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Chapter 1

Introduction and scope of the thesis

Chapter 1
INTRODUCTION
Transcription factors, development and evolution
Flowering plants have conquered the land with an astonishing variety of
shapes, sizes and colours. The origin and evolution of morphological diversity
has been debated and investigated for decades and the attempt to link such
diversity to changes in DNA sequences has been the subject of studies in plants
and animals. Increasing evidence supports the idea that the regulation of
developmental genes is one of the key players in evolutionary diversification.
The molecular and genetic analysis of developmental pathways in
morphologically divergent animals and the analysis of intraspecific variation
have revealed that regulatory DNA is the main source of the genetic variation
through which evolution has shaped morphological diversity (Carroll, 2001).
One of the best studied molecular developmental systems is formed by the
homeotic Hox genes from the animal kingdom, homeobox-containing genes
which specify regional and segmental identities along the anterior-posterior axis
in many bilaterian phyla. Comparative analyses of Hox genes in arthropods,
annelids and vertebrates have revealed that shifts in their expression patterns
correlate with divergence in axial morphology (Figure 1; Averof and Akam,
1995; Lowe and Wray, 1997; Carroll et al., 2001). The discovery of a general
mechanism, as the one controlled by the Hox genes, underlying development
and its widespread phylogenetic conservation definitively linked evolutionary
and developmental biology (Arthur, 2002). Homeotic genes which direct flower
development have been identified in angiosperms, the majority of which belong
to the MADS box family of transcription factors. The proteins encoded by these
genes possess a characteristic DNA binding domain, the MADS domain (Figure
2A), which is conserved among yeast, plants and animals (reviewed in:
Messenguy and Dubois, 2003). In plants, however, this family has been
amplified during evolution and MADS box genes have been recruited to direct
flower and vegetative development, floral transition as well as flowering time
(reviewed in Ng and Yanofsky, 2001; Simpson and Dean, 2002; Ratcliffe and
Riechmann, 2002). MADS box genes as main regulators of flower morphology
have first been identified in the model species Antirrhinum and Arabidopsis
(Sommer et al., 1990; Yanofsky, 1990). The combined expression of specific
MADS box genes determines the identity of each floral whorl and their
2
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Figure 1. The shifted position of Hox genes expression, such as Hoxc8, in vertebrates during evolution correlates with their axial diversity. Ovals indicate somites
(from Carroll, 2000).

downregulation or misexpression cause homeotic transformations within and
outside the floral domains (Theissen, 2001; Honma and Goto, 2001). Due to the
similarities in their developmental and molecular mode of action, plant MADS
box genes have often been compared to the animal Hox genes (Theissen and
Saedler, 1995; Meyerowitz, 1997; Purugganan, 1998). The role they played in
the evolution of floral architecture may have been similar to the position
homeobox genes had in the evolution and diversification of animal
morphologies.
The MADS box family
Though in significantly lower number, MADS box genes are found in
animals and fungi as well, where they can be divided into two lineages, named
type I, or serum response factor (SRF)-like and type II, or myocyte enhancer
factor 2 (MEF2)-like. Since both lineages have been found in all three kingdoms
it has been suggested that at least one gene duplication occurred before the
divergence between plants and animals (Figure 2B; Alvarez-Buylla et al., 2000).
The completion of the Arabidopsis genome sequence revealed the presence
of over 100 MADS box genes (between 104 and 107 according to different
annotations; Kofuji et al., 2003; De Bodt et al., 2003; Pařenicová et al., 2003) of
which about are 40 type II and over 60 type I. All the MADS box genes to
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Figure 2. Structure and evolution of MADS box proteins.
(A) Typical structure of a type II MADS box protein from plant. Each domain is
indicated by the corresponding letter and different shading. Below the MADS domain
are the first four identified MADS box genes whose initials determined the name of
the family.
(B) Domain structure and evolution of type I and type II MADS box proteins in the
three kingdoms (adapted from Alvarez-Buylla et al., 2000).

which a function has been assigned based on mutant phenotypes, sequence
analysis, expression and/or interaction patterns, belong to type II. Although
sharing a similar DNA binding domain, called the MADS box, type I and II
genes form two distinct monophyletic lineages with different gene structure,
chromosome distribution and evolutionary history (Martinez-Castilla and
Alvarez-Buylla, 2003; Pařenicová et al., 2003; Nam et al., 2004). Recent
phylogenetic studies on the entire MADS box family in Arabidopsis and rice
suggested that duplications among type I genes have occurred more recently.
Their sequences, however, are more divergent among them in comparison to
type II and they were subjected to a faster birth-and-death evolution than type II.
Furthermore, there is evidence that they experienced weaker purifying selection
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and that their sequences may be less conserved among angiosperms (MartinezCastilla and Alvarez-Buylla, 2003; Nam et al., 2004). Altogether these data
suggest that their role in plant evolution may not have been as crucial as the role
of type II genes and that their death could be less deleterious than that of type II.
On the other hand, type II genes most likely became functionally differentiated
and subjected to strong functional constraints shortly after their duplication, a
phenomenon that can be related to the extensive morphological diversification
among angiosperms and the important position those genes took during this
event.
Regulatory proteins show in most cases a modular structure with domains
that mediate molecular interactions or have enzymatic activity, and MADS box
transcription factors are no exceptions. Type II genes, in particular, are also
referred to as MIKC type genes, since four characteristic domains can be
distinguished, namely the DNA-binding MADS (M) domain, a highly variable
intervening (I) region, the more conserved keratin-like coiled-coil (K) domain
and the C-terminal (C) domain (Figure 2A; Münster et al., 1997). Phylogenetic
and functional studies on MADS box genes in different species have revealed
several subfamilies whose members share similar developmental functions.
Although sequence similarities can provide useful indications on possible
functions, especially when conserved domains with functional specificity have
been identified (Lamb and Irish, 2003), it is clear that a complete picture of the
extent of conservation and diversification of developmental processes can be
obtained only when studies on gene functions, expression and interactions are
extended to a broader sample of plant species.
Petunia as a model species
The genus Petunia belongs to the Solanaceae family which includes
agronomically important species such as Solanum tuberosum, Lycopersicon
esculentum, Capsicum annuum and Nicotiana tabacum. Although to a lesser
extent compared to its relatives potato, tomato and tobacco, Petunia has also a
commercial value as bedding plant. It was in fact the first marketed bedding
plant and is responsible for the birth of the bedding-plant industry.
Petunia is originally from South America and to date, 17 different species
have been ascribed to this genus based on several morphological characteristics.
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Figure 3*. Flowers of Petunia ssp.
(A) Flowers of Petunia integrifolia.
(B) Flowers of Petunia axillaris.
(C) Flowers of Petunia hybrida line W138.
(D) Flower of Petunia hybrida line W115.
(A) and (B) from Quattrocchio et al., 1999.
*Figure in colour in Appendix.

Most of the commercial varieties and the lines that are used in biological and
genetic studies belong to the taxon Petunia hybrida, a hybrid obtained between
the species Petunia axillaris and Petunia integrifolia (Figure 3).
The relatively short generation time (less than three months are required
from seed to flower), the efficiency of transformation and the presence of an
active transposon system in the line W138, suitable for both forward and reverse
genetic screenings, make Petunia a good system for biological studies.
Several floral homeotic mutants have been studied in Petunia and many of
the genes responsible for the homeotic activity have been identified, mostly
corroborating the proposed ABC model for flower development. Some
variations, however, have been observed even regarding the more conserved B
and C functions, suggesting that modifications have to be considered in order to
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adapt the model to different species (Angenent et al., 1992; van der Krol et al.,
1993; Tsuchimoto et al., 2000; Vandenbussche et al., 2004; Tsuchimoto et al.,
1993). Furthermore, Petunia was the first flowering species in which mutants
for the D and E functions were identified and analyzed (Angenent et al., 1995;
Colombo et al., 1995; Angenent et al., 1994; Ferrario et al., 2003).
Petunia has also been successfully adopted as a model species in studying
shoot meristem maintenance, specification and patterning of inflorescence and
floral meristems, pigment synthesis and vacuolar acidification, floral scent
production and floral volatile synthesis, all biological processes for which this
species, characterized by big coloured fragrant flowers, is very suitable
(Stuurman et al., 2002; Souer et al., 1996; Souer et al., 1998; Quattrocchio et al.,
1993; Quattrocchio et al., 1999; Spelt et al., 2000; Spelt et al., 2002; Kolosova et
al., 2001; Negre et al., 2003; Verdonk et al., 2003).
SCOPE OF THE THESIS
The aim of the research outlined in this thesis is the functional
characterization of some members of the MADS box family of transcription
factors in Petunia. The importance of this gene family in flower architecture and
flower induction and the prominent role that it may have played in the evolution
and diversification of flower morphologies is the subject of Chapter 2. In this
review the five homeotic functions (named A to E) that belong to the genetic
model proposed for flower development are examined in all the species in which
they have been functionally analyzed. Particular attention is dedicated to MADS
box transcription factors, since all the functions except one are encoded by
MADS box genes. Genetic and molecular interactions are discussed in several
monocot and dicot species, revealing a considerable conservation in the floral
developmental program among distant taxa. Recent studies on multimeric
complex formation, molecular regulation and redundancy show, however, a
certain degree of diversification between species offering interesting hypotheses
about the genetic mechanisms that led to the extreme variety of flower
morphologies that exists today.
The following chapters focus on the MADS box family of transcription
factors in Petunia, starting with the isolation of new members, their
phylogenetic analysis and expression and interaction patterns, as described in
7
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Chapter 3. The combination of data arising from these three different
approaches allows a reliable prediction of functional homologues of Petunia
MADS box genes in other species and vice versa. On the other hand, differences
in interaction patterns among proteins with similar sequences and expression
profiles, provide a clear indication for functional differences between closely
related MADS box genes.
On the basis of their expression profiles and sequence similarities with
MADS box proteins of known function from other model species, a few genes
have been selected for further functional characterization. Genes with expression
in vegetative tissues, which could reveal novel functions for MADS box proteins
in determining plant architecture, and genes belonging to the FBP2/SEPALLATA
subfamily, were our first choice. Chapter 4 illustrates the reverse genetic
strategies that have been adopted for the functional analysis of the selected
genes, namely knockout via transposon insertion, overexpression and
cosuppression approaches. The outcome and the advantages and drawbacks
offered by those methods are also discussed.
A more detailed analysis of members of the FBP2 subfamily is the subject of
Chapter 5. By phylogenetic and expression studies, multimeric complex
formation between members of this subfamily and complementation of the sep
triple mutant in Arabidopsis, we present evidence that the E function in Petunia
is indeed provided by at least the two redundant paralogs, FBP2 and FBP5.
The functional characterization of UNSHAVEN (UNS), a gene that is closely
related to the promoter of flowering SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS1 (SOC1) in Arabidopsis, is reported in Chapter 6. The differences
and similarities of the phenotypes obtained by overexpressing a full-length and a
truncated, non-functional protein confirmed a role for UNS in promoting the
transition from vegetative to reproductive growth. Colocalization experiments of
both proteins and interacting partners in Petunia protoplasts and the ectopic
expression of the truncated Petunia protein in Arabidopsis, also revealed that
some of the phenotypical alterations observed in the transgenic Petunia plants
were in fact due to a dominant-negative action of the protein and had nothing to
do with its native function.
MADS box proteins need to interact with each other in order to exert their
function as transcriptional activators, therefore, based on the results obtained by
the two-hybrid screening described in Chapter 3, we crossed some of our
8
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transgenic petunias, in order to obtain ectopic expression of two dimerization
partners in the same plant. Two combinations, 35S::FBP2/35S::FBP11 and
35S::FBP5/35S::FBP11, caused an arrest in seedling development at the
cotyledon-stage. On the basis of the results about the repression of the
Arabidopsis WUSCHEL (WUS) gene in the shoot apical meristem by the MADS
box gene AGAMOUS (AG) and our cytological and molecular analysis described
in Chapter 7, we propose that a protein complex containing FBP2 and FBP11
(acting like the Arabidopsis C-type gene AG) can repress the Petunia WUS
homologue TERMINATOR (TER).
A general discussion about the role of the MADS box transcription factors in
Petunia and in angiosperms in general, followed by the benefits and the
weakness of the strategies adopted for the functional analysis of newly isolated
genes, conclude this thesis.
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Conservation and diversity in flower land
Silvia Ferrario, Richard G.H. Immink, Gerco C. Angenent
Current Opinion in Plant Biology (2004) 7: 84-91

Chapter 2

During the past decade, enormous progress has been made in understanding
the molecular regulation of flower development. In particular, homeotic genes
that determine the identity of the floral organs have been characterised from
different flowering plants, revealing considerable conservation among
angiosperm species. On the other hand, evolutionary diversification has led to
enormous variation in flower morphology. Increasing numbers of reports have
described differences in the regulation, redundancy and function of homeotic
genes from various species. These fundamentals of floral organ specification are
therefore an ideal subject for comparative analyses of flower development,
which will lead to a better understanding of plant evolution, plant development
and the complexity of molecular mechanisms that control flower development
and morphology.
Abbreviations
AG, AGAMOUS; AP1, APETALA1; DEF, DEFICIENS; FAR, FARINELLI;
FBP1, FLORAL BINDING PROTEIN1; GGM2, Gnetum gnemon MADS2;
GLO, GLOBOSA; GP, GREEN PETAL; LIP1, LIPLESS1; PI, PISTILLATA;
PhTM6, Petunia hybrida tomato MADS6; PLE, PLENA; SEP, SEPALLATA;
SHP, SHATTERPROOF; spw1, superwoman1; STK, SEEDSTICK
INTRODUCTION
Flowers are undoubtedly one of the most successful products of plant
evolution: with nearly 250.000 living species, angiosperms have dominated the
world flora since their appearance in the early Cretaceous, about 130 million
years ago. Since Darwin addressed it as an ‘abominable mystery’ [1], the
explosive radiation and tremendous diversification of flowering plants has
puzzled scientists for more than a century. Studies on the gene functions and
interactions that underlie ontogeny continue to provide a great deal of
information towards understanding the molecular mechanisms through which
the diversity of flower morphologies has evolved. In particular, key regulators
such as transcription factors can both interest developmental biologists and fulfil
the demands of evolutionists. Among plant transcription factors, MADS box
proteins are major players in the control of flower architecture, flower induction
12
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and vegetative development. The genes that encode MADS box proteins are
therefore of great importance for both developmental and evolutionary studies
(see [2-4] for review). A wealth of information from distantly related
angiosperm species and recent advances in our understanding of the functions of
MADS box proteins has made these factors very attractive for comparative
studies. In this review, we highlight recent reports that shed new light on
conserved and diverged processes in flower development.
THE MAKING OF A FLOWER: GENETIC AND MOLECULAR
INTERACTIONS
The basic developmental programme that underlies flower ontogeny appears
to be quite conserved, although it has been extensively studied in only a handful
of plant species (see [5*, 6, 7] for review). Genetic and molecular analyses
carried out on several floral homeotic mutants of the eudicot species
Antirrhinum majus and Arabidopsis thaliana pointed to MADS box
transcription factors as key regulators of flower morphogenesis; and in 1991, a
genetic model was proposed that could account for the identity of the four
whorls of the typical eudicot flower [8]. Since then, the so called ABC model
has became the starting point for every study of floral formation and floral
patterning in angiosperms (Figure 1). In 1995, the D function was added to the
ABC model to specify the identity of ovules, which have subsequently been
regarded as separate organs [9]. In 2000, the E class genes entered the model as
cofactors responsible for the identity of the three inner whorls (Figure 2; [10,
11]).
Is A function conserved?
Although mutant phenotypes that were affected in sepal and petal identity
were among the first to be characterized in Arabidopsis (see [5*] for review), the
A function and its conservation among taxa remained ambiguous for a long
time. Until recently, Arabidopsis seemed to be the only species in which two
genes, APETALA1 (AP1) and AP2 (Figure 2), could be assigned to the A class,
although AP1 also functions as a floral meristem identity gene (see [3] for
review). In a recent study, however, Keck and colleagues [12**] revealed that
two closely related AP2-like genes in Antirrhinum, LIPLESS1 (LIP1) and LIP2,
13
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Figure 1*. The floral ‘ABC’.
(A) The letters A, B, C, D and E in the ‘ABC’ model stand for the overlapping
activities of five classes of regulatory genes, which are responsible for the identity of
the five floral organs: A for the sepals, A, B and E for the petals, B, C and E for the
stamens, C and E for the carpels and C, D and E for the ovules. Except for the A
function, which is carried out at least partially by members of the APETALA2
transcription factor family [65], all regulatory functions known to date are performed
by the MADS box family of transcription factors [65, 56]. Protein-protein interaction
studies have revealed that the MADS box transcription factors are active at the
molecular level in a combinatorial manner. It seems that higher-order complexes are
formed, consisting of two to four different family members [16*, 46, 47]. The ‘quartet
model’ was introduced in the basis of these findings [11]. This model predicts the
structure and composition of the active transcription-factor complexes that determine
the identity of the five floral whorls.

14
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(B) A schematic drawing of the putative quaternary complexes bound to a target
DNA sequence. The colours of the various proteins shown within the complexes
correspond to their functions in (A) the ABC model. The different class B proteins
form heterodimers, which are indicated by different shades of purple.
(C) The theoretical composition of the 5 ‘ABCDE mutants’. In the A mutant, the C
function takes over the A function in whorls 1 and 2; hence, carpels are produced in
whorl 1 and stamens in whorl 2. In the B mutant, the first two whorls consist of
sepals, and the third and fourth whorls of carpels. In the C mutant, unlike the A
mutant, the A function is active in all floral whorls. In the C mutant, therefore, petals
are formed in both whorl two and three and the flower becomes indeterminate,
resulting in an iteration of the floral programme and the production of a new floral bud
from the centre of the flower. In the D mutant, the ovules in the fifth whorl are
converted into carpeloid organs. Finally, in the E mutant, only sepals are produced
and, as in the C mutant, the flowers of E mutants become indeterminate and form a
new floral bud from the central meristematic region.

*Figure in colour in Appendix.
could account for the A function. Null mutations in both of these genes cause
alterations in the identity and development of floral organs, converting sepals
into leaf/bract-like organs and reducing the lip and palate regions of the petals.
This was, in fact, the first time that A-function genes have been identified in
species other than Arabidopsis, revealing some conservation in sepal and petal
developmental programmes. Unlike AP2, however, the LIP genes are not
required to repress C-class genes: expression of the C gene PLENA (PLE) is
restricted to whorls 3 and 4 in lip1 lip2 flowers, demonstrating that the cadastral
function that specifies where the C-gene is expressed is carried out by other
genes in Antirrhinum. These findings are in line with current thoughts on how
major evolutionary changes in the genetic basis of organ identity were
established by gene duplication and the separation of functions, phenomena that
now await further confirmation in other distantly related species.
B function and the origin of petals
The isolation and characterization of the two B-class genes from
Antirrhinum (DEFICIENS [DEF] and GLOBOSA [GLO]), their Arabidopsis
counterparts (AP3 and PISTILLATA [PI]), and the matching loss-of-function
phenotypes in both species (see [2, 3] for review) suggested the B-class function
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is highly conserved among eudicots. In petunia, however, gene duplication
events have generated at least four potential B-function genes: two GLO-like
genes, FLORAL BINDING PROTEIN1 (FBP1) and pMADS2 [13, 14], and two
DEF-like genes, GREEN PETAL (GP) and Petunia hybrida tomato MADS6
(PhTM6). Mutant studies have revealed that GP is necessary for the
specification of petals, the knockout of the GP gene resulted in the homeotic
conversion of petals into sepal-like organs [15]. It is therefore safe to speculate
that specific pairs of DEF/GLO-like proteins evolved after gene duplication in
petunia. These protein pairs might have been involved in the formation of
distinct multimeric protein complexes (see below and [16*]), and these
complexes might be recruited for different developmental programmes in
establishing floral organ identity.
The identification of floral homeotic genes, and their function and expression
patterns in species other than higher eudicots, provides a powerful tool for
testing the homology of floral organs among angiosperms. The isolation and
characterization of B-type genes from monocots and lower eudicots have been
particularly useful in recent years in attempts to solve the dispute about the
single or multiple origin of the perianth and the extent of conservation of the
ABC model. In the flowers of grasses such as maize and rice, the reproductive
organs, stamens and carpels, are enclosed by two bract-like structures, the palea
and lemma, and by specialized organs, the lodicules, whose homology with the
two outer whorls of the eudicot flower has long been debated. Extensive studies
of MADS box genes in maize and rice have revealed a high degree of
conservation of the B-function genes that specify the lodicules and stamens in
these grasses [2, 17-19]. In the rice superwoman1 (spw1) mutant, the lodicules
and stamens are homeotically transformed into palea-like organs and carpels,
respectively (Figure 2). The SPW1 gene was subsequently identified as the rice
homologue of DEF, OsMADS16 [20*]. These findings corroborate the
hypothesis that the involvement of B-function genes in specifying petals and
stamens predates the divergence of the monocot and eudicot lineages. Studies in
lower eudicots indicate, however, that the ABC programme might not have been
rigidly fixed during the early stages of angiosperm evolution, giving rise to the
morphological plasticity that can be seen in the flowers of basal eudicots [21-23,
24*]. A recent study focused on the characterization of AP3 and PI homologs in
16
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the Ranunculaceae, a family of lower eudicots that have a great variety of
perianth identities [24*]. Gene isolation and phylogenetic analyses revealed that
three different AP3 lineages were present in the common ancestor of the
Ranunculaceae, whereas paralogs in the PI lineage appeared later. Kramer and
colleagues [24*] speculated, on the basis of expression data, that these
duplications in the AP3 lineages may have contributed to the evolution of
separate petal identity programmes, and that distinct AP3/PI interactions occur
in the petal identity programmes of different species of the Ranunculaceae.
The DEF and GLO lineages themselves are thought to be paralogous gene
lineages that originate from a duplication event that predates the origin of
angiosperms [2, 25]. The dependance of the stability, function and
autoregulation of DEF and GLO on the formation of a heterodimer between the
two proteins [26] might be a relatively recent development in the evolution of
these lineages. Indeed, Winter and colleagues [27*] showed that Gnetum
gnemon MADS2 (GGM2), a putative B protein from the gymnosperm Gnetum
gnemon, forms homodimers and subsequently binds DNA; whereas B proteins
from the monocot lily (Lilium regale) can bind DNA as heterodimers as well as
homodimers. Winter and colleagues [27*] suggest that homodimerization is the
ancestral state within the B-protein clade, and that the facultative
heterodimerization observed in the monocot lily is an intermediate state on the
way to the obligate heterodimerization that typifies higher eudicots.
C and D function and redundancy in the reproductive organs
The identity of the reproductive organs, according to the ABC model, is
under the control of C-class genes (Figure 1). This has proven to be true in the
model species Arabidopsis and Antirrhinum, in which the C-function genes
AGAMOUS (AG) and PLE were identified in the early 1990s by analysing
mutants that had homeotic conversion of reproductive organs into perianth
organs and a loss of determinacy (see [2] for review). Further studies in these
and other species revealed, however, that the C function is often shared by two
or more closely related genes, and that partial redundancy in the control of
reproductive organ identity is common among angiosperms. In Antirrhinum, two
closely related genes PLE and FARINELLI (FAR), are partially redundant in
carrying out the C function (Figure 2; [28]). Duplications of members of the AG
clade have also been observed in species such as petunia, cucumber, gerbera and
17
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Figure 2*. Floral homeotic mutants in Angiosperms: wild type (wt) and mutant
flowers from four different angiosperm species. The effect of a single mutation in one
of the ABCDE genes is shown for each species. To the left of each picture is the
corresponding floral diagram that illustrates the number and type of organ in every
floral whorl. For the three eudicot species, sepals (whorl 1), petals (whorl 2), stamens
(whorl 3) and carpels (whorl 4) are depicted in dark green, red, yellow and light green
respectively. In the rice diagram the palea (pa; whorl 1), lemma (le; whorl 1) and
lodicules (lo; whorl 2) are indicated, stamens and carpels are shown in yellow and
light green. The ABCDE scheme depicted on the right includes the name of the
genes in each species that have been assigned to one of the classes by functional
analysis. Genes whose putative function has been inferred by sequence similarity,
expression pattern or dimerisation analysis are in parentheses. The function domains
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A, B, C, D and E, are indicated by the colours pink, purple, green, orange and yellow
respectively.
Arabidopsis: in the strong ap2 mutant depicted here, two sepals are converted into
carpels, petals are not present, two stamens remain in whorl 3, and in whorl 4, the
carpel is normal [66]. A dashed line in the corresponding diagram indicates the
organs that are missing in the mutant.
Rice: the palea and lemma have been removed in both the wildtype and mutant
pictures, to reveal the three inner whorls. In the wildtype, these whorls consist of two
lodicules , six stamens and one carpel with bifurcate stigma (sti), whereas in the
spw1 mutant, the lodicules and stamens are homeotically converted into palea-like
organs (pl) and carpels, respectively [7, 20*].
Antirrhinum: the first two whorls of the ple mutant flower are normal, the third whorl
consists of petaloid organs and, in the fourth whorl, sepaloid/petaloid/carpeloid
organs surround a new mutant flower. A complete conversion of the fourth whorl into
petals, surrounding further spirally arranged petals, occurs only in the ple far double
mutant [6, 28].
Petunia: the wildtype and mutant ovaries (ovary wall removed) have ovules (o; whorl
5) and carpel-like organs, respectively, as indicated in the corresponding diagrams
depicting a cross section of wildtype and mutant ovaries. The D mutant of petunia
(labelled ‘fbp11’) is obtained by cosuppression of the FBP11 gene, which also
causes the downregulation of the FBP7 gene [35].
In the petunia E mutant, all the floral whorls are converted into sepal-like organs and
a new mutant inflorescence arises from the centre of the flower. This mutant (labelled
‘fbp2’) is obtained by cosuppression of the FBP2 gene, and at least one other gene
(FBP5) is downregulated in the transgenic plant [16*, 44]. A very similar, although
less severe, phenotype has been recently obtained by simultaneous knock out of
FBP2 and FBP5, indicating that yet one or more additional genes contribute to the E
function in petunia [67].
br, bracts, eg, empty glumes; br: bract; OsM, Oryza sativa MADS; p: placenta; pM,
petunia MADS.
*Figure in colour in Appendix.

