdef (gp) (F), bl (G), and phdef bl (H) flowers.
(I) and (J): Topview (I) and detail (J) of phtm6/+ phdef flowers showing proliferating anther tissue in
the third whorl terminating in a short style-stigma structure (arrow).
(K): phtm6 phdef double mutant flower showing a full conversion of stamens to carpels forming a central congenitally fused chimney-like structure.
(L): Flower of a PhTM6-RNAi line in a phdef mutant background showing a similar phenotype as
phtm6 phdef flowers.
(M) and (N): Topview and detail of phtm6/+ phdef bl flowers showing proliferating anther tissue in the
third whorl and carpelloid structures in the second whorl (arrow in N). Sepals were removed in (N) to
reveal inner organs.
(O): phtm6 phdef bl triple mutant flower showing a full conversion of petals and stamens to carpelloids
forming a central multi-whorled congenitally fused chimney-like structure.
(P): Flower of a PhTM6-RNAi line in a phdef bl mutant background showing a similar phenotype as
phtm6 phdef bl flowers.
See page 85.

bw.royaert

24-10-2006

11:53

Pagina 184

Appendix

184

Figure 2 Expression analysis of P. hybrida B- and C-class MADS-box genes in floral whorls of wildtype and various mutant flowers as determined by real-time PCR.
Whorl numbers and organ types are indicated below and are indicated as follows: Se (sepal); Pe (petal);
St (stamen); Ca (carpel). Homeotically converted organs are shown in bold and underlined. All reactions were performed in duplicate using a biological replicate for each sample (represented by pairs of
grey and black bars). Height of the bars for a given gene indicates relative differences in expression levels within the range of tissues tested. For each primer combination separately, the highest expression
value encountered in the series of different tissues tested was set equal to 100, whereas lower values are
plotted relative to this highest value on a linear Y-axis scale. GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) expression levels were used for normalization.
See page 86.
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Figure 3 PhTM6 overexpression phenotypes in
wild-type and phdef mutant backgrounds
(A): 35S:PhTM6 overexpression in wild-type
Petunia showing the development of ectopic petals
on the outer surface of the petal tube.
(B): Detail of first whorl organs in 35S: PhTM6
plants showing a partial conversion to a petal tubelike structure.
(C): 35S:PhTM6 overexpression in a phdef mutant
background showing partial and more complete
complementation of petal development. The arrow
indicates the main petal veins retaining sepal identity in a strongly complemented overexpression
line.
(D) to (F): Scanning electron microscopy images
of the adaxial epidermis of (D) phdef second whorl
sepalloids showing the typical sepal epidermal
characteristics such as jig-saw shaped epidermal
cells interspersed by trichomes and stomata, (E)
wild type petals showing the characteristic conical
petal cells; (F) second whorl petals of phdef
mutants complemented with 35S: PhTM6. Scale
bars represent 100 µm.

See page 89.
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Figure 4 Alignment of conserved regions identified in euAP3 and TM6 type 5’ putative regulatory
sequences.
Species names are abbreviated as follows and accession numbers of these sequences are shown between
brackets.: Ph: Petunia hybrida (PhDEF:DQ539416; PhTM6: DQ539417 ); Le: Lycopersicon esculentum
(Solanum lycopersicum) (LeAP3: DQ539418; LeTM6: DQ539419); Mo: Misopates orontium
(AM162207); Am: Antirrhinum majus (X62810); At: Arabidopsis thaliana (U30729); Cp: Cochlearia
pyrenaica (AF248970) Numbers flanking the fragments indicate their relative position to the ATG
startcodon, (1): Position of the three proposed CArG boxes in the Arabidopsis AP3 promoter (Hill et
al., 1998; Tilly et al., 1998). (2) Position of the proposed CArG box in the Antirrhinum DEF promoter and (3) mutation site of the chlorantha def allele (Schwarz-Sommer et al., 1992).
See page 91.
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Figure 5 Neighbor-Joining Tree of newly isolated euAP3 and TM6 homologues from various solanaceous
species including a selection of B-class lineage MADS-box genes from other informative taxa.
Members of the GLO/PI subfamily were used as an outgroup and 1000 bootstrap samples were generated to
assess support for the inferred relationships. Local bootstrap probabilities of > 70 % are shown near the major
branching points. euAP3 and TM6 putative proteins from solanaceous species included in this analysis are indicated with the extension SOL-X, of which the X corresponds to the lettering of the images of the flowers of
these species shown in the left panel.
See page 92.
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Figure 1 Phenotypes of the single mutants.
(A) to (D): fbp5 mutant with wild-type appearing phenotype in (A) the flower, (B) ovary, (C) a longitudinal section through the ovary showing normal ovules, and (D) an anther.
(E) to (F): fbp2 mutant showing (E) a greenish mutant flower, (F) a normal-appearing ovary with a secondary flower bud, (G) a longitudinal section showing normal wild-type ovules, and (H) an anther
with a more triangular shape compared to (D).
(I) to (K): fbp9 mutant showing (I) a wild-type appearing flower, (J) a normal flower inflorescence with
two bracts and the axillary shoots (orange arrows), and (K) an fbp9 mutant inflorescence with extra
bracts that develop along the inflorescence shoot but without producing axillary meristems (white
arrows).
an, anther; cw, carpel wall; fi, filament; ov, ovules; pl, placenta; si, secondary inflorescence . Scale bars
are 1.0 mm in (B), (D), (F) and (H); 500 µm in (C) and (G).
See page 120.
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Figure 2 Phenotypes of the double mutants and single mutant combinations.
(A) to (D): fbp2 fbp5 double mutant. (A) the petals of the flowers are a little bit more converted to sepals (compare with Figure 1E), (B) a longitudinal section through the ovary reveals the replacement of
ovules by leaf-like structures, (C) detail of (B), and (D) anther, with an abnormal triangular shape,
develops petaloid structures at the base of the anther and sepal-like or leaf-like structures at the top.
(E) to (H): fbp2 FBP5/fbp5 single mutant combination (E) flower similar to fbp2 phenotype, (F) ovary
with normal-appearing ovules develops a few carpel-like structures at the base, (G) detail of (F), and
(H) anther, with an abnormal triangular shape.
(I) to (L) fbp2 fbp9 double mutant (I) flower is a little bit more greenish than the fbp2 single mutant,
(J) development of the typical fbp9 mutant inflorescence (compare with 1K), (K) rarely formed carpellike structures at the base of the ovary, and (L) triangular-shaped anther, developing some petal-like tissue at the base.
an, anther; ca, carpel-like tissue; cw, carpel wall; fi, filament; llo, leaf-like organs; ov, ovules; pe, petallike tissue; pl, placenta; se, sepal-like tissue.
Scale bars are 1.0 mm in (B), (D), (F), (H) and (L); 500 µm in (C), (G) and (K).
See page 122..