in a monocot, maize [29-33]. A complete picture of the C function and of the
functional relationships among the AG clade in controlling carpel development
has recently been revealed for Arabidopsis. By analysing double, triple and
quadruple mutants, Pinyopich and colleagues [34**] were able to show the
redundant roles of AG and the SHATTERPROOF (SHP) genes in controlling
carpel development. SHP1 and SHP2 also share a function in ovule development
19

Chapter 2
with SEEDSTICK (STK), a gene that is required to control the growth of the
funiculus and for seed abscission. In shp1 shp2 stk triple mutants, ovule and
seed development are disrupted and some of the ovules are converted into leaflike or carpel-like structures. This feature had been described previously in
petunia flowers, in which the activities of two closely related genes, FBP7 and
FBP11, were simultaneously removed (Figure 2; [35]). Furthermore, ectopic
ovule formation in whorls 1 and 2 was induced in petunia by FBP11
overexpression (as well as in Arabidopsis by STK overexpression [36]). This
evidence indicates that the activity of FBP11 or STK, the so-called D activity, is
necessary to determine the identity of ovules, which have since been regarded as
separate floral organs [9].
The Arabidopsis genes AG, SHP1, SHP2 and STK are all members of a
monophyletic clade, which most probably originated after duplication from a
common ancestral gene. Although they have evolved specific functions, their
proteins still retain redundant activities and differences in their present functions
are probably due to differences in their expression patterns.
It is becoming more and more clear that duplication of floral homeotic genes,
followed by the modification in their expression patterns, may have played a
crucial role in diversifying the function of these genes and, more broadly, in the
evolution of flowers.
E function and multimeric complex formation
Biochemical and yeast-two-hybrid studies have shown that MADS box
proteins form specific homo- and heterodimers, and that these protein-protein
interactions are essential for DNA binding [37-41]. This capacity for
dimerization appeares to be conserved evolutionarily, as has been shown by
heterologous two-hybrid experiments using MADS box proteins of the same
subfamilies but from different species (e.g. Arabidopsis-petunia [38]; ricepetunia [42]). In higher plants, however, dimers alone cannot account for the
floral-organ-identity functions postulated in the early ABC model. Floral organs
are not formed outside the flower when B- or C-function MADS box genes are
ectopically expressed, indicating that additional factors are required for the
floral-organ-identity functions [43]. FBP2 in petunia [16*, 44], TM5 in tomato
[45] and the SEPALLATA (SEP) MADS box genes in Arabidopsis [10, 46] are
involved in the development of petals, stamens and carpels, and appear to be the
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missing cofactors. In line with the ABC nomenclature, this new class of floralorgan-identity genes were termed ‘E-function’ genes [11]. A breakthrough in
our understanding of how these MADS box factors co-operate at the molecular
level came from the finding that a ternary complex could be formed in yeast
among the Antirrhinum DEF-GLO heterodimer and the product of the meristem
identity gene SQUAMOSA [47]. Similar higher-order complexes between the
Arabidopsis B-class heterodimer and combinations of A-, C- and E-class
proteins have been identified [46]. On the basis of these findings, the ‘Quartet
model’ for the function of MADS box transcription factor was proposed (Figure
1; [11]).
Deletion studies showed that the carboxy-terminal domain of MADS box
proteins is a key determinant in the formation of specific higher-order complex
[47]. The carboxyl terminus of MADS box proteins is their most variable
domain, but highly conserved short motifs are found in this region that
distinguish the various MADS box protein sub-families. Recently, a thorough
analysis of carboxyl termini from the Arabidopsis B-type proteins AP3 and PI
revealed an important role of these conserved motifs in specifying function: the
carboxy-terminal AP3 motif is sufficient to confer AP3 function upon the PI
protein [48**]. Furthermore, a strong correlation was found between gene
duplications in the B-type lineage that were followed by the appearance of the
carboxy-terminal euAP3 motif and the development of distinct perianth organs.
Taken together, this evidence led to the hypothesis that duplication events in
MADS box genes, followed by changes in the carboxy-terminal domain gave
rise to novel gene functions that are driven by the formation of altered higherorder complexes. This hypothesis is strengthened by the fact that small
differences in multimeric complex formation were observed for the redundant
petunia E-class proteins FBP2 and FBP5 and for three potential B-function
proteins [16*]. Recent work from Vandenbussche and co-workers [49**] shows
nicely that the conserved carboxy-terminal motifs may have originated from
frameshift mutations in the accompanying genes that were generated during
evolution. In conclusion, these new insights point towards an important role for
gene duplications and for the subsequent co-evolution of the encoded MADS
box proteins that act in specific higher-order transcription factor complexes.
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Conclusions and perspectives: gene-function comparison
Homeotic genes that specify the identity of floral organs in a diverse range of
angiosperms are attractive factors for comparative studies because they are part
of highly conserved mechanisms for the establishment of floral organs (see
Figure 2), albeit they have also diverged with respect to molecular regulation,
redundancy, and the formation of protein complexes. Classically, species were
compared at the level of morphology and ontogeny, whereas more recent studies
have focused on comparing sequences from a number of candidate genes that
are involved in a particular pathway [50*, 51*, 52]. The completion of the
Arabidopsis and rice genomes sequences [51*, 53, 54] has provided insight into
the conservation and diversity of gene sequences. The ongoing genomics
projects on flower development, including those on important model species
such as Medicago and model tree species which will allow more elaborate
comparisons of gene sequences of flowering plants [55-61]. More advanced
approaches are needed, however, for comparisons of gene function and to
determine how gene function relates to morphological variation. Comparison of
protein structures for the ability to form protein complexes may provide
valuable contributions to the comparative biology of floral development [16*,
38, 48**, 62]. It is obvious that a single model species, such as Arabidopsis, will
not provide answers to as how angiosperm diversity has evolved. Nevertheless,
it can be used as a reference organism, allowing the large collections of
available Arabidopsis mutants [63*, 64] to be used as attractive tools for the
analysis of heterologous gene functions. This strategy, which is based on the
ability of a heterologous gene to complement an Arabidopsis mutant, will
confirm and refine our insights into the conservation of gene function among
flowering plants. These functional approaches and others under development
will help us to unravel the underlying evolutionary mechanism that has led to
the diversity among flowering species.
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ABSTRACT
Transcription factors are key regulators of plant development. One of the
major groups of transcription factors is the MADS box family, of which at least
80 members are encoded in the Arabidopsis genome. In this study, 23 members
of the petunia MADS box transcription factor family were investigated by
Northern hybridisation, phylogenetic and yeast two-hybrid analyses. Many of
the genes characterised appeared to have one or more close relatives that shared
similar expression patterns. Comparison of the binding interactions of these
proteins revealed that some show similar interaction patterns, and hence are
likely to be functionally redundant. From an evolutionary point of view, their
coding genes are probably derived from a recent duplication event. Furthermore,
protein-protein interaction patterns, in combination with expression patterns and
phylogenetic classification, appear to offer good criteria for the identification of
functional homologues. Based on comparison of such data between petunia and
Arabidopsis, functions can be predicted for several MADS box transcription
factors in both species.
Keywords MADS box transcription factor • Petunia • Protein-protein
interactions • Plant development • Functional redundancy
INTRODUCTION
Genes for transcription factors are abundantly present in genomes and many
have important regulatory functions in development. In Arabidopsis thaliana,
over 5% of the annotated genes in the genome code for such proteins, which can
be divided into at least 20 different families based on common conserved
functional domains (Riechmann et al., 2000). One of the major classes of
transcription factors is the MADS box family, members of which can be found
in a diverse range of eukaryotic organisms, from yeast and plants to insects and
mammals (Becker et al., 2000).The Arabidopsis MADS box family consists of
at least 80 different members (The Arabidopsis Genome Initiative, 2000;
Riechmann et al., 2000), which all share the N-terminally located MADS
domain. The MADS domain is thought to be involved in DNA binding and
dimerisation (Riechmann et al., 1996a) and comparison of all known MADS
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domain sequences has resulted in the subdivision of the family into two distinct
classes. Proteins of the type I lineage are more closely related to animal SRFlike MADS box proteins, while the better studied type II proteins share
homology with MEF2-like MADS box proteins (Alvarez-Buylla et al., 2000).
Proteins of the type II lineage almost all have a second, moderately conserved,
domain in addition to the MADS box, which is called the K-box, after its
homology to the coiled-coil structure of keratin (Ma et al., 1991).The K-box is
found in plant MADS box proteins only, and it is a key determinant of
dimerisation specificity in conjunction with the intervening region (I-region),
which separates it from the MADS box (Davies et al., 1996; Fan et al., 1997).
The C-terminal segment of plant MADS box proteins is the least conserved
domain, and little is known about its function. For the C-terminal region of the
Arabidopsis protein APETALA1 (AP1) and the SEPALLATA proteins (SEP1,
SEP2 and SEP3), a transcriptional activation function has been demonstrated in
transient assays (Goto et al., 2001), and Egea-Cortines et al. (1999) have shown
that the C-termini of the Antirrhinum proteins DEFICIENS (DEF), GLOBOSA
(GLO) and SQUAMOSA (SQUA) are involved in ternary complex formation.
The first MADS box genes to be isolated from plants were DEF from
Antirrhinum (Schwarz-Sommer et al., 1990; Sommer et al., 1990) and
AGAMOUS (AG) from Arabidopsis (Yanofsky et al., 1990), both of which
function as homeotic selectors of floral organ identity. Subsequent detailed
genetic and molecular analyses of floral development led to the establishment of
the well known ABC model (Coen and Meyerowitz, 1991), in which the A
function specifies sepals, A and B petals, B together with C stamens, and the C
function alone carpels. Molecular analyses demonstrated that all three functions
are encoded by MADS box genes, with the exception of APETALA2 from
Arabidopsis (Jofuku et al., 1994).In the years following their discovery, MADS
box genes were isolated from numerous and distantly related plant species, and
revealed a more complex regulation of floral organ identity (Huijser et al., 1992;
Tröbner et al., 1992; Davies et al., 1999; Kramer and Irish, 2000; Tzeng and
Yang, 2001). In petunia, for instance, the B-function is differently regulated. A
mutation in pMADS1, which shares a similar sequence and expression pattern
with DEF and the Arabidopsis gene APETALA3, causes homeotic conversion in
whorl two only (Angenent et al., 1992; van der Krol et al., 1993; Tsuchimoto et
al., 2000). Furthermore, analysis of two very closely related MADS box genes
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of Petunia hybrida, FLORAL BINDING PROTEIN7 (FBP7) and FBP11,
resulted in the addition of a D function to the ABC model; the D function
controls ovule formation (Colombo et al., 1995). Meanwhile, the isolation and
functional analysis of MADS box genes that, based on their expression patterns,
did not fit into the ABC model, revealed regulatory functions for MADS box
genes in many other processes throughout plant development. Examples include
fruit formation (Mandel and Yanofsky, 1995a; Flanagan et al., 1996), the control
of root architecture (Zhang and Forde, 1998), the switch from the vegetative to
the generative stage (Immink et al., 1999), seedpod dehiscence (Liljegren et al.,
2000), abscission (Mao et al., 2000), the regulation of flowering time (Michaels
and Amasino, 1999; Sheldon et al., 1999; Samach et al., 2000; Hartmann et al.,
2000; Ratcliﬀe et al., 2001) and fruit ripening (Vrebalov et al., 2002).
First insights into the molecular action of plant MADS box proteins came
from in vitro DNA binding assays (Schwarz-Sommer et al., 1992), domainswapping experiments (Krizek and Meyerowitz, 1996a) and in-vitro
immunoprecipitation experiments (Riechmann et al., 1996a), which indicated
that MADS box proteins are able to dimerise and that dimerisation is essential
for binding to specific target DNA sequences. Later, the yeast two-hybrid
system was used to determine the interaction patterns of plant MADS box
proteins, and specific homo-and heterodimerisation was demonstrated for a few
MADS box proteins from various species (Davies et al., 1996; 1999; Fan et al.,
1997; Moon et al., 1999a; 1999b; Pelaz et al., 2001; Immink et al., 2002).
Recently, Egea-Cortines et al. (1999) provided evidence that MADS box factors
from Antirrhinum form higher-order complexes, and they suggested an in vivo
function for these ternary complexes. Compelling support for this hypothesis has
come from the work of Honma and Goto (2001), who proved that a ternary
complex is indeed necessary for the action of MADS box genes in specifying
flower organ identity. Based on these results, a new class of genes was
introduced into the ABCD model; these are referred to as ‘Identity mediating’
(Im) or E function genes (Egea-Cortines and Davies, 2000; Theissen, 2001). The
E function genes specify the identity of the inner three floral whorls in a
combinatorial manner together with B and C class genes. Actually, the first
members of this new class of genes that were functionally characterized were
FBP2 from petunia (Angenent et al., 1994) and TM5 from tomato (Pnueli et
al.1994).
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Our current knowledge of the MADS box transcription factor family in
plants has emerged from research on various species. In this respect, the
comprehensive study of 23 members of the MADS box gene family in petunia
presented here should enhance our knowledge of the MADS box transcription
factor family and of plant development in this and other species. Recent studies
have demonstrated that protein-protein interactions and complex formation are
the basis of MADS box transcription factor function. Therefore, in addition to
phylogenetic and expression analyses, yeast two-hybrid experiments were
performed to obtain insight into the interactions of MADS box proteins.
Similarities and differences between the results obtained in this study and data
available from other model species will be discussed.
RESULTS
Isolation of new petunia MADS box genes
Full-length cDNA clones, corresponding to the petunia MADS box genes
FLORAL BINDING PROTEIN4 (FBP4), FBP13, FBP20 (UNSHAVEN; Ferrario
et al., 2004a), FBP21, FBP22, FBP23, FBP26, FBP28 and FBP29, were
isolated by screening a cDNA library derived from young inflorescences. This
plant material included bracts, young leaves and floral buds. Screening was
performed at low stringency using a mixture of the MADS box regions of FBP1
(Angenent et al., 1992), a petunia class B gene, and FBP2 (Angenent et al.,
1992), which is homologous to Arabidopsis SEPALLATA3 (SEP3), as the probe.
Only petunia MADS box genes belonging to the type II lineage were isolated,
indicating that the hybridisation conditions used were not suitable for identifying
type I MADS box genes or, alternatively, that type I MADS box genes are very
poorly expressed and therefore under-represented in the cDNA libraries
screened.
The phylogenetic tree shown in Figure 1 was generated using protein
sequences that encompass the MADS box, the I region and the K box of all
known petunia MADS box proteins, some Arabidopsis lineage II proteins, and
the type I proteins AGL29, AGL30 and AGL33 (Alvarez-Buylla et al.,
2000).The organization of the tree in clades is consistent with previous
phylogenetic trees (Purugganan et al., 1995; Theissen et al., 1996; Alvarez-
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Figure 1. Phylogenetic tree of petunia and Arabidopsis type II lineage MADS box
proteins. The MADS box, I-region and K box were used for the alignment. A
bootstrap analysis was carried out with 100 data sets, to assess the robustness of
the branches. The numbers above each branch indicate the number of times each
branch was found in 100 bootstrap replicas; branches with bootstrap values lower
than 50 were collapsed. All petunia MADS box proteins are indicated in bold. The
representative Arabidopsis protein for each clade is given in italics. The vertical lines
next to the gene names illustrate putative functionally redundant proteins.
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Buylla et al., 2000), while the addition of 23 petunia sequences strengthens the
branches of most of the subfamilies in which they are present.
Expression analyses
Expression patterns of the petunia MADS box genes were determined by
Northern hybridisation analyses using total RNA isolated from roots, seedlings,
stems, leaves, bracts, sepals, petals, stamens, pistils, seeds and seedpods of wild
type petunia plants (line W115). The organs were dissected from mature
flowers, and the seeds and seedpods (without seeds) were isolated 10 days after
pollination of the pistils. For some genes, in situ hybridisation experiments were
done to determine the expression pattern in ovules. The results of these
experiments are shown in a schematic diagram in Figure 2. The genes are
displayed in the same sequence as in the phylogenetic tree, demonstrating that
genes belonging to the same subfamily share not only sequence similarity but
also have related expression patterns. This is most apparent for the homeotic
genes of classes B and C, which have very specific and restricted expression
domains, but it is also evident for genes belonging to the SOC1 subfamily,
which are mainly expressed in the vegetative tissues of the plant.
Sequence similarities and comparable expression patterns are parameters
often used to predict functional redundancy within a species and for the
identification of homologues with equivalent functions from different species.
However, for large gene families such as the MADS box family other aspects
have to be taken into account before a reliable prediction of redundancy and
functional homology can be made. In the case of MADS box proteins, the
comparison of interaction patterns can provide additional clues to functional
similarities among related proteins.
Determination of interaction patterns
To analyse the interaction patterns of the MADS box proteins from petunia,
cDNA expression libraries were initially screened in the yeast GAL4 two-hybrid
system (Fields and Song, 1989). FBP2 (Angenent et al., 1994), FBP4, FBP7 and
FBP11 (Angenent et al., 1995), PETUNIA FLOWERING GENE (PFG, Immink
et al., 1999) and UNSHAVEN (UNS, Ferrario et al., 2004a) were selected as
bait proteins, and tested for their ability to activate yeast reporter genes in the
absence of the GAL4 activation domain. Both FBP2 and FBP4 appeared to
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Figure 2*. Schematic representation of the expression patterns of MADS box
transcription factors in petunia, based on Northern analyses. Relative expression
levels in the various tissues are grouped into three different categories for each gene
by the size of the boxes. Genes are listed in the same order as in the phylogenetic
tree. For the FBP25 blot poly(A)+ RNA was used instead of total RNA; asterisks
indicate that expression levels were not determined. The ovule expression data were
obtained by in situ hybridisation (not shown).

*Figure in colour in Appendix.
provide auto-activation of yeast reporter genes, and hence could not be used as
full-length bait proteins. The transcriptional activation domain of plant MADS
box proteins is thought to be located in the C-terminal region (Riechmann and
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Meyerowitz, 1997; Cho et al., 1999) and, therefore, this domain was deleted
from both proteins; this indeed appeared to be sufficient to abolish autoactivation. Subsequently, cDNA expression libraries derived from
inflorescences and floral tissues were screened with the truncated FBP2 and
FBP4 proteins, and the other full-length baits that did not show auto-activation
activity. With the exception of the screen with the truncated FBP4 bait, which
yielded no positives, all screens resulted in the identification of a few other
MADS box proteins as heterodimerisation partners (Table 1). Remarkably, only
other MADS box proteins were identified as interactors and, furthermore,
truncated clones were isolated frequently. In general, screening of libraries in
the yeast GAL4 two-hybrid system appeared to be labor intensive and less
suitable for use with MADS box transcription factors due to auto-activation of
reporter genes by intrinsic transcription activation domains. Therefore, in a
subsequent experiment, the dimerisation patterns of petunia MADS box proteins
were studied in a direct screen with full-length proteins. For this purpose, the
CytoTrap yeast two-hybrid system was used. This is a cytoplasmic system in
which the identification of protein-protein interactions is not based on
transcriptional activation (Aronheim et al., 1997).
Twenty-three full-length MADS box genes from petunia were cloned
individually into the CytoTrap vectors pSOSnes and pMYR, and transformed
into yeast cdc25H strains of mating types a and α respectively. All possible
double combinations were generated by mating, and the diploids were tested for
the ability to grow under selective conditions. To ensure that the results were
reproducible, mating and screening were repeated three times with independent
colonies obtained from each transformation. This number of repetitions was
necessary because of the high percentage of revertants. The results of this
analysis are summarized in Figure 3. Two proteins were able to homodimerise
in yeast and only FBP25 and PhTM6 failed to interact with any of the 23 MADS
box proteins analysed. Surprisingly, both PhTM6 and FBP25 resulted in autoactivation in the CytoTrap system, when expressed as SOSnes fusion proteins.
These proteins may have intrinsic membrane-binding capacity, allowing the bait
protein to be anchored to the membrane in the absence of an interaction with the
MYR prey protein. Comparison of the two yeast systems reveals that the
CytoTrap data largely agree with those obtained in the GAL4 system.
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Bait protein
FBP2∆C

FBP4∆C
FBP7

FBP11

PFG
UNS

Interactors
FBP7 (2)
FBP11 (2)
UNS∆77 (3)
FBP28∆114 (3)
FBP29∆73 (2)
FBP2 (2)
FBP5 (3)
FBP9 (2)
FBP2 (4)
FBP5 (4)
FBP9 (3)
FBP4 (2)
UNS∆77 (3)
FBP2 (2)
FBP5 (2)
FBP25 (1)

Table 1. Overview of interactions between MADS box proteins identified in the GAL4
yeast two-hybrid system.
Truncated proteins are indicated by “∆”, followed by a number which indicates the
number of amino acid residues that had been removed from the N-terminus of the
interacting protein. All other interactors were full-length. The number of times each
interacting protein was identified is given in parentheses.

DISCUSSION
In this study members of the MADS box family of transcription factors from
the solanaceous species Petunia hybrida have been studied. We estimate that the
total number of type II MADS box genes in the genome of P. hybrida is roughly
60. This is based on the total number of type II MADS box genes present in the
Arabidopsis genome (approximately 40; The Arabidopsis Genome initiative,
2000) and the many pairs of petunia MADS box genes isolated, which are most
probably derived from recent duplications. The expression patterns of 23
members of this family were determined by Northern hybridisation analyses,
and their dimerisation patterns were investigated by two-hybrid analyses in
yeast. Recently, we demonstrated the reliability of this type of experiment for
the identification of protein-protein interactions between MADS box
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transcription factors (Immink et al., 2002). Comparison of the data obtained in
this study with available genetic information from species such as Arabidopsis
enables reliable predictions of functionally redundant proteins in petunia and
orthologues in other species. However, further functional characterisation will
be required to confirm these predictions.
Correlations between expression and interaction patterns
Expression patterns provide initial hints to possible functions of the
corresponding genes. The petunia MADS box genes analysed here are expressed
throughout plant development in virtually all tissues and organs. Some genes,
such as the class B MADS box genes FBP1, pMADS2 and pMADS1 (Angenent
et al., 1993; van der Krol et al., 1993), appeared to have a very narrow
expression profile, while others are expressed in almost all organs at different
stages of plant development, like PFG and FBP9. It seems that MADS box
proteins with overlapping expression patterns are preferred as interaction
partners relative to MADS box proteins that are not co-expressed. Recently, Ge
et al., (2001) compared the transcriptome and interactome mapping data from
yeast, and their results corroborated the hypothesis that dimerisation capability
is tightly correlated with co-expression of the proteins in vivo. Nevertheless,
interactions were identified between MADS box proteins that, according to our
Northern hybridisation analyses, re not expressed in the same tissues, suggesting
that they have no biological function. An example is the interaction between
FBP5, which is expressed in the three inner whorls of the flower, and FBP13,
which is expressed in vegetative tissues only. However, in spite of the apparent
lack of overlap in expression pattern as determined by Northern analyses, the
possibility cannot be ruled out that the genes concerned are co-expressed in a
very restricted area or cell type or under specific conditions.
Functional redundancy among plant MADS box proteins
MADS box genes that are very similar in sequence and appear as pairs in the
phylogenetic tree often share the same expression pattern, suggesting that these
genes are derived from recent duplications. Examples are FBP7/FBP11
(Angenent et al., 1995), FBP6/pMADS3 (Kater et al., 1998) and FBP2/FBP5
(Angenent et al., 1994; Ferrario et al., 2003), and functional analyses of a
number of these pairs indicate that they are functionally indistinguishable. These
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Figure 3. Interactions of petunia MADS box proteins identified in the CytoTrap yeast
two-hybrid system. MADS box proteins expressed from pSOSnes are presented
horizontally (bait proteins) and MADS box proteins expressed from pMYR vertically
(prey proteins). Black indicates positive reciprocal interactions, grey, positive in one
direction.
FBP, FLORAL BINDING PROTEIN, PFG, PETUNIA FLOWERING GENE, pMADS,
petunia MADS box, UNS, UNSHAVEN.

duplicates are not a result of the hybrid nature of the modern P. hybrida
varieties, because the gene pairs already existed in their ancestors (Angenent et
al., 1995; Kater et al.1998), suggesting that they are derived from more ancient
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duplications. In Arabidopsis approximately 50%of the MADS box genes appear
to have a close homologue in the genome (Riechmann et al., 2000). Mutational
analyses of a few of the closely related Arabidopsis MADS box genes have
demonstrated the existence of functional redundancy among them (reviewed by
Smyth, 2000). These results, in combination with the findings in petunia
presented here, suggest that functional redundancy is a common phenomenon
among members of the MADS box family of transcription factors. A striking
example in Arabidopsis is the SEPALLATA family, consisting of SEPALLATA1
(SEP1 = AGL2), SEP2 (AGL4) and SEP3 (AGL9), which were identified based
on sequence homology. In this case, only the triple mutant showed the sepallata
phenotype (Pelaz et al., 2000), clearly demonstrating functional redundancy
among the three genes. Evolutionarily, the three SEP genes are most probably
derived from a recent gene duplication and, therefore, can be designated as
young paralogues. In theory, duplicated genes are initially completely identical
and have the same functions. Subsequently, divergence may lead to the
acquisition of additional functions or (partial) loss of the original gene function
in one of the pair. In both cases it is possible that the gene copies may still be
very similar in sequence. Therefore, a high percentage of sequence similarity
does not necessarily imply functional redundancy. For instance, functional
characterisation of the Antirrhinum genes PLENA (PLE) and FARINELLI
(FAR), two closely related MADS box genes, has revealed that they cannot
substitute for one another functionally (Davies et al., 1999). Comparison of the
expression patterns of PLE and FAR revealed some differences and, in addition,
small differences in interaction patterns were found for their protein products.
Because proteins with the same function should have the same interaction
partners, the identification of protein-protein interactions provides a valuable
additional tool with which to identify functional redundancy among MADS box
proteins. Therefore, the petunia MADS box family was also analysed on the
basis of this parameter. The results obtained with the yeast GAL4 two-hybrid
system show that the two highly homologous ovule-specific MADS box proteins
FBP7 and FBP11 (Angenent et al.1995) have identical interaction partners,
which is in agreement with their common function. The same holds for FBP2
and FBP5, both of which are homologous to the Arabidopsis SEP3 protein
(Pelaz et al., 2000; Ferrario et al., 2003). Putatively redundant MADS box genes
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Petunia
FBP1
pMADS2
pMADS1
FBP2
FBP5
FBP6
pMADS3
FBP7
FBP11
PFG

Arabidopsis
PISTILLATA
PISTILLATA
APETALA3
SEPALLATA3
SEPALLATA3
AGAMOUS
AGAMOUS
AGL11
AGL11
FUL?

UNS

SOC1

Functiona
B-type
B-type
B-type
E-type or IM-function
E-type or IM-function
C-type
C-type
D-type
D-type
Switch from vegetative to
generative development
Promotion of flowering

Table 2. Prediction of functional homologues of Petunia MADS box genes in
Arabidopsis, based on phylogenetic analyses, expression patterns and interaction
partners.
a
B, C, D and E function was assigned according to Theissen (2001); IM, Identity
Mediating.

predicted based on phylogenetic analysis, expression pattern and common
interaction patterns are marked with a bar in Figure 1.
Clear differences in interaction patterns, on the other hand, may provide
clues to functional differences between closely related MADS box genes. For
example, the two MADS box genes PFG and FBP26, which share 73% identity
at the DNA level (84% at protein level), are both down-regulated in the pfg
cosuppression mutant (Immink et al., 1999). Based on this observation it could
be concluded either that the two genes are redundant and down regulated by
cosuppression, or that FBP26 is a target of PFG. The two-hybrid results
presented here, however, demonstrate that the proteins have different interaction
partners. In combination with the differences observed in their expression
patterns, the data demonstrate that PFG and FBP26 are not fully functionally
redundant.
Identification of functional homologues
Phylogenetic analyses, comparison of expression patterns and identification
of protein-protein interaction patterns allow a reliable prediction of functional
homologues of petunia MADS box genes in other species and vice versa. In
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Table 2 an overview is given of petunia MADS box genes and their putative
counterparts in Arabidopsis.
Mutational analyses performed in the past on the petunia gene FBP1
(Angenent et al., 1993) and the Arabidopsis gene PISTILLATA (Bowman et al.,
1989) confirm the reliability of the classification in Table 2. Based on this
classification, AGL11 is assumed to be the functional homologue of the petunia
D-type genes FBP7 and FBP11 in Arabidopsis (Angenent et al., 1995), although
information about the function of AGL11 is still pending. Similarly, UNS is
classified as the putative petunia homologue of the Arabidopsis SOC1 gene
(Samach et al.2000; Ferrario et al., 2004a). Functional classification of MADS
box genes based on the above-mentioned criteria is, however, limited due to our
lack of knowledge about MADS box protein-protein interactions in other
species. Nevertheless, it is expected that yeast two-and three-hybrid analyses,
which are in progress in large-scale functional genomics programmes, will yield
this information for a number of species soon. In combination with the
functional characterisation of these genes in Arabidopsis using loss-and gain-offunction mutants, this knowledge will provide a good starting point for
predicting the roles of MADS box genes in other species, including petunia.
MATERIALS AND METHODS
Screening of cDNA libraries and DNA sequence analysis
Full-length cDNA clones for FBP4, UNS, FBP21, FBP22, FBP23, FBP26,
FBP28 and FBP29 were isolated from a cDNA library constructed with RNA
from young-inflorescences in the hybriZAP vector (Stratagene). FBP5, FBP9
and FBP13 were obtained from a pistil cDNA library inserted in the
lambdaZAPII vector (Stratagene). Approximately 100,000 plaques from both
libraries were screened with a mixed MADS box probe consisting of the 5’
terminal sequences of the FBP1 (362 bp) and FBP2 (364 bp) genes (Angenent et
al., 1992). Hybridisation and washing of the Hybond N+ membranes
(Amersham) were done under low-stringency conditions [hybridisation at 55°C
and washing with 2XSSC (1XSSC is 0.15M NaCl, 0.015M sodium citrate) at
55°C].
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The positive clones were isolated and purified, the phagemids pBluescript
SK- and pAD-GAL4 were excised in vivo according to the Stratagene protocol,
and the inserts were sequenced (BigDye sequencing kit; Applied Biosystems).
Nucleotide and amino acid sequence comparisons were performed using the
ClustalW multiple sequence alignment program (Thompson et al., 1994). Amino
acid sequence alignments including the MADS box, the I region and the K box,
were used to obtain a phylogenetic tree with the Protdist (which uses the
Dayhoff PAM matrix as a distance matrix) and neighbour-joining (UPGMA
method) programs in the PHYLIP 3.5c package (provided by J.Felsenstein,
Department of Genetics, University of Washington, Seattle, Wash.).
The Accession Nos. of the new petunia MADS box genes are as follows:
FLORAL BINDING PROTEIN4 (FBP4), AF335234; FBP13, AF335237;
UNSHAVEN (UNS, FBP20), AF335238; FBP21, AF335239; FBP22,
AF335240; FBP23, AF335241; FBP25, AF335243; FBP28, AF335244; and
FBP29, AF335245.
Northern analysis
Total RNA was isolated from roots, seedlings, stems, leaves, bracts, sepals,
petals, stamens, pistils, ovules, seeds and seedpods of wild-type W115 petunia
plants according to Verwoerd et al., (1989). Aliquots (10µl of each RNA
sample, denatured with 1.5M glyoxal, were fractionated on a 1.4% agarose gel
and blotted onto a Hybond N+ membrane. For the FBP25 blot poly(A)+ RNA
was isolated by affinity chromatography, and further processed as described
above. Gene-specific fragments of all the genes tested were used as probes for
hybridisation. The probes were labeled by random oligonucleotide priming
(Feinberg and Vogelstein, 1984) and blots were hybridised as described by
Angenent et al. (1992).
The GAL4 yeast two-hybrid system
The ORFs of FBP2, FBP4, FBP7, FBP11, PFG and UNS were generated by
PCR with gene-specific primers (Isogen). Restriction enzyme sites (5’ EcoRI
and 3’ SalI sites) were introduced by the gene-specific primers for in-frame
cloning in the bait vector (pBD- GAL4). To obtain FBP4∆C a second 3’-primer
was designed for this gene, annealing 87nt upstream of the stop codon of the
FBP4 cDNA sequence and removing the C-terminal amino acid residues. A new
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stop codon and a 3’-SalI site were introduced as described above. All PCR
products were subcloned in pGEM-T-easy (Promega). EcoRI-SalI MADS box
gene fragments were obtained by rerstriction enzyme digestion, and
subsequently ligated into the pBD-GAL4 bait vector. pBDGAL4-FBP2∆C was
obtained by digestion of pBDGAL4-FBP2 with PstI, which removes from FBP2
the DNA sequence coding for the last 59 C-terminal amino acids. All constructs
were verified by sequencing (BigDye sequencing kit, Applied Biosystems).
The yeast strain PJ69-4A (James et al., 1996) was transformed with the bait
plasmids according the Clontech Yeast Protocols Handbook (Protocol
No.PT3024-1). Yeast colonies were checked for auto-activation of the yeast
reporter genes. Both FBP2 and FBP4 were found to auto-activate. Therefore, Cterminally truncated versions of these two baits were used for all further
analyses. Subsequently, yeast cells containing the bait constructs were
transformed with “inflorescence” (for FBP2∆C, FBP4∆C, PFG and FBP20) or
“ovary“ (for FBP2∆C, FBP7 and FBP11) phagemid library DNA, according the
Clontech protocol. At least 1X106 transformants were generated for the
individual baits. Transformants were screened for activation of reporter genes,
and hence for protein-protein interaction events, according to the Clontech
manual (Catalogue No.235601). Clones that were positive for activation of all
three yeast reporter genes were analysed further, and plasmid DNA was isolated
and transformed into E. coli. Finally, all positive clones were sequenced to
identify the cDNA-insert sequences.
The CytoTrap yeast two-hybrid system
The CytoTrap vector kit from Stratagene (Catalogue No.217438) was also
used for two-hybrid screening.Instead of the enclosed pSOS vector, pSOSnes
was used; this plasmid contains a nuclear export signal (nes) fused in-frame
between the SOS coding region and the Multiple Cloning Site (MCS).This
vector and the yeast cdc25 H MAT a strain were also obtained from Stratagene.
The petunia MADS box cDNAs were cloned in the pMYR and pSOSnes
vectors, as described above for the construction of the bait vector for the GAL4
system. For in-frame cloning in pMYR EcoRI and SalI recognition sites were
used, and for pSOS-NES, BamHI and SalI sites were introduced. All constructs
were verified by sequencing.
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All petunia MADS box gene constructs in pMYR-were transferred into the
yeast strain cdc25H MAT a and all constructs in pSOSnes were transformed into
cdc25H MAT α cells, according to the procedure outlined in the CytoTrap
manual. For mating two colonies of each single transformant were taken from
fresh plates and inoculated into 0.5 ml of YPAD (Stratagene Manual,Catalogue
No.217438). Subsequently, 50µl aliquots of the individual yeast “pMYRMADS” suspensions and 50µl samples of the yeast “pSOSnes-MADS”
suspensions were combined in all possible combinations in 96-well plates,
which were then incubated at 25°C (250 rpm). After approximately 16 h, a 10µl
aliquot of each combination was spotted on the selection plates and screened for
protein-protein interaction events at 37°C as recommended by Stratagene.
Mating was repeated three times, using different individual colonies, in order to
score every combination for growth at 37°C without reversion of the yeast.
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ABSTRACT
Among the MADS box transcription factors that have been isolated from
Petunia hybrida, a few have been selected for further functional studies, on the
basis of their expression and interaction patterns and sequence homology with
known MADS box genes from other species. Members of the FBP2 subfamily
have been chosen because of the essential role they play in floral organ
formation. In addition, genes that are mainly expressed in the vegetative tissues,
like FBP20, and may have a function in the switch from vegetative to
reproductive development, have also been selected. We describe the results
obtained by the classical reverse genetic approaches, namely overexpression and
gene knockout via transposon insertion or cosuppression. We also discuss the
difficulties encountered, the drawbacks of the strategies used and possible
alternatives.
INTRODUCTION
MADS box transcription factors are key regulators in many aspects of plant
development. The first ones have been identified as homeotic genes that control
the identity of the floral organs (Sommer et al., 1990; Yanofsky et al., 1990).
Molecular and genetic studies on floral ontogeny indeed revealed that MADS
box proteins act in a combinatorial way to specify floral organ identity. Five
different homeotic functions (named A to E) have been identified, which are
provided by five corresponding classes of homeotic genes (Theissen, 2001).
With the exception of APETALA2 (AP2) in Arabidopsis (Jofuku et al., 1994) and
LIPLESS1 (LIP1) and LIP2 in Antirrhinum (Keck et al., 2003), belonging to
class A, all the floral homeotic genes so far characterized are members of the
MADS box family of transcription factors. MADS box genes, however, act also
outside the floral whorls in specifying seed and fruit development, meristem
identity, embryo and root growth and promoting or repressing the transition
from the vegetative to the reproductive phase (see for a review: Ng and
Yanofsky, 2001; Nesi et al., 2002).
The completion of the Arabidopsis genome sequence revealed the presence
of about 100 MADS box genes, but the functional characterization of the family
is far from being concluded, being only 18 the number of genes to which a
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function has been assigned (AGI, 2000; De Bodt et al., 2003; Pařenicová, 2003;
Kofuji et al., 2003).
Extensive phylogenetic studies of the MADS box family in distantly related
species identified many examples of orthology between eudicot and monocot
genes and even between angiosperm and gymnosperm species (Mena et al.,
1996; Ambrose et al., 2000; Nagasawa et al. 2003; Jager et al., 2003; Tandre et
al., 1998; Rutledge et al., 1998; Winter et al., 1999). On the other hand, it is also
clear that many events of gene duplication and diversification occurred within
this family of transcription factors, leading to subspecification and eventually
neofunctionalization when the diverged sequences have been subjected to
positive selection (Kramer and Irish, 1999; Lowman and Purugganan, 1999; Litt
and Irish, 2003). Functional studies on gene families must therefore be
broadened to include many different species from close and distant taxa, which
should ultimately provide a complete picture of the functional diversification
and genetic changes that have driven morphological differences during
evolution.
The most commonly used reverse genetics approaches to study gene function
are knockout and overexpression. Both these methods have advantages and
drawbacks, and only a combination of the two strategies can be informative
enough to be able to assign a function to the gene in study. Insertional
mutagenesis via T-DNA or transposable elements is particularly effective when
the gene is present as a single copy in the genome. In plants, however, as in
many other living organisms, duplication is a common feature in the genome.
Mainly due to ancient events of polyploidization, several genes are found in
tandem arrays or in duplicated segmental clusters, and large multigene families
have arisen during plant evolution following repeated events of gene
duplications. It is therefore quite common that a function is shared by two or
more partially redundant genes, and that knocking out only one of them does not
result in a phenotype. If the genome sequence is not available, which is the case
for almost all plant species, it is quite difficult and laborious to identify first all
the possible redundant genes and subsequently to knock out the complete
function via double, triple or multiple insertion mutants. Antisense,
cosuppression and the more efficient RNA intereference (RNAi) strategies can
help to circumvent this problem, provided that the redundant function is shared
by genes with a high degree of sequence similarity (Turner and Schuch, 2000;
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Chuang and Meyerowitz, 2000). These methods offer a fast way to obtain
knockdown mutants which can provide substantial information about the
function shared by one or more genes. However, assigning a function to every
single gene and determining their possible specific roles in a given biological
process, can be accomplished only when each gene is knocked out singularly.
Overexpression, on the other hand, offers a complementary strategy which is
not affected by functional redundancy and it has been proven informative about
gene function in cases where knockouts did not generate revealing phenotypes
(van der Graaff et al., 2002; Baima et al., 2000). A drawback of this approach is
that the expression of a transgene is generally very high and in tissues and
developmental-stage contexts where it is normally not present, which can lead to
phenotypes that are not related to the native gene function. Knockout and
overexpression strategies must therefore be considered as complementary
approaches whose outcomes should be interpreted together with other molecular
and genetic data, such as expression or interaction patterns.
In order to characterize new members of the MADS box family of
transcription factors, we adopted the two classical reverse genetic approaches:
knockout of the genes via transposon insertion and cosuppression, and their
ectopic expression under a strong constitutive promoter. It is known that MADS
box proteins need to interact with each other in order to perform their functions
as transcription factors, therefore we also generated transgenic plants
overexpressing two different MADS box proteins, based on the results obtained
by previous yeast-two hybrid experiments (Immink et al., 2003, chapter 3).
RESULTS AND DISCUSSION
Knockout of MADS box genes by transposon insertion
The petunia line W138 contains an active transposon system which includes
about 200 nonautonomous transposable elements, each 284bp long, named
dTph1 [defective transposon Petunia hybrida1 (Gerats et al., 1990; De
Keukeleire et al., 2001)], and it is therefore suitable for both forward and reverse
genetic approaches. An initial screening was performed on five different
populations, three of them including 729 plants each, and two of them 1080, so
that a total number of 4347 plants could be screened for transposon insertions in
the selected genes. Based on their expression pattern and the homology with
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Figure 1. Identification of transposon insertions in MADS box genes.
(A) Schematic representation of a typical MADS box gene. Exons are represented by
filled boxes, introns by broken lines. The gene specific primers (P1 to P4) are
indicated by the black arrows. Possible insertions of the transposable elements
dTph1 are also indicated.
(B) Identification of dTph1 insertions in different MADS box genes by threedimensional screening. The arrows indicate the same hybridizing fragment in the
three different coordinates (row, column and block) which correspond to one single
plant.

genes of known function from other model dicot species, the following MADS
box transcription factors were selected for transposon mutagenesis: FLORAL
BINDING PROTEIN2 (FBP2), FBP4, FBP5, FBP23, FBP20, later renamed
UNSHAVEN (UNS), FBP21, FBP22 and FBP25. The first four belong to the
FBP2 subfamily, which play a central role in floral organ formation. The other
genes are mainly expressed in the vegetative tissues and might therefore reveal
novel functions for MADS box proteins in determining plant development and
architecture (Immink et al., 2003, chapter 3).
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A PCR-based screening was performed using different primer combinations
designed on the selected FBP genes and DNA pools obtained from the different
populations. A final hybridization step was carried out with a gene-specific
probe in order to identify the plant harboring the transposon in the selected gene
(Koes et al., 1995). Three different primers were used for every gene, each one
in combination with a dTph1 specific primer, as schematically illustrated in
Figure 1A. One primer was designed at the beginning of the coding sequence
(P1), one immediately downstream the MADS box towards the 3’-end of the
gene (P2) and one at the end of the open reading frame towards the start codon
(P3). The genomic structure of MADS box genes in general, however, is not
favorable to this kind of strategy: a big intron is located immediately after the
186bp of the MADS domain, in all the petunia type II MADS box genes so far
analyzed, and the rest of the gene is composed of many short exons scattered
among relatively larger introns. It is therefore likely that the dTph1 transposon,
which is only 284bp long, will transpose in one of the introns without affecting
the transcription of the gene. The results obtained confirmed this hypothesis, as
out of the six hits identified in five different genes, five where in introns. A hit
in FBP5 was detected with primer P1 in the first intron, 720bp downstream the
end of the MADS box; insertions in UNS, FBP22, FBP23 and FBP9 are located
in introns downstream the second exon and were revealed respectively by
primers P2, P3, P2 and both P2 and P3 for FBP9. In Figure 1B the radiograms
show the same strong hybridizing fragment in the three dimensions of the
screen, identifying a single specific plant that carries the transposon in the
amplified gene. Figure 2 shows the location of the transposon hit in the intron of
genes UNS, FBP22 and FBP9.
In the case of UNS, however, a second hit was found in the coding region at
3’-end of the MADS box, after PCR amplification with primer P1. Plants
carrying the homozygous insertion in UNS were analyzed in detail, but no
apparent phenotype could be observed (see also Ferrario et al., 2004a, chapter
6). Similarity in sequence, expression pattern and interactions between UNS and
at least three other MADS box genes, FBP21, FBP22, FBP28, strongly suggest
that some of these genes may share the same function. Redundancy is indeed a
recurrent theme among multigene families of transcription factors, where recent
events of gene duplication led to the presence of paralogs which can substitute
each other in their functions.
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Figure 2. Location of the dTph1 insertions in FBP9, FBP22 and UNS.
Exons are depicted as green boxes. The primers used to identify the transposon are
also shown. The numbers below the gene diagram indicate the distance in base pairs
between the primer and the transposon.