bw.royaert

24-10-2006

11:53

Pagina 190

Appendix

190

Figure 3 Phenotypes of the triple mutants and double/single mutant combinations
(A) to (G): fbp2 fbp5 fbp9 triple mutant. (A) and (B) Top and side view of the flower, petals are a little bit
smaller and greener than the fbp2 fbp5 mutant (compare with Figure 2A), (C) and (D) longitudinal section and detail through the ovary reveals the conversion of ovules into leaf-like structures, like in the fbp2
fbp5 double mutant (compare with Figures 2B-C), (E) composed picture of the whole ovary with the style
converted into two separated leaf-like structures, the non-fusion of the carpels in the style is more pronounced compared with the fbp2 fbp5 mutant (compare with Figure 3H), (F) detail of the leaf-like structures in the ovary, (G) triangular-shaped anthers with sepal-like or leaf-like tissue tissue developing at the
base and at the top of the anther (compare with Figure 3J).
(H) to (J): fbp2 fbp5 FBP9/fbp9 double mutant combination, (H) composed picture showing the ovary
with the split style-stigma structure, typical for the fbp2fbp5 double mutant, and the secondary bud (typical for the fbp2 mutant phenotype), (I) longitudinal section through the ovary revealing the conversion
of ovules into leaf-like structures, and (J) triangular-shaped anther with petaloid tissue at the base of the
anther and sepal-like or leaf-like tissue at the top.
(K) to (P): fbp2 FBP5/fbp5 fbp9 double mutant combination, (K) fbp2-like phenotype of the flower, but
the secondary bud is growing out to a mature flower, (L) ovary of a young bud revealing ovules and a few
carpel-like structures at the base, (M) detail of an ovary of an older bud revealing the ovules (with some
deformed ovules), and much more carpel-like structures, (N) longitudinal section through an older ovary,
(O)-(P) two successive transverse sections through the ovary showing carpel-like structures and ovules.
(Q) and (R): petalgreen FBP4/fbp4 mutant plant, (Q) a dry flower with an fbp2-like phenotype, which
forms two secondary inflorescences growing out into mature flowers, and (R) development of carpel-like
structures on the ovary.
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(S) to (V): FBP2/fbp2 fbp5 fbp9 double mutant combination, (S) ovary of young bud showing some rare
carpel-like structures at the base, (T) ovary of an older bud with more carpel-like structures, (U) and (V)
longitudinal section and detail through the ovary of an older bud showing developing carpel-like structures at the base.
(W) to (Z): FBP2/fbp2 fbp5 FBP9/fbp9 single mutant combination, (W) and (X) ovary (and detail) of a
young bud showing a rare carpel-like structure, (Y) and (Z) ovary and detail of an older bud showing some
more carpel-like structures.
an, anther; ca, carpel-like tissue; cw, carpel wall; ffl, first flower; fi, filament; llo, leaf-like organs; ov, ovules;
pe, petal-like tissue; pl, placenta; s, style; se, sepal-like tissue; si, secondary inflorescence; st, stigma.
Scale bars are 1.0 mm in (C), (E) to (J), (L), (S) to (U), (W) and (Y); 500 µm in (D), (M) to (P), (R),
(V), (X) and (Z).

See page 124
and 125.
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Figure 3 Small selection of the phenotypes found in the petunia transposable element insertion library.
(A): Wild-type seedling.
(B): Seedling with stretched hypocotyl.
(C): Seedling with green cotyledons, but white first leaves.
(D): Seedling with cotyledons fused at only one side.
(E) and (F): Seedling with cotyledons fused at both side, forming a cup-shape.
(G): Wild-type flower.
(H): Mutant flower displaying an fbp2-like phenotype.
(I): Two small plants (dwarfism) with the wild-type plant in the middle.
See page 136.