A fourth primer (P4, Figure 1A) was also designed at the 3’-end of the
MADS box of a few genes pointing towards the start codon, in an attempt to
identify insertions in the first exon. In this case we used a degenerate primer that
could anneal to a region of the MADS box that was conserved among a few
genes.
Using this primer we were able to identify hits in three different MADS box
genes: FBP4, UNS and FBP25. The FBP4 insertion was in the 5’ untranslated
leader, 14bp upstream the ATG but also in this case no phenotype was
identified. The UNS and FBP25 hits were in the promoter region and again no
visible phenotypic alterations were observed in either case.
This PCR-based screening technique, which depends on a final hybridization
step in order to identify the plant carrying the transposon insertion, appeared to
be not very efficient in the case of this family of transcription factors in petunia.
This is mainly due to the highly scattered genomic structure of the genes
combined with the small size of the transposable element, and to the difficulty in
identifying small hybridizing fragments. A modified approach developed by
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Vandenbussche and colleagues (Vandenbussche et al., 2003) and named family
signature (FS) insertion screening strategy, proved to be a more efficient and
sensitive reverse-genetic approach for gene families. In this technique labeled
FS primers designed on a conserved family domain region (in our case, the
MADS box) are combined with a dTph1 primer in an optimized PCR procedure
that allows the amplification of PCR products from closely related but distinct
genes. The amplification products are separated on a polyacrylamide gel and
individually isolated and analyzed. The advantages of this method are that more
genes can be analyzed at a time, no hybridization is required and the insertion
can be immediately located, since the PCR product can be isolated and
sequenced. Using this approach in screening about 12,700 plants with 11
different primers, Vandenbussche and colleagues could identify 32 insertions in
20 different MADS box genes (Vandenbussche et al., 2003).
Overexpression and cosuppression of MADS box genes
In the attempt to obtain gain-of-function alleles of the MADS box genes for
studying their role in plant development, we transformed petunia plants with
FBP genes under the control of 35S constitutive promoter of the Cauliflower
mosaic virus. FBP2, FBP4, FBP5, UNS, FBP21 and FBP23 were the selected
genes. About 20 primary transformants per construct were checked by northern
blot analysis and 20 to 50% of the plants, depending on the construct, showed
ectopic expression of the transgene at variable degrees. Except for the phenotype
observed in 35S::UNS plants and illustrated in Figure 3 (Ferrario et al., 2004a,
chapter 6), no apparent alterations were noticed that may correlate with the
expression of the MADS transgenes. Two plants per construct which showed
high expression of the transgene, were selfed and the progeny analyzed, with the
same negative result obtained in the previous generation. The aforementioned
plants were also used in specific crossings according to the outcome of the twohybrid screening described in chapter 3, in order to obtain ectopic expression of
two dimerization partners in the same plant. 35S::FBP2 plants were crossed with
35S::FBP11 (this transgenic plant was obtained previously, Colombo et al.,
1995), 35S::FBP5, 35S::UNS, 35S::FBP21 and 35S::FBP23. Except for the
simultaneous overexpression of FBP2 and FBP11, which caused an arrest in
seedling development at the cotyledon-stage (Figure 4, discussed in more detail
in chapter 7), and the unshaven phenotype conferred by the overexpression of
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Figure 3. The unshaven mutant phenotype.
Flowers (A) and pistils (B) from wild type (right) and 35S::UNS plants (left, see also
chapter 6).

UNS (Ferrario et al., 2004a, chapter 6), none of the other combinations
generated any phenotypic alteration. A recent functional analysis of the petunia
FBP2 gene, combined with older data from cosuppression experiments (Ferrario
et al., 2003; Angenent et al., 1994) revealed its homeotic activity in determining
the identity of the three inner floral whorls, a function that is performed in
Arabidopsis by the three SEPALLATA genes, SEP1, SEP2 and SEP3 (Pelaz et
al., 2000). The high degree of sequence similarity between FBP2 and FBP5, the
simultaneous downregulation of both genes in the cosuppression mutant and the
ability to form similar protein complexes in yeast, strongly suggested functional
redundancy between the two genes (Ferrario et al., 2003). The overexpression of
both in the same plant could be simply comparable to a doubling in gene dosage,
which ultimately did not result in an altered phenotype. The same could be true
for FBP23 which also belongs to the FBP2 subfamily, although its redundancy
with FBP2 could not be confirmed.
UNS has been recently identified as the orthologue of the Arabidopsis
SUPPRESSOR OF OVEREXPRESSION OF CONSTANCE1 (SOC1), a dosagedependent promoter of flowering (Ferrario et al., 2004a; Samach et al., 2000),
and although it could dimerize in yeast with FBP2, this interaction might not
have any biological relevance, thus explaining the lack of phenotype in the
double overexpressors. A similar interpretation might hold for FBP21, whose
sequence, expression and interaction patterns are very close to UNS, although in
this case as well, functional redundancy could not be proven.
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Crossings were also made between 35S::FBP5 and 35S::FBP11, 35S::FBP4
and 35S::UNS plants. Petunia lines carrying both FBP5 and FBP4, and FBP5
and UNS transgenes did not exhibit clear alterations, except for the phenotype
conferred by 35S::UNS. The double transgenic FBP5/FBP11 showed an arrest
in development at the two-cotyledon stage, the same phenotype displayed by
35S::FBP2/FBP11 plants, which is a further indication of redundancy between
the two SEP-like genes.
Also no aberrant additional phenotypes were observed in the double
transgenic FBP23/UNS, FBP4/UNS and FBP4/FBP21.
Cosuppression strategies have been successfully adopted in the functional
characterization of the petunia MADS box genes FBP1, FBP2, FBP7, FBP11
and PFG (Angenent et al., 1993; Angenent et al., 1994; Angenent et al., 1995;
Immink et al., 1999), therefore we decided to follow a similar approach for the
analysis of the newly isolated genes. The coding regions of FBP4, FBP5 and
UNS were fused in the sense orientation behind the 35S promoter and the ADH
intron and the three constructs were separately transformed in W115 petunia
lines. The primary transformants did not reveal any aberrant phenotype.
Subsequently, 20 plants per construct were analyzed by northern blot
hybridization but we were not able to detect any significant decrease in mRNA
levels. We therefore opted for a phenotypical screening of the next generation,
since in previous experiments suppression increased significantly in
homozygous transgenic plants. The development and morphology of 10
offspring plants generated by the selfing of each primary transformant were
examined, but also in this case no clear alterations were detected. Although
cosuppression has been adopted as a reverse genetic tool to downregulate
expression of endogenous genes in plants since 1990 (Napoli et al., 1990; van
der Krol et al., 1990; Jorgensen, 1990), the molecular mechanism underlying
this phenomenon has been elusive for almost a decade, and the use of
cosuppression constructs always resulted in only a low proportion of silenced
individuals. Studies on the effect of double-stranded (ds)RNA injected in a
nematode (Fire et al., 1998) supported the notion that cosuppression and virusinduced gene silencing (VIGS) in plants, both indicated as post-transcriptional
gene silencing (PTGS), quelling in fungi and RNA interference (RNAi) in
animals, are all the result of a similar biological process where dsRNA triggers
sequence-specific gene silencing (reviewed in Agrawal et al., 2003). Since then,
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Figure 4. Segregation of wild type, single and
double overexpression seedlings.
The petunia seedlings, at 6 days after
germination, are derived from a cross between
35S::FBP2 and 35S::FBP11 transgenic plants.
The small seedlings (arrows) contain both
transgenes and are arrested at this stage of
development (see also chapter 7).

a growing number of constructs have been developed to exploit the dsRNAmediated gene silencing, now commonly indicated as RNAi, aiming at the study
of gene functions in plants (Chuang and Meyerowitz, 2000; Wesley et al., 2001;
Helliwell et al., 2002; Guo et al., 2003; Miki and Shimamoto, 2004).
RNAi has certainly become the strategy of choice for a fast, efficient and
relatively specific gene downregulation and has become a common genetic tool
to annotate gene function. One of the benefits of this method is that genes,
which share high sequence similarity can be simultaneously knocked out,
allowing to circumvent the problem of gene redundancy. This is especially
advantageous in species where the complete sequence of the genome is not
available or in polyploids, like many crop species. On the other hand, true
redundancy is a transient phenomenon that occurs immediately after gene
duplication. In most cases redundancy is only partial and paralogs often acquire
specific sub-functions which cannot be discriminated by a simultaneous
knockout through RNAi. In this case, specific functions can be assigned only
when a single gene is knocked out, for instance via transposon or T-DNA
insertion.
Many tools are now available to identify genes of interest based on their
sequence and expression profile. However, a thorough functional analysis of
genes and of transcription factors in particular, will require a combination of
various reverse genetic approaches, as we undertook in this study, which would
lead to the understanding of the complex transcriptional network in different
species and eventually to plant development and evolution.
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MATERIALS AND METHODS
Plant material
Petunia hybrida lines W115 and W138 and transgenic plants were grown
under normal greenhouse conditions (22°C, 14/10 hr light/dark).
Detection of knockout mutants
A modified version of the PCR-based screening described by R. Koes and
collaborators (1995) was adopted to identify dTph1 insertions in the FBP2,
FBP4, FBP5, FBP23, UNS, FBP21, FBP22 and FBP25 genes. The P1 gene
specific primers used in the PCR amplifications (Figure. 1A) were designed at
the beginning of the coding sequence starting on the ATG towards the 3’-end of
the gene, P2 primers started downstream the MADS box directed towards the
3’-end and P3 primers were designed on the stop codon in reverse orientation.
The primer lengths ranged between 22bp and 26bp.
The degenerate primer used for detection of dTph1 insertions in FBP4,
FBP23, PFG, FBP26 FBP25, UNS, FBP21 and FBP22 is (G/A)(G/C)A(G/A)
(C/G)(A/C)(A/G)(A/T)A(C/T)TCATA(G/T)(A/T)C(T/C)(T/C)T(G/A)CC,
starting about 30bp before the end of the MADS box towards the start codon of
the ORFs.
The PCR products, blotted onto Hybond N+ membrane, were hybridized with
gene specific probes.
Construction of binary vectors and plant transformation
The overexpression constructs were prepared as follow: the full-length open
reading frames (ORFs) of FBP2, FBP4, FBP5, UNS, FBP21 and FBP23 were
generated by PCR using a 5' primer on the ATG containing a HindIII site and a
reverse primer designed downstream the STOP codon with a KpnI site. The
PCR fragments were placed downstream the double Cauliflower mosaic virus
(CaMV) 35S promoter in the pGD120 plasmid (Immink et al., 2002), the
expression cassette was subsequently cloned into the pBIN19 binary vector
(Bevan, 1984).
The cosuppression constructs were generated as follow: the ORFs of FBP4,
FBP5 and UNS were originated by PCR using a 5' primer on the ATG
containing a BamHI site and a reverse primer designed downstream the STOP
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codon with a BglII site. The PCR fragments were placed into the binary vector
pFB21 (Angenent et al., 1993) containing the CaMV 35S promoter, the alcohol
dehydrogenase intron, the multiple cloning site and the nopaline syntase
terminator derived from the plasmid pBI101 (Jefferson et al., 1987).
Transformation of petunia plants was performed as described before
(Angenent et al., 1993).
Transformation of Arabidopsis wild type and mutant plants was performed
using the floral dip method as described by Clough and Bent (1998); C58C1 was
the Agrobacterium strain used for the transformation.
RNA gel blot analysis
Total RNA was isolated from leaves and petals of wild type and transgenic
petunia plants, according to Verwoerd et al. (1989). 10µg of each RNA sample,
denaturated with 1.5M glyoxal, were fractionated on a 1.4% agarose gel and
blotted onto Hybond N+ membrane. Gene specific fragments from all the genes
tested were used as probes for hybridisation. The probes were labelled by
random oligonucleotide priming (Feinberg and Vogelstein, 1984) and blots were
hybridised as described by Angenent et al. (1992).
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ABSTRACT
The ABC model, which was accepted for almost a decade as a paradigm for
flower development in angiosperms, has been subjected recently to a significant
modification with the introduction of the new class of E-function genes. This
function is required for the proper action of the B- and C-class homeotic
proteins and is provided in Arabidopsis by the SEPALLATA1/2/3 MADS box
transcription factors. A triple mutant in these partially redundant genes displays
homeotic conversion of petals, stamens, and carpels into sepaloid organs and
loss of determinacy in the center of the flower. A similar phenotype was
obtained by cosuppression of the MADS box gene FBP2 in petunia. Here, we
provide evidence that this phenotype is caused by the downregulation of both
FBP2 and the paralog FBP5. Functional complementation of the sepallata
mutant by FBP2 and our finding that the FBP2 protein forms multimeric
complexes with other floral homeotic MADS box proteins indicate that FBP2
represents the same E function as SEP3 in Arabidopsis.
INTRODUCTION
MADS box genes are transcriptional regulators that act as switches between
many different morphological stages; therefore, they have been chosen as
subjects for phylogenetic analysis and comparative studies among different taxa
in an attempt to elucidate the evolution of morphological characters (Doyle,
1994; Purugganan et al., 1995; Tandre et al., 1995; Theissen et al., 1996;
Münster et al., 1997; Winter et al., 1999).
Genetic analysis of floral homeotic mutants in the model species snapdragon
and Arabidopsis led to the identification of the first MADS box genes in plants
(Schwarz-Sommer et al., 1990; Yanofsky et al., 1990) and provided genetic and
molecular evidence for the classic ABC model (Coen and Meyerowitz, 1991).
According to this model, floral homeotic genes belonging to these three classes
and acting alone and/or in combination determine the identity of the floral
organs. More of these genes were cloned subsequently, and most of them
appeared to be members of the MADS box gene family (for review, see
Riechmann and Meyerowitz, 1997). For its simplicity and what at first seemed
its wide applicability, the ABC model has been accepted as a general model for
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flower organ determination in an-giosperms. Nevertheless, the isolation of
MADS box genes from numerous distantly related species revealed a more
complex regulation of organ identity, making it clear that variations have to be
considered to adapt the model to different species. Furthermore, it became
apparent that the role of MADS box genes is not confined only to the flower
domain.
B and C functions and their respective genes are considered the most
conserved among eudicots, and only subtle variations have been noted between
the two model species mentioned above (Davies et al., 1999), whereas a slightly
different regulation of whorls 2 and 3 has been observed in petunia. Homeotic
conversion of the second and third whorls is displayed in petunia plants with
mutations in the FLORAL BINDING PROTEIN1 (FBP1) gene (a GLOBOSA
homolog), whereas mutations in pMADS1, which shares similar sequence and
expression patterns with the snapdragon gene DEFICIENS, cause homeotic
conversion in petals only (Angenent et al., 1992; van der Krol et al., 1993;
Tsuchimoto et al., 2000). Furthermore, indications for redundancy in the Cfunction genes have been observed in species such as petunia, cucumber, and
gerbera, in which duplication led to more than one AGAMOUS homolog
(Tsuchimoto et al., 1993; Kater et al., 1998; Yu et al., 1999). A few years after
the ABC model was proposed, studies on ovule development in petunia led to
the isolation of two MADS box genes, FBP7 and FBP11, whose expression is
turned on just before ovule primordia arise and is maintained in the seed coat
after fertilization. Ectopic expression and cosuppression studies indicated that
their activity is necessary to determine the identity of ovules, which could be
regarded as a separate floral organ, and a new organ identity activity (the D
activity, mediated by FBP7 and FBP11) was added to the model (Angenent et
al., 1995; Colombo et al., 1995, 1997).
Although these deviations did not greatly affect the robustness of the ABC
model and its acceptance as a general paradigm for floral organ determination,
the results of more recent studies called for a revision of the whole theory and a
reformulation of the model itself, introducing a new class of genes referred to as
Identity-mediating or E-function genes (Egea-Cortines and Davies, 2000;
Theissen, 2001). However, the first evidence of this new class of MADS box
genes dates back to 1994, when the downregulation of the FBP2 and TM5 genes
caused very similar phenotypes in petunia and tomato plants, respectively, with
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homeotic conversion of whorls 2, 3, and 4 simultaneously and loss of
determinacy in the center of the flower (Angenent et al., 1994; Pnueli et al.,
1994). A further indication that these factors are essential for floral organ fate
came from the analysis of Arabidopsis plants with mutations in the SEPALLATA
genes SEP1, SEP2, and SEP3, showing the same phenotypic alterations
observed in the two Solanaceae species (Pelaz et al., 2000). How these factors
act at the molecular level has been suggested in a recent study with snapdragon
(Egea-Cortines et al., 1999), in which for the first time the authors raised the
possibility that MADS box factors act as multimeric complexes in the regulation
of gene expression and evidence was provided about interactions between E
proteins and B- and C-class proteins. Very strong support for the recently
revised ABC model came from the work of Honma and Goto (2001), who
proved that the simultaneous expression of three different MADS box genes is
necessary for the specification of flower organ identity and that it is sufficient to
cause the homeotic conversion of leaves to floral organs.
The history of MADS box proteins in plants and the research flourishing
around these factors teach us that major breakthroughs in this field are the result
of information collected from different species and comparison between plants
in the search for homologies and differences. In this respect, the detailed
analysis of the petunia FBP2 subfamily presented here should provide
information needed for a better understanding of flower development in this and
other species. The combined results obtained by different approaches indicate
that FBP2 is the functional equivalent of the Arabidopsis SEP3 gene in
mediating the function of other floral homeotic genes. The protein–protein
interaction studies suggest how this mediation occurs at the molecular level:
complex formation between FBP2 and class-B protein heterodimers is shown
here for the petunia proteins. Furthermore, three-hybrid experiments provided a
powerful tool for revealing structural differences among sequence-related
proteins, a useful piece of information in defining functional redundancy.
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RESULTS
Constitutive expression of FBP2 in Arabidopsis resembles that of
35S::SEP3 plants
The role of FBP2 in mediating the identity of the three inner floral whorls
was documented several years ago by cosuppression experiments in petunia
(Angenent et al., 1994). A similar function has been attributed to the related SEP
genes from Arabidopsis (Pelaz et al., 2000). Although overexpression phenotypes do not provide solid evidence about the functions of the overexpressed
genes, the comparison between such phenotypes may give indications about the
relatedness of the genes themselves. The constitutive expression of SEP3 in
Arabidopsis has been shown to affect flowering time: plants that carry the
35S::SEP3 construct bolt after producing four or five rosette leaves, and the
primary inflorescence terminates after only a few flowers have been formed
(Pelaz et al., 2001).
To determine whether the petunia FBP2 gene could generate comparable
alterations in the heterologous system, a 35S::FBP2 construct was transformed
into Arabidopsis. Forty-five transgenic plants were generated, all expressing the
petunia gene to various degrees. The plants with the most severe phenotypes (10
transgenic lines), which correlated to the higher overexpressors (data not
shown), exhibited a drastic reduction in flowering time. Figure 1B shows the
phenotype of a 35S::FBP2 transgenic plant that flowered after producing only
two rosette leaves. In extreme cases, transformants flowered directly after the
cotyledon stage, often with a single terminal flower. Although this earlyflowering phenotype has been observed more often when MADS box genes are
overexpressed (Mandel and Yanofsky, 1995b; Kyozuka et al., 1997; Sung et al.,
1999), it demonstrates that FBP2 and SEP3 have a similar effect on flowering
time when expressed ectopically.
Partial complementation of the sep triple mutant by FBP2
The Arabidopsis sep1 sep2 sep3 triple mutant exhibited homeotic conversion
of the three inner floral whorls to sepaloid organs and loss of determinacy in the
center of the flower, where a new inflorescence arose (Figure 1C). Such a
phenotype also was observed in fbp2 petunia cosuppression plants, suggesting a
similar function for the petunia gene (Figures 1E and 1F). To determine whether
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Figure 1*. Arabidopsis and petunia sep-like mutants and complementation of the
Arabidopsis mutant by FBP2 overexpression.
(A) Wild-type Arabidopsis plant flowering after the production of 9 to 12 rosette
leaves (rl).
(B) Severe Arabidopsis 35S::FBP2 plant flowering extremely early after the formation
of just one curled rosette leaf (rl) and terminating in a single flower (tfl).
(C) Flower of the triple sep1 sep2 sep3 mutant, with the formation of sepals in whorls
1, 2, and 3 and a new floral bud developing from the center of the flower (whorl 4).
(D) Wild-type petunia (W115) inflorescence. Bracts (b), flowers (f), and inflorescence
(i) are indicated.
(E) Inflorescence of a petunia fbp2 cosuppression plant.
(F) Flower of the petunia fbp2 cosuppression plant, with homeotic conversions
identical to those found for the Arabidopsis sep1 sep2 sep3 mutant flower (C).
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(G) Flower from an Arabidopsis sep1 sep2 sep3 35S::FBP2 plant (No. 270) showing
a mild complementation of the sep mutation. Whorl-2 organs are petaloid, and in
whorl 4, an aberrant bud appears on a short stem.
(H) Flower from another Arabidopsis sep1 sep2 sep3 35S::FBP2 (No. 23) plant, with
petals in whorl 2, staminoid organs in whorl 3, and an ovary-like structure in whorl 4
containing stigmatic tissue (st) on top.
(I) Late flower from the Arabidopsis sep1 sep2 sep3 35S::FBP2 plant No. 23 with
pollen-bearing stamens in whorl 3. Part of the sepals and petals are removed.
(J) Close-up of the stamen in (I).
(K) Close-up of an ovary-like structure in whorl 4 from a flower of the Arabidopsis
sep1 sep2 sep3 35S::FBP2 plant No. 23. The two carpels are fused almost
completely and have stigmatic tissue (st) on top. Inside, sepal-like organs develop
(not visible).
Bars in (A) and (B) 1 cm.
*Figure in colour in Appendix.

FBP2 is the functional homolog of SEP3, complementation experiments of the
Arabidopsis triple mutant were performed with the petunia gene. For this
complementation experiment, seeds from an Arabidopsis plant heterozygous for
the sep1 and sep2 mutations and homozygous for sep3 were used. Twenty-eight
plants germinated, and the genotypes were checked by PCR, because all of the
genes carried insertions, either of the En-1 transposable element (sep2 and sep3)
or of T-DNA (sep1) (Pelaz et al., 2000).
A significant bias in the expected segregation of the progeny was observed,
and none of the plants was found to be homozygous for the mutation in the
SEP2 gene. Eleven of the 28 Arabidopsis plants were suitable for the
complementation experiment, because they carried at least one mutant allele for
all three genes. These plants were transformed by infiltration with an
Agrobacterium tumefaciens strain harboring the FBP2 gene under the control of
the constitutive 35S promoter of the Cauliflower mosaic virus. Because of the
kanamycin resistance carried by the T-DNA in the sep1 mutant allele, the
constitutive expression of Green Fluorescent Protein (GFP) was chosen as a
selection marker for the progeny of the 35S::FBP2–transformed plants. All of
the seeds obtained after transformation were germinated on normal medium
without antibiotics, and the seedlings were selected on the basis of GFP
fluorescence. One hundred fourteen seedlings that showed GFP expression were
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transferred to the soil, and the expression of the petunia FBP2 gene was
determined by RNA gel blot analysis (results not shown). Seventy-seven plants
appeared to be FBP2 expressors, and their genotypes were assessed
subsequently by PCR. Eight plants from the segregating population were found
to be homozygous for all three mutant alleles.
The phenotypes of these plants were examined in detail to detect a possible
complementation by the petunia FBP2 gene. The majority (six of eight plants)
showed a partial to almost complete complementation of the sep mutant
phenotype. Flowers of these plants are shown in Figures 1G to 1J. In some
plants, the complementation was less pronounced and only the second-whorl
sepals were reverted to petaloid organs (Figure 1G), whereas other plants
showed complementation in the second and third floral whorls, resulting in the
formation of white petals and stamens with pollen-bearing anthers (Figures 1I to
1J). However, the fourth whorl failed to show complete reversion to a wild-type
pistil: a stem originating from the center of the flower terminated in an ovarylike structure with stigmatic tissue on top and sepal-like organs inside (Figure
1K). The complete restoration of petals and stamens and the partial restoration
of the pistil, observed in most of the flowers, demonstrate that the petunia FBP2
gene represents the SEP function.
FBP2 subfamily members: isolation and phylogenetic analysis
The SEP function in Arabidopsis is represented by three redundant genes,
SEP1, SEP2, and SEP3 (Pelaz et al., 2000). Because this functional redundancy
also may appear in petunia, we isolated putative FBP2-like genes by screening
at low stringency a young inflorescence and a corolla cDNA library with the
MADS box regions of FBP1 and FBP2 petunia genes (Angenent et al., 1992,
1994). Five clones were identified that belonged to the FBP2 clade: full-length
cDNAs of FBP4 and FBP23 (Immink et al., 2003) were isolated from young
inflorescences, whereas FBP5, FBP9 (Immink et al., 2002), and pMADS12 were
obtained from a corolla library.
To establish the phylogenetic relationships between the petunia sequences
and MADS box proteins from Arabidopsis, a phylogenetic tree was constructed
using the MADS box, the I and K regions of 12 different sequences belonging to
the SEP3 (AGL9) clade, including two tomato proteins, TM5 (Pnueli et al.,
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Figure 2. Phylogenetic tree of selected members of the AP1 and FBP2/SEP MADS
box protein family.
The FBP, pMADS, and PFG proteins are from petunia, Le-RIN and TM5 are from
tomato, and all others are from Arabidopsis. The phylogenetic analysis was
performed with the MADS, I, and K regions of the proteins. Bootstrap values are
indicated above each branch. The Arabidopsis AP3 protein (class B) was used as an
outgroup.

1994) and LeMADS-RIN (Vrebalov et al., 2002), and 5 sequences from the AP1
clade (Purugganan et al., 1995; Immink et al., 1999; Alvarez-Buylla et al.,
2000). The AP3 protein from Arabidopsis was used as an outgroup. This
phylogenetic analysis, the results of which are shown in Figure 2, reveals that
FBP2 is the only protein that closely matches SEP3, with 83% identical amino
acids, whereas pMADS12 and FBP5, although belonging to the same subgroup,
appear to be less related to any of the Arabidopsis proteins. Two different
subgroups include FBP9, FBP23, FBP4, and the tomato protein LeMADS-RIN.
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Figure 3. Expression patterns of petunia FBP2 family members in petunia wild-type
and FBP2 cosuppression plants determined by RNA gel blot analyses.
(A) Expression of FBP2 family members in various tissues of wild-type petunia
plants.
(B) Expression of FBP2 family members in floral organs of FBP2 cosuppression
plants. Both FBP2 and FBP5 are strongly downregulated in these plants.
In each lane, 10µg of total RNA was loaded. Equal loading of RNA was
demonstrated by staining a representative gel with radiant red before blotting (rRNA).

Expression analysis in wild-type petunia and FBP2 cosuppression plants
A first impression of the expression pattern in wild-type petunia tissues was
obtained by RNA gel blot hybridization. Total RNA was extracted from stems,
leaves, bracts, sepals, petals, stamens, and carpels and hybridized with a probe
spanning the C-terminal region of the petunia genes. According to the results of
the RNA gel blot analysis, shown in Figure 3A, the genes can be divided into
two groups: those that are expressed exclusively in floral organs and those
whose transcript also is detected in vegetative tissues. FBP2, FBP5, and
pMADS12 belong to the first group, and their transcripts were detected in all
three inner floral whorls. Furthermore, pMADS12 expression expanded into the
first whorl. A similar pattern of expression has been reported for the SEP genes.
SEP2 and SEP3 RNAs were detected in Arabidopsis petals, stamens, and
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Figure 4*. In situ localization of FBP2, FBP5, and pMADS12 transcripts in wild-type
petunia.
Longitudinal sections were hybridized to digoxigenin-labeled antisense RNA
fragments of FBP2 ([A] to [D]), FBP5 ([E] to [H]), and pMADS12 ([I] and [J]).
(A) FBP2 expression in a very young floral meristem. No signal is obtained in the
inflorescence meristem and bracts.
(B) FBP2 expression in the central part of an early-stage floral bud. No signal is
present in the developing sepals.
(C) Young floral bud with developing sepal, petal, and stamen primordia. The carpel
primordia just arise. FBP2 mRNA can be detected in the three inner floral whorls.
(D) FBP2 expression in a slightly later stage floral bud than that shown in (C).
(E) Same stage meristems as in (A) hybridized to an antisense FBP5 probe. In
contrast to FBP2, FBP5 also is expressed in the inflorescence meristem.
(F) FBP5 expression in an early floral bud showing a pattern similar to that obtained
for FBP2 (B).
(G) and (H) FBP5 expression in the inner three floral whorls. Stages are comparable
to those shown in (C) and (D), respectively.
(I) Expression of pMADS12 in the inflorescence and floral meristem. The expression
pattern resembles the expression of FBP5 at this stage (E).
(J) pMADS12 expression in a same stage floral bud as that shown in (C) and (G).
b, bract; c, carpel; f, floral meristem; i, inflorescence meristem; p, petal; s, sepal; st,
stamen. Bars in (A), (B), (E), (F), and (I) = 200µm; bars in (C), (D),
(G), (H), and (J) = 500µm.
*Figure in colour in Appendix.
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carpels, including the ovules, whereas SEP1 was expressed ubiquitously
throughout the whole flower (Flanagan and Ma, 1994; Savidge et al., 1995;
Mandel and Yanofsky, 1998).
On the other hand, the expression of FBP4, FBP9, and FBP23 was excluded
from the stamens but present in the rest of the flower. Outside the floral
domains, FBP4 transcript accumulated in bracts, and FBP9 accumulated in all
green tissues of the plant, whereas no transcript of FBP23 was detected in
vegetative tissues. Notably, FBP4 and FBP23 were expressed in seed pods (data
not shown), which correspond to the fleshy fruits of the tomato plant, where the
expression of the se-quence-related LeMADS-RIN has been demonstrated to
induce ripening (Vrebalov et al., 2002).
Because the petunia genes FBP2, FBP5, and pMADS12 are the most related
to the Arabidopsis SEP genes, their spatial and temporal expression was
monitored by in situ hybridization, as shown in Figure 4. The earliest stage at
which FBP2 transcript was detected was in the central domain of the floral
meristem, after it has been bifurcated from the inflorescence meristem (Figure
4A). During flower development, the expression remained localized in petal,
stamen, and carpel primordia, where it persisted until full maturity of these
organs (Figures 4B to 4D). Hybridizing signal also was observed at the adaxial
side of the sepals (Figure 4C). A slightly earlier expression was found for FBP5
(Figure 4E) and pMADS12 (Figure 4I), whose transcripts appeared first in the
inflorescence meristem. In contrast to FBP2, the expression of both FBP5 and
pMADS12 was detectable throughout the floral meristem, whereas at later stages
when sepal primordia emerge, it was confined to the central domain, like FBP2
(Figures 4F to 4H and 4J). The pattern of expression during later stages was in
agreement with the results obtained by RNA gel blot hybridization.
The functional role of FBP2 in specifying the identity of the central domain
of the floral meristem was revealed several years ago (Angenent et al., 1994)
through cosuppression studies. However, as a result of the strategy adopted, it
was possible that other related sequences not yet identified were down-regulated
together with FBP2. Therefore, the expression of FBP2 subfamily members was
tested in the mutated floral organs of FBP2 cosuppression plants. These plants,
as well as the Arabidopsis sep1 sep2 sep3 triple mutant, exhibited homeotic
conversion of the three inner floral whorls to sepaloid organs and loss of
determinacy in the center of the flower, where a new inflorescence arose
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(Figures 1E and 1F). RNA gel blot analyses, as illustrated in Figure 3B, revealed
that both FBP2 and FBP5 transcripts were absent in the cosuppression plants,
whereas in wild-type plants, they were present at relatively high levels. All other
MADS box genes tested showed little or no variation in their patterns of
expression, although small differences occurred between wild-type and mutant
plants, which most likely were attributable to changes in the identity of the
organs in the cosuppression plants. Therefore, we conclude that the FBP2
cosuppression mutant is a double mutant of FBP2 and FBP5. Nevertheless, we
cannot exclude the notion that other MADS box genes, which have not been
identified, are downregulated together with FBP2 and FBP5 in the
cosuppression mutants.
Protein–protein interactions of the FBP2 subfamily members
Interactions among MADS box proteins are the molecular basis for the
ABC(DE) model, and in most cases, the specificity of such interactions has been
conserved throughout angiosperm evolution. Hence, the elucidation of protein
complexes provides additional clues for the identification of paralogs and
functional homologs within and among species, respectively. Therefore, protein
interaction studies were performed between FBP2-like MADS box proteins
from petunia and the Arabidopsis SEP3 protein. All of the FBP2 subfamily
members, except for pMADS12, gave autoactivation of the yeast reporter gene
in the GAL4 system; therefore, the yeast Cytotrap two-hybrid system (Aronheim
et al., 1997) was used to test the interactions between the FBP2 subfamily
members and a collection of known petunia MADS box proteins. The results of
the screening are summarized in Table 1. The petunia FBP2 and FBP5 proteins,
and the Arabidopsis SEP3 protein, showed nearly matching patterns of
interaction: they all interacted with the class-C proteins FBP6 and pMADS3,
with the class-D proteins FBP7 and FBP11, with UNS, FBP21, and FBP22,
whose transcripts are present in the vegetative tissues and in the first and second
floral whorls, and with FBP29, another MADS box protein present mainly in
vegetative tissues (Immink et al., 2003). The only exception was FBP23, which
did not form a heterodimer with SEP3, whereas FBP2 and FBP5 interacted with
FBP23, although these interactions were detected in only one direction. Despite
the fact that pMADS12 and FBP5 are very similar in sequence, they showed
significant differences in their dimerization partners: pMADS12 was able to
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Table 1. MADS box protein interactions determined by the yeast Cytotrap 2-hybrid
system. An interaction observed in both directions (in pSOS and pMYR) is indicated
with +, an interaction in only one direction with +/-.

interact with only one of the two C- and D-type proteins and did not dimerize
with FBP22 and FBP28. Even more discrepancy occurred in the subgroup that
includes FBP4, FBP9, and FBP23, in which FBP4 inter acted with FBP21 only,
whereas FBP9 was more similar to FBP2 with respect to their interaction
patterns.
Higher order complex formation
The ability of MADS box proteins to form multimeric complexes has been
known since 1999, when a modified two-hybrid system was used to show that
the snapdragon proteins DEF and GLO together interact with SQUAMOSA and
that the complex DEF/GLO/SQUA/SQUA binds to DNA with greater affinity
than the dimer DEF/GLO (Egea-Cortines et al., 1999). Similar complexes
between dimers comprising the B-type proteins AP3/PI and AP1/SEP3 also may
exist in Arabidopsis. In triple overexpressors of AP3, PI, and SEP3, conversion
of leaves to petals occurred, whereas this conversion was even more pronounced
when AP1 also was expressed ectopically, suggesting that a multimeric complex
between AP1/SEP3/PI/AP3 proteins controls petal identity (Honma and Goto,
2001). Given these findings, we analyzed the multimeric complex formations
among the petunia MADS box proteins. The petunia class-B MADS box
proteins pMADS1 and FBP1 were tested against the FBP2 subfamily members
by means of the yeast three-hybrid system. The results, reported in Table 2,
show that only FBP2, FBP4, and to a lesser extent FBP5 were able to interact
with the heterodimer pMADS1/FBP1, whereas the other members of the
subfamily could not. Slightly different results were obtained with the heterodi78
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Ternary complex

-LTA, 30°C

-LTH+10mM3AT, 30°C

pBD-pMADS1 + pRED-FBP1 + pAD-FBP2

++

++

pBD-pMADS1 + pRED-FBP1 + pAD-FBP4

++

++

pBD-pMADS1 + pRED-FBP1 + pAD-FBP5

+

+

pBD-pMADS1 + pRED-FBP1 + pAD-FBP9

-

-

pBD-pMADS1 + pRED-FBP1 + pAD-pMADS12

-

-

pBD-pMADS1 + pRED-FBP1 + pAD-FBP23

-

-

pBD-pMADS1 + pRED-pMADS2 + pAD-FBP2

++

++

pBD-pMADS1 + pRED-pMADS2 + pAD-FBP4

++

++

pBD-pMADS1 + pRED-pMADS2 + pAD-FBP5

-

-

pBD-pMADS1 + pRED-pMADS2 + pAD-FBP9

-

-

pBD-pMADS1 + pRED-pMADS2 + pAD-pMADS12

-

-

pBD-pMADS1 + pRED-pMADS2 + pAD-FBP23

-

-

Table 2. Higher-order complex formation as determined by a yeast GAL4 threehybrid assay. The class B proteins pMADS1, FBP1 and pMADS2 are in BD and
pRED vectors, whereas the FBP2-like genes are inserted in the AD-vector. ++
indicates strong interaction, + weak interaction and – indicates no growth of the yeast
cells on the selective media. A, adenine; H, histidine; L, leucine; T, threonine.

mer pMADS1/pMADS2, in which pMADS2 is the second B-type protein in the
PISTILLATA lineage of petunia (Angenent et al., 1993; Kush et al., 1993). No
active complex was formed when FBP5 was fused to the GAL4 activation
domain. Noteworthy is the fact that all of the positive interactions were obtained
on LTA (Leu-The-adenine) and LTH (Leu-Thr-His) with 10 mM 3-amino-1,2,4triazole medium, which are selective for strong interaction, and that all of the
screenings were performed at 30C, the normal yeast growth condition. By
contrast, experiments with AP3/PI and SEP3 were performed at room
temperature, because screenings at a higher temperature yielded no positive
colonies (Honma and Goto, 2001). None of the FBP2-like proteins appeared
able to dimerize with the petunia B-type proteins pMADS1, pMADS2, and
FBP1 (data not shown) (Immink et al., 2003).
Because MADS box proteins are known to bind DNA as dimers and the
binding affinity was shown to be enhanced in ternary complexes (Egea-Cortines
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et al., 1999), the possible formation of a complex between B types, C types, and
FBP2 was tested with the GAL4 system in yeast. Yeast two-hybrid experiments
performed in the past have shown that no direct interactions occur between
petunia B- and C-class proteins (Immink et al., 2003). Like most of the proteins
that belong to the AP1/SEP3 superclade, the C terminus of FBP2 possesses
transcriptional activity in yeast; therefore, part of this domain (59 amino acids)
was removed from the FBP2 protein. The resulting truncated protein (FBP2∆C)
possesses no transcriptional activation activity and still is able to dimerize
specifically with other petunia MADS box proteins (Immink et al., 2003).
Nevertheless, partial deletion of the C terminus might affect higher order
complex formation, because Egea-Cortines et al. (1999) and Honma and Goto
(2001) clearly demonstrated that the C terminus is involved in these interactions.
To determine the effect of the FBP2 truncation, the interaction between
FBP2∆C and the FBP1/pMADS1 heterodimer was tested. This experiment
revealed that FBP2∆C acts as the full-length FBP2 protein (Table 2) and still is
able to form a complex with the B-type proteins (Table 3). Subsequently,
pMADS1 (B2) together with pMADS2 (B3) or FBP1 (B1) and either FBP6 (C1)
or pMADS3 (C2) were coexpressed with FBP2∆C, and yeast colonies were
selected on the appropriate selective medium. Despite the high similarity
between B1 and B3 proteins and between C1 and C2 proteins, the formation of
the complex was very specific, because only B1B2C2E and B2B3C1E
combinations were positive in the yeast screening (Table 3).
DISCUSSION
The classic ABC model (Coen and Meyerowitz, 1991) has been accepted for
almost a decade to describe the development of floral organs through the action
of homeotic genes. Because most of the corresponding proteins are part of the
MADS box family of transcription factors, which are known to bind DNA as
dimers, pairs of MADS box proteins belonging to class A, B, or C were
considered to be sufficient to determine the identity of every single floral organ
within the flower (Riechmann and Meyerowitz, 1997). A recent breakthrough in
the study of flower development, however, was made possible by the isolation
of the Arabidopsis sep1 sep2 sep3 triple mutant: the expression of these genes
with partially redundant function is required for the proper action of B and C
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Protein/vector combinations

-LTH
+10mM3AT
30°C

pTFT1-pMADS1 + pAD-FBP1 + pRED-FBP2∆C + pBD-FBP6

–

pBD-pMADS1 + pRED-FBP1 + pAD-FBP6

–

pTFT1-pMADS1 + pAD-FBP1 + pRED-FBP2∆C + pBD-pMADS3

++

pBD-pMADS3 + pAD-FBP1 + pRED-FBP2∆C

–

pBD-pMADS1 + pAD-pMADS3 + pRED-FBP1

–

pTFT1-pMADS1 + pAD-pMADS2 + pRED-FBP2∆C + pBD-FBP6

+

pAD-pMADS2 + pRED-FBP2∆C + pBD-FBP6

–

pTFT1-pMADS1+ pAD-pMADS2+pRED-FBP2∆C+ pBD-pMADS3

–

pBD-pMADS1 + pRED-pMADS2 + pAD-pMADS3

–

pBD-pMADS1 + pRED-FBP1 + pAD-FBP2∆C

–

Hypothesized
complexes

E C2
B1B2

E C1
B2B3

Table 3. Higher-order complex formation as determined by a yeast GAL4 four-hybrid
assay. The heterodimers FBP2∆C(E)/FBP6(C1) and FBP2∆C(E)/pMADS3(C2) are
used
as
"bait",
and
the
heterodimers
pMADS1(B2)/FBP1(B1)
and
pMADS1(B2)/pMADS2(B3) are used as "prey". Selection for complex formation was
performed at room temperature (RT). ++ indicates strong interaction, + weak
interaction and – indicates no growth of the yeast cells on the selective medium. The
hypothesized complexes are indicated. H = histidine, L = leucine and T = threonine.

homeotic genes, adding a new class to the previous ABC model (Pelaz et al.,
2000). Homeotic activity as a result of direct interaction between B- or C-class
proteins and SEP proteins was supported by the evidence that MADS box
proteins can form larger complexes in which at least three members are involved
(Egea-Cortines et al., 1999; Honma and Goto, 2001).
The presence of genes from diverse flowering plant species in the SEP-like
(previously AGL2-like) subfamily suggests the importance of this clade in
flower development and its conserved function during evolution (Theissen et al.,
1996; Münster et al., 1997). However, only a few of these genes have been
characterized thoroughly through mutant studies, and slight differences were
found between some of them. The downregulation of the gerbera SEP-like gene
GRCD1 (GERBERA REGULATOR OF CAPITULUM DEVELOPMENT1)
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caused homeotic conversion in one whorl only. The sterile staminodes of the ray
florets were transformed into petals, indicating that gerbera might have whorlspecific SEP-like genes (Kotilainen et al., 2000). On the other hand, missense
mutations in OsMADS1 (Oryza sativa MADS-box1) caused phenotypic
alterations in lodicules, which were converted to palea- and lemma-like organs
that resembled the phenotype of B-type mutants in grasses (Ambrose et al.,
2000; Jeon et al., 2000). The only mutant phenotypes that featured all of the
alterations displayed by the recent Arabidopsis sep mutant were described in
1994 in the Solanaceae species petunia and tomato (Angenent et al., 1994;
Pnueli et al., 1994): cosuppression of the petunia FBP2 gene caused homeotic
conversion of the three inner floral whorls to sepaloid organs as well as loss of
the determinacy in the center of the flower. A similar phenotype was generated
by the down-regulation of the tomato TM5 gene in antisense transgenic plants.
FBP2 is the functional equivalent of SEP3
In this study, we provide evidence that the petunia gene FBP2 represents the
same function as the SEP3 gene in Arabidopsis. Clues came from expression
pattern studies, phenotypic alterations produced in wild-type and mutant
Arabidopsis, and the similar pattern of interactions when protein complexes are
formed.
Overexpression of FBP2 in Arabidopsis caused early flowering, a single
terminal flower, and curled rosette and cauline leaves, all characteristics that
were described for 35S::SEP3 transgenic Arabidopsis plants (Pelaz et al., 2001).
However, early flowering in Arabidopsis, which often is associated with curled
leaves and a terminated inflorescence, is a phenotype that appears in many
transgenic plants when a member of the AP1 or AGL2 clade, or another
meristem identity gene such as LFY or FUL, is expressed constitutively (Mandel
and Yanofsky, 1995b; Kyozuka et al., 1997; Sung et al., 1999; Berbel et al.,
2001). Gain-of-function phenotypes can be the result of the interference of the
transgene with unrelated processes, especially when the gene is expressed
outside of its physiological environment and at extremely high levels. Therefore,
overexpression analysis, although providing useful indications, is insufficient to
establish genetic functions and relatedness among different genes.
The most convincing evidence of functional homology between FBP2 and
the SEP genes came from the complementation experiment in which SEP
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function was restored almost completely in the sep1 sep2 sep3 mutant by the
introduction of the petunia gene. Whether FBP2 supplies the function of one or
more SEP genes is difficult to assess and also not particularly relevant, because
the Arabidopsis genes are functionally redundant. Nonetheless, a few
circumstantial pieces of evidence suggest that SEP3 is the ortholog of FBP2.
SEP3 is the closest to FBP2 in the phylogenetic analysis, and their expression
patterns are very similar. Furthermore, FBP2 and SEP3 are expressed in the
same floral domains and during similar developmental stages in petunia and
Arabidopsis. Both transcripts first appear in the central portion of the flower
meristem and later are restricted to the three inner whorls, although their
expression also was detected at low levels on the adaxial side of the sepals
(Mandel and Yanofsky, 1998). SEP1, on the other hand, is ubiquitously and
highly expressed during early and intermediate stages of flower development
without being restricted to particular floral domains (Flanagan and Ma, 1994).
Moreover, SEP3 interacts with the same petunia MADS box proteins that FBP2
does, indicating that these proteins also share similar structural features and
specificity to form dimers. A ternary complex between AP3/PI and SEP3 has
been reported by Honma and Goto (2001), and a complex with a similar
constitution of petunia proteins, including FBP2, has been confirmed in this
study. These data strongly indicate that FBP2 and SEP3 are functionally
equivalent and form higher order complexes with other class-B and class-C
MADS box proteins that specify the identity of the inner three whorls.
Two redundant genes in petunia
Whether the same partial redundancy observed among the SEP genes in
Arabidopsis occurs in petunia as well could not be excluded by the
cosuppression experiments that led to the mutant phenotype in petunia. Because
of the type of experiment, it still was possible that more genes were
downregulated in the transgenic plants. Therefore, we searched extensively for
new FBP2-like genes, and the expression of these newly isolated FBP genes
was examined in the FBP2 cosuppression plant. Among the five new petunia
genes, FBP5 was the only one from which expression was abolished almost
completely. This finding indicates that the SEP phenotype observed in the
petunia cosuppression mutant is most likely the result of the downregulation of
the two redundant genes FBP2 and FBP5. Besides the high degree of sequence
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similarity between FBP2 and FBP5 and the double fbp2 fbp5 cosuppression
mutant, other functional tests support the notion that these genes are functionally
redundant. They have identical dimerization partners among the 23 available
petunia proteins, and both form ternary complexes with the class-B proteins
pMADS1 and FBP1. Strikingly, the only observed difference between the two
petunia proteins is the inability of FBP5 to form a ternary complex with the
class-B dimer pMADS1/pMADS2, whereas three-hybrid studies with FBP2
revealed that these complexes are formed efficiently in yeast. pMADS2 is
another putative class-B gene, which is similar to FBP1 and the B genes
GLOBOSA and PISTILLATA from snapdragon and Arabidopsis, respectively
(Kush et al., 1993; Angenent et al., 1994). Although it is reasonable to suggest
that FBP1 and pMADS2 are functionally redundant, evidence for this is missing.
Considered together, these data suggest that FBP5 might be diverged from FBP2
with respect to ternary complex formation with the dimer pMADS1/pMADS2,
but it is doubtful whether this will have biological consequences because of the
redundancy among the B proteins.
Multimeric complex formation
The finding that a ternary complex could be formed in yeast between the
snapdragon DEF-GLO heterodimer and the SQUA protein (Egea-Cortines et al.,
1999) and the more recent discovery that higher order complexes of MADS box
gene products direct floral organ identity in Arabidopsis (Honma and Goto,
2001) provided a molecular explanation for some of the incongruities of the
ABC model. The SEP genes have been shown to be necessary for the
development of petals, stamens, and carpels in Arabidopsis (Pelaz et al., 2000);
therefore, they represent a new class of floral organ identity genes, termed Efunction genes (Theissen, 2001).
The SEP3 protein interacts in yeast with AP1 and the dimmer of the Bfunction proteins PI-AP3, suggesting that the complex B1B2AE might direct
petal formation. Similarly, SEP3 forms quaternary complexes in yeast with the
class-C protein AG and the PI-AP3 dimer, indicating that the complex B1B2CE
might be responsible for stamen identity. The formation of such protein
complexes, together with the observation that in plants that overexpress the
corresponding genes floral organs are formed outside the flower, led to the
proposition of a new model of floral organ identity, the quartet model (Theissen,
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2001), according to which four different combinations of four different floral
homeotic proteins specify the identity of the different floral organs. Evidence is
provided here that the same model might hold for petunia.
The results from the four-hybrid experiments clearly show that a complex in
which four different MADS box proteins are involved is formed successfully in
yeast. The notion that such a quaternary complex is just a tetramer or a complex
of higher order cannot be excluded; however, it involves at least two B-types,
one C-type, and one E-type protein in Arabidopsis.
On the other hand, unlike in Arabidopsis, evolution in petunia most likely
has led to a duplication in the ancestral B- and C-type genes, resulting in FBP1
and pMADS2 (Angenent et al., 1992; Kush et al., 1993), both of which are
related closely to PI, and FBP6 and pMADS3 (Angenent et al., 1993;
Tsuchimoto et al., 1993), which are related to AG. Despite the high sequence
similarity among the duplicated B and C proteins, there seems to be a high
specificity in the pattern of interactions, because the C-type pMADS3 takes part
in the protein complex only if the B-type FBP1 also is present, whereas FBP6
requires the presence of pMADS2, leading to the formation of the complexes
B1B2C2E and B2B3C1E, respectively. Given these data, it is not possible to
establish the biological function of such complexes in the plant. However, we
speculate that these two complexes have been recruited for slightly different
functions within the flower identity program.
It is apparent that research on floral identity genes has entered into the field
of protein complexes, and although small differences in the redundancy of the
proteins involved exist between the model species Arabidopsis, snapdragon, and
petunia, the formation of MADS box complexes appears to be very conserved.
MATERIALS AND METHODS
Plant material
Petunia hybrida lines W115 and W138, Arabidopsis thaliana ecotypes
Wassilewskija and Columbia, and transgenic plants were grown under normal
greenhouse conditions (22°C, 14 h of light/10 h of dark).
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Screening of a cDNA library and DNA sequence analysis
The FBP4, FBP20, FBP21, FBP22, FBP23, FBP26, FBP28, and FBP29
cDNA clones were isolated from a young inflorescence petunia cDNA library
(Immink et al., 2003). The FBP5, FBP9 (Immink et al., 2002), and pMADS12
clones were obtained from a pistil cDNA library in ZAPII vector (Stratagene).
Approximately 100,000 plaques from each library were screened with a mixed
MADS box probe containing the 5 terminal sequence of FBP1 (362 bp) and
FBP2 (364 bp) (Angenent et al., 1992). Hybridization and washing of the
Hybond N membranes (Amersham) were performed under low-stringency
conditions (55°C hybridization and washing with 2×SSC [1×SSC is 0.15 M
NaCl and 0.015 M sodium citrate] at 55°C).
The positive clones were isolated and purified, the pBluescript SK and pADGAL4 phagemids were excised in vivo according to the Stratagene protocol, and
the inserts were sequenced (BigDye Sequencing Kit; Applied Biosystems,
Foster City, CA).
Nucleotide and amino acid sequence comparisons were performed using the
CLUSTAL W multiple sequence alignment program (Thompson et al., 1994).
Amino acid alignments, including the MADS box, the I region, and the K box,
were used to obtain the phylogenetic tree with the Protdist (using the Dayhoff
point accepted mutations matrix as a distance matrix) and neighbor-joining
programs of the PHYLIP 3.5c package (provided by J. Felsenstein, Department
of Genetics, University of Washing-ton, Seattle). Bootstrap analysis was
performed with Seqboot on 100 data sets, and branches with values of 50 were
collapsed. Also included in the tree were sequences from the Arabidopsis and
tomato MADS box gene families.
Construction of the binary vector and plant transformation
The full-length open reading frame of FBP2 was generated by PCR using a 5
primer on the ATG containing a HindIII site and a reverse primer designed
downstream of the stop codon with a KpnI site. The PCR fragment was placed
downstream of the double 35S promoter of Cauliflower mosaic virus in the
pGD120 plasmid (Immink et al., 2002), and the expression cassette was cloned
subsequently into the pBIN19 binary vector (Bevan, 1984).
Transformation of petunia plants was performed as described previously
(Angenent et al., 1993). Transformation of Arabidopsis wild-type and mutant
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plants was performed using the floral-dip method as described by Clough and
Bent (1998); C58C1 was the Agrobacterium tumefaciens strain used for the
transformation.
Identification of sep1 sep2 sep3 mutant Arabidopsis plants
A population of 28 offspring plants from a plant with the genotype
sep1/SEP1; sep2/SEP2; sep3/sep3 was screened for insertions in the SEP1,
SEP2, and SEP3 genes. The insertion alleles were identified by PCR as
described by Pelaz et al. (2000). The genotypic distribution was as follows:
SEP1/SEP1; SEP2/SEP2; sep3/sep3, 3 of 28 plants; SEP1/sep1; SEP2/SEP2;
sep3/sep3, 2 plants; sep1/sep1; SEP2/SEP2; sep3/sep3, 4 plants; SEP1/SEP1;
SEP2/sep2; sep3/sep3, 3 plants; sep1/sep1; SEP2/sep2; sep3/sep3, 5 plants;
SEP1/sep1; SEP2/sep2; sep3/sep3, 11 plants. None of the plants was
homozygous for the sep2 mutant allele. The plants belonging to the latter class
were used for complementation by a direct transformation with the FBP2
overexpression construct. The FBP2 overexpression construct contained the
Green Fluorescent Protein reporter driven by the 35S promoter to enable the
selection of transformed seedlings.
RNA gel blot analysis and in situ hybridization
Total RNA was isolated from stems, leaves, bracts, sepals, petals, stamens,
and carpels of wild-type petunia plants and from the various floral whorls of
FBP2 cosuppression plants, according to Verwoerd et al. (1989). Ten
micrograms of each RNA sample, denatured with 1.5 M glyoxal, was
fractionated on a 1.4% agarose gel and blotted onto a Hybond N+ membrane.
Gene-specific fragments from all of the genes tested were used as probes for
hybridization. The probes were labeled by random oligonucleotide priming
(Feinberg and Vogelstein, 1984), and blots were hybridized as described by
Angenent et al. (1992).
In situ hybridizations were performed as described by Cañas et al. (1994).
Digoxigenin-labeled RNA probes were synthesized by T7 polymerase–driven in
vitro transcription from the PCR fragment containing 3’ ends of FBP2, FBP5,
and pMADS12, according to the instructions from Boehringer Mannheim. The
amplification products were obtained with the 5 primer 5’-CCCAAGCTTGGGT
TTGAAGAAGATGGTGAGAGG-3’ and the 3 primer 5’-TAATACGACTCAC
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TATAGGGATAGGTAGTCACC-AATTAATTC-3’ containing the T7 polymerase promoter site. RNA transcripts were hydrolyzed partially for 45 min by
incubation at 60°C in 0.1 M Na2CO3/NaHCO3 buffer, pH 10.2.
Two-, three-, and four-hybrid analysis of petunia protein–protein
interactions
Two-hybrid analyses were performed in the Cytotrap yeast two-hybrid
system (Stratagene), as described by Immink et al. (2003). Ternary and
quaternary complex formation was studied with a modified yeast two-hybrid
GAL4 system. Full-length cDNA copies of FBP2, FBP4, FBP5, FBP6, FBP9,
FBP23, pMADS3, and pMADS12 were cloned into the pAD-GAL4 vector, and
the coding sequences of pMADS1, pMADS3, FBP2 lacking the coding region for
the C-terminal 59 amino acid residues (Immink et al., 2003), and FBP6 were
inserted into the pBDcam-GAL4 vector (Stratagene). The third protein was
expressed from the pRED-NLSa vector, which contained the full-length ADH1
promoter and the URA3 selectable marker gene. The complete FBP1 and
pMADS2 coding sequences and FBP2 lacking the 3 end were cloned into this
vector in frame with the coding region of the SV40 nuclear localization signal.
To test for quaternary complex formation, the full-length pMADS1 coding
sequence was cloned into the pTFT1 vector (Egea-Cortines et al., 1999). For all
three- and four-hybrid experiments, yeast strain Pj69-4a (James et al., 1996) was
used. Selection for interaction was per-formed on selective medium lacking His
and supplemented with 10 mM 3-amino-1,2,4-triazole (Sigma). For the threehybrid experiments, growth of yeast and hence protein–protein interaction was
scored after 5 days of incubation at 30°C, and complex formation was confirmed
on selective medium lacking adenine. For the four-hybrid experiments, the latter
marker was not used because of the presence of the ADE2 selection marker gene
on the pTFT1 vector. Therefore, suspensions of the yeast colonies were spotted
onto selective medium lacking His (plus 10 mM 3-amino-1,2,4-triazole) only,
and complex formation was scored after 7 days of incubation at room
temperature.
Upon request, all novel materials described in this article will be made
available in a timely manner for noncommercial research purposes.
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ABSTRACT
Several genes belonging to the MADS box transcription factor family have
been shown to be involved in the transition from vegetative to reproductive
growth. The Petunia hybrida MADS box gene UNSHAVEN (UNS) shares
sequence similarity with the Arabidopsis thaliana flowering gene
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1), is expressed
in vegetative tissues, and is downregulated upon floral initiation and the
formation of floral meristems. To understand the role of UNS in the flowering
process, knockout mutants were identified and UNS was expressed ectopically
in petunia and Arabidopsis. No phenotype was observed in petunia plants in
which UNS was disrupted by transposon insertion, indicating that its function is
redundant. Constitutive expression of UNS leads to an acceleration of flowering
and to the unshaven floral phenotype, which is characterized by ectopic
trichome formation on floral organs and conversion of petals into organs with
leaf-like features. The same floral phenotype, accompanied by a delay in
flowering, was obtained when a truncated version of UNS, lacking the MADS
box domain was introduced. We demonstrated that the truncated protein is not
translocated to the nucleus. Using the overexpression approach with both the
full-length and the nonfunctional truncated UNS protein, we could distinguish
between phenotipic alterations because of a dominant-negative action of the
protein and because of its native function in promoting floral transition.
INTRODUCTION
The role of MADS box proteins as key regulators in many steps of
development and differentiation has been acknowledged over the last decade
(for a review, see Ng and Yanofsky, 2001). The first discovered members of this
family in plants, AGAMOUS (AG) and DEFICIENS, were identified as flower
homeotic genes in the model species Arabidopsis thaliana and Antirrhinum
majus, respectively (Sommer et al., 1990; Yanofsky et al., 1990).
The origin of this DNA binding superfamily of proteins predates the
divergence of plants and animals: conserved MADS box domains also occur in
yeast and mammalian cells, where they are involved in the conversion of
external signals into develop-mental or metabolic responses (Shore and
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Sharrocks, 1995), indicating ancient regulatory functions in no way related to
floral organogenesis.
Various studies in the model species Arabidopsis revealed that MADS box
genes also play prominent roles within the complex genetic network that
regulates the transition to flowering: the switch between vegetative and
generative growth is determined by the activation of interacting groups of genes
that are responding to a specific combination of environmental and endogenous
factors. The MADS box gene FLOWERING LOCUS C (FLC), together with
FRIGIDA, accounts for most of the differences between early and late flowering
ecotypes in Arabidopsis, being a repressor of flowering regulated by
vernalization (Burn et al., 1993; Lee et al., 1993; Clarke and Dean, 1994;
Michaels and Amasino, 1999, 2001; Sheldon et al., 1999, 2000, 2002). Analysis
of five FLC paralogs, MADS AFFECTING FLOWERING1 (MAF1) (also known
as FLOWERING LOCUS M [FLM]) to MAF5, revealed a similar role in
flowering time as floral repressors, at least for MAF1/FLM and MAF2 (Ratcliffe
et al., 2001, 2003; Scortecci et al., 2001). SHORT VEGETATIVE PHASE (SVP)
is also a MADS box gene that, similarly to FLC, acts in a dosage-dependent
manner as a repressor of flowering; its position within the regulatory network,
however, has yet to be established (Hartmann et al., 2000). Another MADS box
gene, AGAMOUS-LIKE 20 (AGL20), later renamed as SOC1 (for SUPPRESSOR
OF OVEREXPRESSION OF CONSTANS1), appeared to be an immediate target
of the transcription factor CONSTANS, which acts in the long-day pathway as a
promoter of flowering (Simon et al., 1996; Samach et al., 2000). Because SOC1
expression is also regulated by FLC and by the gibberellin-dependent signaling
pathway, SOC1 itself has been identified as one of the floral pathway
integrators, together with FLOWERING LOCUS T and LEAFY (Lee et al., 2000;
Hepworth et al., 2002; Simpson and Dean, 2002; Moon et al., 2003). Like
SOC1, AGL24 also acts as promoter of flowering upregulated by vernalization;
unlike SOC1, however, its mRNA level is not affected by FLC (Yu et al., 2002;
Michaels et al., 2003). Furthermore, genetic and expression data indicate that
these two MADS box transcription factors positively regulate each other’s
transcription (Michaels et al., 2003). Recent studies on flowering signals in
crucifers and rice (Oryza sativa) showed that the important role of the SOC1 and
FLC MADS box proteins is at least partly conserved between these species.
Putative SOC1 homologs were isolated, and analyses of flowering time and gene
93

Chapter 6
expression indicated a correlation between an increase in expression levels and
the floral transition (Kim et al., 2003; Tadege et al., 2003). In addition,
overexpression of the Arabidopsis FLC gene in rice delayed flowering; no FLC
homolog has been identified in this species yet. These observations clearly show
conservation of the regulatory role of MADS box proteins in the flowering
induction pathway.
Flowering in Petunia hybrida plants is also affected by photo-period: longday (LD) conditions promote early flowering in both early and late varieties.
Each variety retains its characteristic blooming time when grown under shortday (SD) conditions; under LD conditions, however, plants of both varieties
flower earlier and at the same moment (Sink, 1984). Despite the fact that
physiological studies on the effect of photoperiod, light, and temperature on
growth and flowering of petunia plants date back to the late 1950s, the genetic
basis of flowering time in petunia has not been unraveled yet.
Nevertheless, nonflowering petunia plants obtained by suppression of at least
the MADS box gene PETUNIA FLOWERING GENE (PFG) demonstrate that
MADS box proteins are required for the switch from vegetative to generative
growth in this species (Immink et al., 1999).
MADS box proteins are composed of a conserved DNA binding domain, the
MADS box, which is located at the N terminus; furthermore, most of the plant
MADS box proteins have an additional conserved region that resembles the
coiled-coil segment of keratin (therefore named K box; Ma et al., 1991) located
in the middle of the protein and separated from the MADS box by the highly
variable I region (for a review, see Riechmann and Meyerowitz, 1997). Several
studies using both in vitro and in vivo systems have been conducted to identify
the regions responsible for DNA binding, dimerization, transactivation, and
interaction with coaccessory regulatory factors. Given the complexity of
regulatory networks, homodimerization, heterodimerization, or even multimeric
complex formation efficiently creates a large collection of transcription
activation or repression complexes, originating from a relatively limited number
of proteins. The inclusion of nonfunctional MADS box proteins allows the
creation of dominant inhibitory complexes that are potentially useful in
generating loss-of-function phenotypes.
MADS box proteins lacking the activation domain have indeed been
successfully produced to act as dominant-negative isoforms. The role of human
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SERUM RESPONSE FACTOR (SRF) and MYOCYTE ENHANCER
FACTOR2 proteins in differentiation pathways have been confirmed by this
strategy (Belaguli et al., 1997; Ornatsky et al., 1997; Okamoto et al., 2000).
Similar mutant phenotypes can be obtained when a transcription factor is altered
in its DNA binding ability, while it still retains its dimerization capacity. A
mutated form of the avian SRF, in which a triple point mutation was introduced
in the MADS domain, competes successfully with binding by the endogenous
SRF to its DNA target site (Johansen and Prywes, 1993; Croissant et al., 1996).
Although much research has been done on dominant-negative mutations in
MADS box proteins in vertebrates, only a few examples of loss-of-function
phenotypes as a result of such mutations have been described in plants. A
truncated version of the AG protein, lacking the C-terminal region, gen-erates an
ag mutant phenotype when ectopically expressed in Arabidopsis (Mizukami et
al., 1996). In rice, the naturally occurring mutant leafy hull sterile1 is caused by
a point mutation in the MADS box of the O. sativa MADS1 gene, which inhibits
the binding of the transcription factor to its DNA target site (Jeon et al., 2000).
Lastly, overexpression of the lily (Lilium longiflorum) AP3 homolog (LMADS1)
lacking the MADS box region in Arabidopsis is sufficient to generate an ap3like phenotype through interaction of the corresponding protein with the
endogenous PISTILLATA protein (Tzeng and Yang, 2001).
In this study, we report the cloning and functional characterization of the
petunia MADS box gene FLORAL BINDING PROTEIN20 (FBP20),
homologous to the Arabidopsis SOC1 and renamed as UNSHAVEN (UNS). The
phenotypes obtained by overexpressing the full-length gene revealed its function
in promoting floral transition, and truncated versions induced dominant-negative
effects caused by interactions with different dimerization partners. The lack of
phenotype in the knockout mutant obtained by transposon insertion mutagenesis
strongly suggests redundancy between the UNS gene and the closely related
FBP21, FBP22, and FBP28 MADS box genes.
RESULTS
Isolation and sequence analysis of UNS
A full-length cDNA clone, corresponding to the UNS (formerly known as
FBP20) MADS box gene has been isolated from a cDNA library obtained from
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Figure 1. Phylogenetic tree of predicted MADS box protein sequences from several
species.
Comparisons were made using the MADS box, the I region, and the K box of the
proteins from the plant species Arabidopsis (SOC1, AGL14, AGL19, SVP, AGL24,
and AP3), Brassica rapa (BrAGL20), Cardamine flexuosa (CfAGL20), petunia
(FBP28, FBP21, UNS, FBP22, and FBP13, in bold in the figure), potato (STMADS16
and STMADS11), rice (RAGL20), S. alba (SaMADSA), tobacco (NtMADS1), and
tomato (TDR3). Bootstrap values are indicated above each branch. The Arabidopsis
AP3 protein was used as an outgroup.

young petunia inflorescences (Immink et al., 2003). The UNS cDNA encodes a
putative protein of 217 amino acids, which has a high sequence similarity with
the Arabidopsis SOC1 protein (Samach et al., 2000) and other related sequences
from tobacco (Nicotiana tabacum) (MADS1; Mandel et al., 1994), Sinapis alba
(SaMADSA; Menzel et al., 1996), and tomato (Lycopersicon esculentum)
(TDR3; Pnueli et al., 1991). UNS and SOC1 share 65% sequence identity, when
the full-length proteins are compared, and this raises to 89% in the MADS box
domain.
Figure 1 shows a phylogenetic tree generated using the MADS box, the I
region, and the K box of UNS and related Arabidopsis protein sequences as
present in the databases (Pařenicová et al., 2003). We also included the
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sequences from tobacco, S. alba, tomato, Brassica, Cardamine flexuosa (Kim et
al., 2003), and rice (accession number AY332476), all related to UNS, and the
potato (Solanum tuberosum) STMADS11 and STMADS16 (Carmona et al.,
1998; Garcìa-Maroto et al., 2000), which are related to SVP together with
FBP13 from petunia (Immink et al., 2003). The AP3 protein from Arabidopsis
was used as an outgroup. Indeed, the phylogenetic analysis reveals that the
Solanaceae UNS, NtMADS1, and TDR3 group together with the crucifers
SOC1, BrAGL20, and SaMADSA, whereas FBP13 belongs to the SVP/ AGL24
group together with the potato StMADS11 and StMADS16.
Expression analysis of UNS in wild-type petunia
RNA gel blot analysis was performed to analyze the expression of UNS in
wild-type petunia tissues (Figure 2A). An UNS-specific probe without the
MADS box region was used to hybridize blots containing RNA isolated from
seedlings, stems, leaves, mature bracts, sepals, petals, stamens, pistils, fruits, and
developing seeds at 5 d after fertilization. UNS expression is confined to the
green vegetative tissues and the first floral whorl. A more detailed picture of the
UNS expression pattern was obtained by in situ hybridization of shoot apical
meristem (SAM), inflorescence, and floral meristems (Figures 2B to 2H). UNS
mRNA was detectable throughout the vegetative meristem, the young leaves,
and at a relatively high level around the vascular bundles of the emerging first
leaves (Figures 2C and 2D). The expression pattern of UNS is therefore similar
to that of SOC1 in Arabidopsis plants that have been induced to flowering by
16-h LD conditions (Samach et al., 2000). UNS is highly expressed in the
emerging young bracts and at a very low level in inflorescence meristems
(Figures 2E and 2F). No hybridization signal above background was detectable
in the flower meristem and in the emerging floral organ primordial (Figures 2G
and 2H). mRNA levels rapidly declined with further development of the flower
organs (Figure 2A).
Knockout mutant of UNS
To obtain an UNS loss-of-function mutant, we screened 5712 petunia W138
plants for transposon insertions in the open reading frame of UNS (Koes et al.,
1995; Vandenbussche et al., 2003). One plant was found to be hemizygous for a
dTph1 transposable element insertion in the MADS box coding region. The
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Figure 2*. Expression of UNS in
wild-type tissues of petunia.
(A) RNA gel blot using RNA from
seedlings (Sl), stems (S), leaves (L),
mature bracts (MB), sepals (Sp),
petals (P), stamens (St), pistils (Pi),
fruits (Fr), and seeds (Sd) of wildtype petunia hybridized with an
UNS-specific probe. Below the blot
is a picture of the gel before blotting,
stained with ethidium bromide,
illustrating equal loading of the
samples.
(B) to (H) RNA in situ localization of
UNS in SAMs and developing
petunia inflorescences. Longitudinal
sections were hybridized with a
digoxygenin-labeled sense UNS
probe (B) or antisense UNS RNA
([C] to [H]). (B), (C), (E), and (H)
and (D), (F), and (G) were viewed
using
dark-and
bright-field
microscopy, respectively. L, leaf; b,
bract; yb, young bract, fm, floral meristem; im, inflorescence meristem; s, sepal; p,
petal; st, stamen. Bars = 200 µm in (B) to (F) and 500 µm in (G) and (H).
(B) to (D) SAMs with emerging leaves on their flanks. The UNS mRNA is equally
distributed throughout the apex and the emerging young leaves.
(D) is a higher magnification of (C).
(E) and (F) Inflorescence apex with developing floral meristem. (F) is a higher
magnification of (E). The expression is strong in young bracts, but weak hybridization
signals are also present in the floral and inflorescence meristems.
(G) Floral meristem with developing sepals.
(H) Young flower bud with petal and stamen primordia.
*Figure in colour in Appendix.

small transposable element of 284 nucleotides in length (Gerats et al., 1990) was
inserted 104 nucleotides downstream of the ATG start codon in the first exon
(see supplemental data). The insertion was stabilized by crossing with a wild98
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type W115 line, which does not carry transposase activity. Homozygous mutant
plants were obtained upon selfing and analyzed for phenotypical effects under
both SD and LD conditions. Although carrying a null mutation in the UNS gene,
the homozygous insertion plants did not show any clear phenotypic alteration or
change in flowering time, suggesting the existence of functional redundancy
with other genes.
Ectopic expression of UNS and UNS∆MI generate the same phenotype in
petunia flowers but have the opposite effect on flowering time
Transgenic petunia plants carrying the full-length UNS cDNA under the
control of the constitutive 35S promoter of Cauliflower mosaic virus were
generated by Agrobacterium tumefaciens–mediated transformation. Thirty-eight
independent transformants were obtained, of which 14 showed transgene
expression at variable levels, as determined by RNA gel blot analysis (data not
shown). The progenies (T1-UNS) of the two primary transformants with the
highest transgene expression produced after selfing were grown under SD
conditions, and a clear reduction in flowering time was observed in both
progenies. Transgenic petunia plants flowered much earlier compared with the
wild type, as shown in Figure 3A. To quantify the effect of the transgene on
flowering behavior, a third T1-UNS progeny was grown under SD, together with a
wild-type population and a progeny from a primary transformant overexpressing
a truncated version of UNS (T1-UNS∆MI) lacking the MADS box and the I region.
As shown in Figure 3C, the T1-UNS population showed a clear reduction in
flowering time with an average of 81 d after germination compared with the 135
d necessary for the wild type to flower. Surprisingly, overexpression of UNS∆MI
caused an opposite effect on the flowering behavior of the transgenic petunia
lines because the T1-UNS∆MI population flowered on average 2 weeks later than
the wild type (Figure 3B). The delay in flowering time caused by overexpression
of UNS∆MI was also observed in two independent transgenic populations (data
not shown).
Because the truncation of UNS results in a nonfunctional protein, as shown
in colocalization experiments (see below), the delay in flowering time is most
likely because of a dominant-negative effect of the truncated MADS box
protein.
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Figure 3*. Effect of UNS and UNS∆MI ectopic expression on petunia plants.
(A) Overexpression of UNS causes early flowering in transgenic petunia plants (right)
compared to wild type (left).
(B) Overexpression of UNS∆MI delays flowering in transgenic petunia plants (left)
compared to wild type (right).
(C) Flowering time of wild type (WT), 35S::UNS (UNS) and 35S::UNS∆MI (UNS∆MI)
plants as measured by the number of days after germination until the first flower bud
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appears. Number of plants (n) and standard deviation (sd) are indicated below each
bar. The significance of the differences in flowering time between the wild type and
35S::UNS and between the wild type and 35S::UNS∆MI plants were confirmed by
Student’s t test.
(D) to (J) Flowers and ovaries of wild type and 35S::UNS petunia plants.
(D) and (E) wild type (WT) and transgenic (35S::UNS) petunia buds at the same
stage of development. The transgenic bud is significantly shorter and greener than a
bud of the wild type.
(F) wild type and 35S::UNS mature flowers. The reduced dimensions are maintained
until full maturity of the transgenic flower, which does not open completely.
(G) and (J) Ovaries of wild type [(G) and (I)] and 35S::UNS [(H) and (J)] plants. The
transgenic ovaries are significantly longer than those from the wild type. The outer
epidermis is covered with trichomes and a stem-like structure develops at the basis
of the septum [arrow in (J)]. One carpel is removed from the ovaries in (I) and (J).
*Figure in colour in Appendix.

Phenotypic alterations of the 35S::UNS transgenic plants were also apparent
in flower organs where UNS transcript is normally not present. The overall
architecture of the petunia inflorescence was not affected. Leaves, bracts, sepals,
and stamens did not reveal obvious changes in their morphology, whereas
modifications in petals and ovaries could be seen in all plants in which ectopic
expression of UNS was observed.
As shown in Figure 3E, transgenic floral buds are significantly shorter and
greener than wild-type buds (Figure 3D). The green hue of the petals in
overexpression plants is maintained until full maturity of the flower. Transgenic
flowers are reduced in size, and the corolla does not open completely (Figure
3F). Petals of wild-type and aberrant flowers were analyzed in detail by
scanning electron microscopy (Figure 4). These analyses revealed that trichomes
develop on both abaxial and adaxial sides of transgenic petals, equally
distributed over the whole surface. By contrast, petals of wild-type plants have
only a few trichomes on the abaxial side, predominantly along the midvein
(Figures 4A and 4B). The shape of the petal cells was also affected: epidermal
cells at both sides of the petals in overexpression lines were flatter than those of
wild-type plants, which have conical shaped cells (Figures 4C, 4D, 4I, and 4J).
Petals of overexpressor lines exhibit features that are typical of leaves and bracts
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Figure
4.
Scanning
electron
microscopy of wild-type petal and bract
and 35S::UNS petals.
(A) to (D) Abaxial and adaxial side of a
wild-type petal. A few trichomes are
visible along the midvein at the abaxial
side only (A). A higher magnification
shows the conical shaped cells that
are present on both sides ([B] to [D]).
(E) and (F) Adaxial side of a wild-type
bract, which is covered with trichomes
(E) and stomata (F).
(G) to (J) Abaxial and adaxial sides of
a 35S::UNS line. Numerous trichomes
are growing on both sides of the
petals, and the cells are flatter
compared with the wild type ([I] and
[J]). (I) and
(J)
are
higher
magnifications of (G) and (H),
respectively.

of wild-type plants (Figures 4E and 4F), with flat epidermal cells and many
trichomes on both abaxial and adaxial sides.
Pistils of the overexpression lines also exhibited a change in morphology.
The ovary was elongated compared with wild-type ovaries (Figures 3G to 3J and
5A to 5D), and a stem-like structure developed at the basis of the septum inside
the ovary (arrows in Figures 3J and 5D). Like on transgenic petals, trichomes
developed ectopically on the surface of the transgenic ovaries and over the
whole style to the basis of the stigma, whereas trichomes are completely absent
on wild-type pistils (Figures 5F to 5H). Even inside the ovary, trichomes
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Figure 5. Scanning Electron Microscopy of
Pistils of Wild-Type and 35S::UNS Lines.
(A) and (B) Ovaries of the wild type and
35S::UNS. The ovary (o) of the transgenic
line is elongated compared with the wildtype ovary and covered with trichomes. st,
style.
(C) to (E) Ovaries of the wild type and
35S::UNS with removed ovary wall.
The box in (D) is enlarged in (E) and shows
a trichome that develops on the surface of
the elongated septum inside the ovary
(arrow in [D]).
(F) to (H) Stylar tissues of wild-type and
35S::UNS plants. Numerous trichomes
develop at the stylar surface of 35S::UNS,
whereas wild-type pistils do not produce
trichomes. o, ovary; st, style.

developed occasionally on the surface of the septum (Figure 5E). Because the
presence of many trichomes on different organs was one of the most striking
features of the transgenic plants, we renamed FBP20 to UNS. When UNS
lacking the MADS box and the I region (UNS∆MI) was ectopically expressed in
petunia plants, the same phenotypic alterations were observed in the flowers, as
seen in transgenic plants overexpressing the full-length cDNA. Greenish petals
covered with trichomes and elongated hairy pistils are features common to all
transgenic plants, whereas the severity of the phenotype correlated with the
expression level of the transgene (data not shown).
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Expression analyses of differentially expressed MADS box genes in
35S::UNS and 35S::UNS∆MI transgenic plants
To assess the identity of the modified floral organs in the 35S::UNS plants,
we checked the expression of two different petunia MADS box genes: FBP28
and FBP29. These genes are both expressed in leaves and bracts of a wild-type
petunia plant, although at different levels, whereas their patterns of expression
differ in the floral organs (Figure 6). FBP29 mRNA is detectable in sepals and
carpels, but it is excluded from whorls 2 and 3. FBP28 mRNA, instead, is
present only in stamens and absent from the other three floral whorls. In
35S::UNS plants, the expression of FBP29 is extended to whorl 2 organs, where
FBP28 also is upregulated. A decrease in FBP29 expression and the appearance
of FBP28 mRNA in transgenic carpels is also in line with the altered
morphology of these organs. These observations together suggest that petals and
carpels of the overexpression plants have partially lost their identity as floral
organs and have acquired hallmarks of vegetative organs of the plant.
UNS and UNS∆MI interacting partners assessed by a yeast two-hybrid
system
The ability of the wild-type and truncated UNS proteins to dimerize with
corresponding or different MADS box partners was assessed by the yeast cytotrap system (Immink et al., 2003). As shown in Table 1, UNS and UNS∆MI
share most of the dimerization partners, including the SEPALLATA-like
proteins FBP2 and FBP5 as well as FBP13, the putative petunia homolog of the
Arabidopsis AGL24 protein, which functions as a dosage-dependent promoter of
flowering and a positive regulator of SOC1 (Michaels et al., 2003).
Unlike its wild-type counterpart, UNS∆MI is able to interact with the fulllength UNS protein and with PFG, whose cosuppression causes a nonflowering
phenotype in petunia plants (Immink et al., 1999).
Colocalization of UNS, UNS∆MI, and interacting partners in petunia
protoplasts
Surprisingly, both UNS and UNS∆MI resulted in similar pheno-typic
alterations in the flower when expressed ectopically. This suggests that the
mutation is because of a dominant-negative effect rather than transcriptional
activation by UNS. To provide additional evidence for this hypothesis, we
104

UNSHAVEN

Figure 6. RNA Gel Blot Analysis of Wild-Type and 35S::UNS Petunia Plants.
RNA gel blot using RNA from leaves (L), bracts (Br), sepals (S), petals (P), stamens
(St), and carpels (C) of wild-type (left) and 35S::UNS (right) petunia plants. The blot
was hybridized with an FBP29- or FBP28-specific probe. Below the blots is a picture
of the gel before blotting, stained with ethidium bromide, illustrating the amount of
RNA of the samples.

analyzed the localization of different MADS box fusion proteins in petunia leaf
protoplasts by confocal laser scanning microscopy. Fusion constructs containing
the yellow fluorescent protein (YFP) and either the full-length UNS or the
truncated UNS∆MI were expressed under the constitutive 35S promoter of
Cauliflower mosaic virus. Similarly, a fusion between the cyan fluorescent
protein (CFP) and the MADS box protein FBP9 was overexpressed in petunia
W115 leaf protoplasts. FBP9 is a dimerization partner of UNS as determined by
yeast two-hybrid experiments (Table 1).
The fluorescence because of YFP expression was localized in the cytoplasm
when either UNS or UNS∆MI alone was ex-pressed (Figures 7A and 7B). The
cytoplasmic localization of the chimeric transcription factor constructs points to
the absence of a heterodimerization partner and the inability to form
homodimers (Table 1). In contrast with UNS, FBP9 can form homodimers
(Immink et al., 2002), and the complex is transferred to the nucleus where the
yellow fluorescence of the FBP9:YFP construct is localized (Figure 7C). The
use of two variants of the green fluorescent protein with different emission
spectra enables a simultaneous localization of the two different MADS box
protein constructs. The combinations tested, FBP9/UNS and FBP9/UNS∆MI,
gave rise to different fluorescence patterns. When both full-length proteins are
present, the yellow and cyan fluorescence colocalize in the nucleus (Figures 7D
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Table 1. Yeast cyto-trap assay using different protein combinations. Both UNS and
UNS∆MI were tested against 22 known petunia MADS box proteins (Immink et al.,
2003), only the positive combinations are reported here.

and 7E). By contrast, both FBP9 and UNS∆MI remain located in the cytoplasm
despite the ability to form heterodimers between FBP9 and UNS∆MI (Figures
7F and 7G). Deletion of the MADS box domain from one of the dimerizing
proteins, and therefore the absence of one nuclear localization signal, thus seems
to be sufficient to prevent the whole complex from being translocated into the
nucleus. As a consequence, the FBP9/UNS∆MI heterodimer cannot function as
a transcription factor. In this specific combination, UNS∆MI thus acts as a
dominant-negative form toward FBP9, preventing the complex to reach its DNA
targets inside the nucleus. This suggests that the aberrant phenotype in the
flower is because of the elimination of active UNS dimerization complexes.
Ectopic expression of UNS∆MI in Arabidopsis phenocopies the floral
abnormalities observed in the petunia overexpressors and generates an
additional apetala1-like phenotype
We transformed Arabidopsis plants with the 35S::UNS∆MI petunia construct
to monitor the dominant-negative effects on flower morphology in a
heterologous system. Twenty-nine out of 44 putative primary transformants
showed variable degrees of phenotypic alterations. They all had small green
petals, being almost absent in the four lines with the most severe aberrations
(Figures 8B to 8G). In addition, these lines produced elongated unshaven carpels
(Figures 8B and 8C). The long stem at the basis of the effected ovary (arrow in
Figure 8F) and stellate trichomes arising from its surface are characteristics that
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Figure 7*. Confocal Laser Scanning Microscopy (CLSM) of petunia leaf protoplasts
expressing different fusion proteins. Chlorophyll auto-fluorescence is shown in red.
(A) and (B) The fusion proteins between CFP and UNS full-length or UNS∆MI are
localized in the cytoplasm. The arrow in B indicates the position of the nucleus.
(C) The fusion protein FBP9-YFP is translocated to the nucleus.
(D) and (E) Protoplast imaged with CFP (D) and YFP (E) filters, respectively. UNSCFP and FBP9-YFP are colocalised in the nucleus.
(F) and (G) Single protoplast expressing UNS∆MI -CFP and FBP9-YFP, imaged with
CFP (F) and YFP (G) filters, respectively. Both signals are localized in the cytoplasm.
Arrow indicates the position of the nucleus.

*Figure in colour in Appendix.
are very similar to the ones produced in petunia by the same construct (cf.
Figures 3 and 8).
Surprisingly, the Arabidopsis transformants exhibited extra features not seen
in the transgenic petunia lines, which closely resembled abnormalities described
for apetala1 (ap1) mutants (Irish and Sussex, 1990; Bowman et al., 1993). As
shown in Figures 8B and 8D to 8F, first whorl organs tend to be bract-like,
being elongated and pointed and with stellate trichomes on the abaxial surface.
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Figure 8. Flower morphology of 35S::UNS∆MI in wild type and 35S::AP1 Arabidopsis
lines.
(A) Wild type Arabidopsis inflorescence (left) and silique (right).
(B) to (F) Flowers of 35S::UNS∆MI transformants. Stellate trichomes on the abaxial
side of the sepals and on the pistil are visible in (B) and (C). The arrows in (B) and
(D) point to the secondary buds arising at the axil of the first whorl organs. Petals are
completely absent or largely reduced in size and are greenish.
(E) A young 35S::UNS∆MI flower with small green organs in whorl 2. The four flower
whorls are numbered.
(F) Flower of 35S::UNS∆MI after fertilization. The arrow points to the elongated stem
at the basis of the silique.
(G) ap1-1 flower. The arrow indicates the axillary bud arising at the axil of the first
whorl organs.
(H) to (J) Progeny plants from a cross between 35S::AP1 and 35S::UNS∆MI.
(H) Terminal flower of a 35S::AP1 plant.
(I) and (J) Flowers from two lines carrying both 35S::AP1 and 35S::UNS∆MI
constructs and showing a phenotype intermediate between wild type and UNS∆MI
overexpression. The sepals are still bract-like and petal formation is partly (I) or
completely (J) restored.
(K) Expression of AP1 and UNS∆MI in leaves of Arabidopsis plants derived from a
cross between a 35S::AP1 and a 35S::UNS∆MI line. The top blot was hybridized with
an AP1 probe and the bottom one with an UNS probe. The phenotype is indicated at
the top of the gel. Below the blots is a picture of the gel before blotting and stained
with ethidium bromide.
*Figure in colour in Appendix.

Another trait that is typical for all strong ap1 alleles is the presence of extra
flowers arising in the axils of the first whorl organs of the primary flowers
(Figure 8G). Flowers with this indeterminate branched structure that replaces the
single flower of a wild-type plant are depicted in Figures 8B and 8D.
RNA gel blot analysis was performed to check whether the expression of the
AP1 gene was affected in the transgenic plants overexpressing UNS∆MI. No
reduction in the level of AP1 mRNA was detected in any of the transgenic plants
when compared with wild-type plants (data not shown). This demonstrates that
the ap1-like phenotype of the UNS∆MI overexpressing lines is not caused by a
transcriptional silencing of the AP1 gene. However, in line with the mode of
action in petunia, UNS∆MI may also act as a dominant-negative factor toward
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the AP1 protein, preventing the translocation of the heterodimer complex to the
nucleus in Arabidopsis. Remarkably, transgenic Arabidopsis plants overexpressing the full-length UNS gene did not produce any floral morphological
aberrations. Probably, this is because of different dimerization abilities for the
full-length and truncated UNS proteins in Arabidopsis. To verify this
hypothesis, we tested the heterologous interactions of the petunia UNS and
UNS∆MI proteins with the Arabidopsis AP1 MADS box protein in the yeast
two-hybrid system. These analyses revealed that only the petunia UNS lacking
the MADS box and the I region dimerizes with the AP1 protein, whereas the
full-length protein failed to interact with the Arabidopsis protein in any of the
conditions tested (data not shown). This may explain the ap1-like phenotype as
observed specifically in the UNS∆MI overexpression lines and the absence of
this phenotype in the 35S::UNS lines.
In addition to the effect on flower morphology in Arabidopsis, the effect of
UNS and UNS∆MI overexpression on flowering time was analyzed. 35S::UNS
transgenic Arabidopsis plants showed a minor acceleration in flowering time, in
terms of decreased rosette leaf numbers as well as days to flowering (see
Supplemental Table 1), suggesting a similarity in function between the petunia
gene and its Arabidopsis homolog. The truncated protein, however, did not
cause any delay in flowering as it did in petunia, but similar to the full-length
protein, accelerated the transition to flowering in Arabidopsis a little (see
Supplemental Table 2). This suggests that different partners might interact with
UNS∆MI in the heterologous species. Possible candidates are floral repressors,
such as SVP (Hartmann et al., 2000), which are either not present or do not
interact with UNS in petunia.
AP1 complements the ap1-like phenotype in 35S::UNS∆MI transgenic
Arabidopsis plants
To investigate whether the ap1-like phenotype, obtained by overexpression
of the UNS∆MI construct, is caused by suppression of the AP1 function, crosses
were made between 35S::AP1 plants and Arabidopsis plants carrying the
UNS∆MI construct. The progeny was analyzed both at the molecular and
phenotypic levels. Five out of the 45 progeny plants analyzed showed partial
complementation in their flowers: wild-type petals were formed, and the
secondary buds in the axils of the sepals were absent (Figures 8I and 8J).
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Among the other plants in the progeny, we observed some wild-type plants and
plants displaying either an AP1 (Figure 8H) or an UNS∆MI overexpression
phenotype. A subset of the individuals belonging to the four phenotypic classes
was checked at the molecular level by means of RNA gel blot analysis (Figure
8K). The gel blot was probed either with the AP1 or the UNS gene. All wildtype plants lacked ectopic expression of both transgenes, and overexpression of
AP1 or UNS∆MI was detected in the plants displaying the corresponding
phenotype. The chimeric phenotype with both wild-type and 35S::UNS∆MI
characteristics, as shown in Figures 8I and 8J, was either because of a
complementation by high expression of the AP1 transgene (lanes 7, 8, and 9) or
because of a relatively low expression of UNS∆MI (lanes 6 and 10). This
suggests that the AP1 function is affected in the 35S::UNS∆MI overexpressor
lines.
DISCUSSION
MADS box genes have been recruited during plant evolution as master
regulatory genes that control developmental processes, such as inflorescence and
flower formation. Although floral homeotic functions have been the first ones to
be assigned to members of this family of transcription factors, the number of
these genes that are found to be involved in processes not related to floral organ
identity is rapidly increasing (Gu et al., 1998; Zhang and Forde, 1998; Liljegren
et al., 2000). An intricate network of pathways that respond to environmental
stimuli as well as endogenous signals tightly regulates the transition from
vegetative to reproductive development. Arabidopsis is the model plant in which
this complex regulation has been most extensively studied (for review, see
Mouradov et al., 2002; Ratcliffe and Riechmann, 2002). Genetic analysis of
Arabidopsis mutants and natural ecotypes have shown that several MADS box
genes are involved in the regulation of flowering time.
AGL24 and SOC1, among others, act as dosage-dependent promoters of
flowering and regulate each other’s expression level (Lee et al., 2000; Samach et
al., 2000; Yu et al., 2002; Michaels et al., 2003). Furthermore, SOC1 represents
an integration point at which inductive signals from different pathways
converge, preceding the upregulation of floral meristem identity genes (Lee et
al., 2000; Simpson and Dean, 2002; Moon et al., 2003). SOC1 homologs have
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also been identified from different species, and functional analysis on a few of
them confirmed their role as promoters of flowering (Bonhomme et al., 2000;
Kim et al., 2003; Tadege et al., 2003). Here, we describe the identification and
functional analysis of a petunia MADS box gene, UNS, which is specifically
expressed in vegetative and green tissues and shares sequence similarity with the
Arabidopsis SOC1 gene. The ectopic expression of this gene accelerates
flowering time in petunia plants and induces vegetative features in flowers.
Opposite effects on flower induction and similar floral phenotypic alterations in
plants overexpressing a nonfunctional UNS protein reveal the function of the
wild-type UNS in promoting flowering and the dominant-negative effects of the
transgene in flower organs.
The petunia UNS gene belongs to the SOC1 clade and acts as a promoter of
flowering
The petunia UNS gene shares a high degree of sequence similarity with the
Arabidopsis SOC1 gene and its mustard (S. alba) homolog, SaMADSA. SOC1 is
a promoter of flowering in response to environmental and endogenous stimuli,
such as a long photoperiod treatment, vernalization, and gibberellin inductive
signals, and its expression has been observed in most Arabidopsis organs at
different levels (Borner et al., 2000; Lee et al., 2000; Samach et al., 2000).
Although SOC1 mRNA could be detected in the SAM during vegetative
development, its level increases dramatically during floral induction, it expands
into the developing leaves, and it persists in the inflorescence meristem, but it is
absent in the floral meristem (Borner et al., 2000; Samach et al., 2000). UNS
mRNA is also present in the SAM, but it has been detected in emerging leaves
as well long before the plant is committed to flowering. Nevertheless, a function
as floral activator can be assigned to the petunia UNS, too, because of the drastic
reduction of the vegetative phase in plants where the gene is overexpressed. A
strong indication that the acceleration of flowering in 35S::UNS plants is indeed
a gain-of-function phenotype and not a dominant-negative effect of the
transgene comes from the opposite flowering behavior induced by ectopic
expression of UNS∆MI. UNS∆MI encodes a truncated UNS protein lacking the
MADS box and the I region and still retains its ability to dimerize with other
MADS box proteins but cannot function as a transcription regulator because the
lack of a nuclear localization signal prevents the protein complex from being
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transported to the nucleus. The fact that overexpression of UNS∆MI delays
flowering suggests that the truncated protein acts antagonistically to wild-type
UNS, most likely through dimerization with the corresponding partners, thus
preventing them to reach their natural targets within the nucleus. Furthermore,
unlike the full-length protein, UNS∆MI can also interact with other promoters of
floral transition, such as PFG, thereby hindering them in their natural function.
This is also in line with a delay or prevention of flowering observed in PFG
suppression plants (Immink et al., 1999).
One of the dimerization partners of UNS is FBP13, which is most close in
amino acid sequence to the Arabidopsis AGL24 protein. Remarkably, genetic
analyses in Arabidopsis showed cross talk in the flowering pathway between
AGL24 and SOC1 (Yu et al., 2002; Michaels et al., 2003). Based on the
identified physical interaction between UNS and FBP13 and the conservation of
the function of this kind of MADS box proteins in flowering, this suggests
heterodimerization between SOC1 and AGL24 as well. Recently, this
interaction was indeed identified by yeast two-hybrid analysis (G.C. Angenent
and R.G.H. Immink, unpublished results). Most likely, these interactions occur
in planta as well, and UNS (SOC1) and FBP13 (AGL24) act as heterodimers at
the same level in the floral inductive pathway.
Unlike in Arabidopsis, however, UNS in petunia probably shares its function
as promoter of flowering with one or more redundant genes. The lack of
phenotype observed in uns knockout mutants strongly indicates this, and
similarity in se-quence, expression, and interaction patterns point to FBP21,
FBP22, and/or FBP28 as possible candidates for functional redundancy
(Immink et al., 2003).
UNS confers leaf-like features to floral organs in a dominant-negative
manner
Although one should be careful in drawing conclusions from ectopic
expression studies, it can be particularly informative when homeotic or phase
changes appear in overexpressor lines and when a gene is functionally
redundant. It must be taken into account that aberrations induced by a transgene
can be the result of a different mode of action of the transgenic protein, when
expressed in a cellular environment different from its original one. This is the
case for UNS, but it is most likely applicable to many other overexpression lines
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as well. All phenotypic alterations that were induced by ectopic expression of
the full-length UNS protein in floral organs were also apparent in transgenic
plants in which the truncated nonfunctional UNS∆MI protein was expressed.
The leaf-like characteristics, conferred to floral organs by both proteins, cannot
be because of direct activation of a set of genes by the transcription factors
because UNS lacking the complete DNA binding domain and the I region
simply cannot perform the function of the wild-type protein. Similar changes in
flower morphology have also been reported for the overexpression of the potato
MADS box gene STMADS16 in tobacco and SOC1 and AGL24 in Arabidopsis
(Borner et al., 2000; Garcìa-Maroto et al., 2000; Michaels et al., 2003). The
greenish sepaloid petals and elongated pistils observed in 35S::SOC1 and
35S::AGL24 Arabidopsis (Borner et al., 2000; Michaels et al., 2003) were also
present in Arabidopsis and petunia plants overexpressing UNS∆MI, therefore
suggesting a dominant-negative effect of SOC1 and AGL24 ectopic expression
in Arabidopsis flowers. Likewise, tobacco transgenic flowers had leaf-like
sepals and elongated ovaries with a ridged shape and trichomes developing all
over the stylar surface. STMADS16 belongs to the AGL24 clade together with
petunia FBP13, and a similar dominant-negative effect of the potato MADS box
gene is likely to occur in transgenic tobacco flowers.
As stated before, the UNS protein lacking the MADS domain and the I
region cannot act as a transcription factor; evidence for this phenomenon came
from the localization experiments in petunia protoplasts. It has been shown with
Arabidopsis and petunia MADS box proteins that dimer formation is necessary
for the translocation into the nucleus; when only one of the two interacting
proteins is present, the localization of either one is exclusively cytoplasmic
(McGonigle et al., 1996; Immink et al., 2002). Dimerization as a prerequisite to
target a transcription factor complex to the nucleus appears to be a general
mecha-nism that has been shown to occur also with the minichromo-somal
maintenance complex in yeast and the Extradenticle/Homotorax homeodomain
complex in Drosophila melanogaster (Abu-Shaar et al., 1999; Pasion and
Forsburg, 1999). Similarly in petunia, the UNS protein is targeted to the nucleus
only when the dimerization partner FBP9 is present because the UNS protein
itself is not able to form a homodimer. Conversely, UNS∆MI still retains the
ability to dimerize with FBP9, but it prevents the complex from being targeted
to the nucleus, most likely because of the lack of the nuclear localization signal.
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The fact that dimerization still occurs is proven by the cytoplasmic localization
of FBP9. This protein is able to homodimerize, and when present alone in a
protoplast, it is only detectable in the nucleus. The affinity for heterodimer
formation with UNS∆MI is apparently higher than for homodimer formation;
UNS∆MI/FBP9 complexes are assembled rather than FBP9/FBP9 homodimers.
The hypothesis of a dominant-negative interaction of UNS∆MI is in line with
the phenotype that the heterologous protein generated in Arabidopsis. Besides
features similar to the ones observed in petunia transformants, such as elongated
hairy pistils and green leaf-like petals, additional ap1-like characteristics were
prominent in transgenic Arabidopsis plants (i.e., bract-like sepals and new
flower buds arising at the axils of the petals). Because these two features are
typical for the Arabidopsis ap1 mutant, we tested the ability of UNS∆MI to
dimerize with AP1 protein. The positive results obtained with the yeast twohybrid system confirmed our assumption of a dominant-negative action of the
petunia protein in the Arabidopsis floral whorls. This was also supported by the
partial complementation that occurred in plants overexpressing both AP1 and
UNS∆MI.
The truncated UNS protein can sequester its dimerization partners in the
cytoplasm, preventing them from entering the nucleus and, thus, from
functioning as transcriptional activators. Therefore, the phenotype observed in
transgenic flowers is because of a dominant-negative action of UNS∆MI toward
other MADS box proteins involved in the maintenance of specific floral organ
characteristics. Because of the identical phenotypic alterations produced in
petunia flowers by the wild-type UNS protein, we propose that a similar action
toward the corresponding floral factors is accomplished by UNS in the flower
domains. However, we cannot conclude at this stage whether UNS is acting
directly on specific target genes in a dominant-negative way or whether it
simply prevents other proteins from activating transcription by blocking their
entrance into the nucleus. In the first hypothesis, UNS would bind target sites
present in promoters, but without interacting with the correct transcription
activator partners, it would prevent an active transcription complex to assemble
at the same binding site. This competition between dominant-negative form and
an active transcription factor complex has been shown to occur in mammals
with the murine SRF factor (Belaguli et al., 1999). It has also been proposed as a
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possible mode of action for the negative regulator of floral transition SVP in
Arabidopsis (Hartmann et al., 2000).
Based on the results described in this article, we suggest a role for UNS in
promoting the transition from vegetative to reproductive development in a way
that is similar to the Arabidopsis SOC1 and that most likely involves the
interaction with other related MADS box proteins, such as FBP13 in petunia and
AGL24 in Arabidopsis. We also provide evidence that the phenotypic alterations
caused in the flowers by the ectopic expression of UNS do not reflect a gain-offunction phenotype but that they are the result of a dominant-negative effect of
the transgene.
MATERIALS AND METHODS
Plant material
Petunia hybrida lines W115 and W138, Arabidopsis thaliana, ecotype
Wassilevskija, and transgenic plants were grown under normal greenhouse
conditions (22°C, 14 h light/10 h dark, LD) For SD treatments, 8 h light/16 h
dark was applied.
Protein sequence analysis
Amino acid sequence comparisons were performed using the ClustalW
multiple sequence alignment program (Thompson et al., 1994). Amino acid
alignments including the MADS box, the I region and the K box, were used to
obtain the phylogenetic tree with the Protdist and neighbour-joining programs of
the PHYLIP 3.5c package (provided by Felsenstein J., Department of Genetics,
University of Washington, Seattle, WA). Bootstrap analysis was performed with
Seqboot on 100 data sets, and branches with values of <50 were collapsed. Also
included in the tree were sequences of MADS box genes from Arabidopsis,
tobacco (Nicotiana tabacum), Sinapis alba, tomato (Lycopersicon esculentum),
Brassica, Cardamine flexuosa, potato (Solanum tuberosum) and rice (Oryza
sativa). AP3 from Arabidopsis was used as an outgroup.
Construction of binary vectors and plant transformation
The complete open reading frame (ORF) of UNS was generated by PCR
using a 5' primer on the ATG containing a HindIII site and a reverse primer
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designed after the STOP codon with a KpnI site. The PCR fragment was placed
downstream the double 35S promoter in the pGD120 plasmid (Immink et al.,
2002), the expression cassette was subsequently cloned into the pBIN19 binary
vector (Bevan, 1984).
The same cloning strategy was used to generate the AP1 overexpression
vector.
The truncated open reading frame, UNS∆MI, lacking the MADS box and the
I region, was also generated by PCR using the 5' primer: 5'-GGATCCATGCAA
ACTGAAAATCAAGCTGGG-3', which introduces an ATG at bp231 of the
original ORF and a BamHI recognition site, and the 3' primer: 5'GGATCCGAAGAGGGATAGGTAGTCACC-3', containing a BamHI site.
Transformation of petunia plants was performed as described before
(Colombo et al., 1995).
Transformation of Arabidopsis plants, ecotype Wassilevskija, was performed
using the floral dip method as described by Clough and Bent (1998); C58C1 is
the Agrobacterium tumefaciens strain used for the transformation.
RNA gel blot analysis and in situ hybridisation
Total RNA was isolated from different tissues of petunia and Arabidopsis
plants, according to Verwoerd et al. (1989). 10µg of the total RNAs, denaturated
with 1.5M glyoxal, were fractionated on a 1.4% agarose gel and blotted onto
Hybond N+ membrane. UNS, FBP28, FBP29 and AP1 gene specific fragments
were used as probes for hybridization. The probes were labeled by random
oligonucleotide priming (Feinberg and Vogelstein, 1984) and blots were
hybridized as described by Angenent et al. (1992).
In situ hybridizations were performed as described by Cañas et al. (1994).
Digoxigenin-labelled RNA probes were synthesized by T7 polymerase-driven in
vitro transcription, from the PCR fragment containing the full-length UNS ORF,
according to the instructions of Boehringer Mannheim. The amplification
product was obtained with the 5' primer: 5'- GTTCCTTGAAACATCTAAAAG
G-3', and the 3' primer: 5'-TAATACGACTCACTATAGGGATAGGTAGTCA
CCAATTAATTC-3', containing the T7 polymerase promoter site.
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Detection of UNS knock-out mutants
A modified version of the PCR-based screening described by R. Koes et al.
(1995) was adopted to identify dTph1 insertions in the UNS gene. The UNS
specific reverse primer 5’-TTCATATTGCTTGCCTCTAGGTG-3’ designed at
the end of the MADS box and the dTph1 inverted repeat primer with an extra
EcoRI site (5’-GAATTCGCTCCGCCCCTG-3’) were used in the PCR reactions
on two different populations of 3840 plants each. The PCR products, blotted
onto Hybond N+ membrane, were hybridized using the UNS cDNA.
Scanning electron microscopy
Samples were mounted on a stub, frozen in liquid nitrogen, coated and
observed as described in Angenent et al. (1995).
Protein-protein interaction
The full length UNS and the truncated UNS∆MI were tested for dimerization
with 22 known petunia proteins (Immink et al., 2003), using the Stratagene
CytoTrap™ Vector Kit (catalogue number 217438; La Jolla, CA). The assays
were performed as described by Immink et al. (2003).
Construction of CFP/YFP plasmids
C-terminal in-frame fusion proteins between FBP9, UNS or UNS∆MI and
CFP or YFP proteins were obtained by PCR amplification of the complete ORF
of the MADS box genes and subsequent cloning in pECFP and pEYFP
(Clontech catalog #6075-1 and #6004-1, respectively). MADS box gene specific
primers, introducing a SalI restriction site at the 5'-end and a BamHI site at the
3'-end, were used in the PCR reactions. The 3'- BamHI site replaces the
endogenous stop codon. The obtained plasmids were digested with SalI and
XbaI and the chimerical genes were cloned in the expression vector pGD120
(Immink et al., 2002).
Protoplast transfection
Protoplasts were prepared from W115 petunia leaves and transfected as
described by Denecke et al. (1989). Prior protoplasts isolation, leaves were
surface sterilized by incubation in 1% bleach for 20 minutes. All measurements
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and imaging experiments were done after overnight incubation at 25°C in the
dark.
Localization studies
The localization of the fluorescent fusion proteins was analyzed by Confocal
Scanning Laser Microscopy analyses (CSLM 510, Carl-Zeiss, GMBH
Germany). Protoplasts were excited by a 458 and a 514 nm Ar laser lines
controlled by an acousto-optical tunable filter (AOTF). For CFP a HFT458
dichroic mirror and BP470-500 emission filter were used and for YFP a HFT514
dichroic mirror and BP535-590 IR emission filter were used. Images were
obtained with a 40x oil immersion objective. Protoplasts were scanned with step
size of 101 µm (X-axis) by 7.4 µm (Y-axis). The pinhole was set at 60 µm,
corresponding to a theoretical thickness of ~1 µm. Images were analyzed and
adapted with Zeiss LSM510 software.
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SUPPLEMENTAL DATA
Knock out mutants of UNS.
In order to obtain homozygous dTph1 UNS insertion plants, a PCR was
performed on genomic DNA of plants from a progeny obtained after selfing of
the identified heterozygous insertion plant (Figure 1). In this population plant
number 6 appeared to contain a homozygous insertion and this plant was crossed
to a wild type W115 plant to stabilize the mutation. The heterozygous offspring
was selfed and some of the segregating progenies were analyzed under LD and
SD conditions. The insertion of the transposon in one or both UNS alleles was
checked by PCR. No phenotypic alterations or changes in flowering time were
observed in the homozygous uns mutants.
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Figure 1. Analysis of individuals segregating the dTph1 insertion in the MADS box of
UNS.
The acrylamide gel shows PCR products amplified with UNS gene specific primers.
Several plants are hemizygous for the insertion (lanes 1, 3, 4 and 7), whereas only
plant #6 appears to be homozygous. The lower amplification product is the wild type
UNS fragment, while the upper prominent band represents an UNS fragment
containing the 284 base pair dTph1 transposable element. The faint band, indicated
by an arrow and slightly higher than the wild type one, is due to somatic excision of
the transposon. This was confirmed by direct sequencing of the PCR product, which
revealed the presence of an 8bp footprint left upon excision of the transposon. Since
the footprint is responsible for a frameshift in the open reading frame, it is expected
that no wild type UNS protein is formed in plant number 6.
M: molecular marker lane. WT: wild type.

Effects of ectopic UNS and UNS∆MI expression in Arabidopsis on flowering
time
Segregating progenies of plants overexpressing UNS and UNS∆MI,
respectively, were analyzed for possible effects on flowering time under LD
conditions. The flowering time was scored by both the number of days between
germination and flowering (bolting) and the number of rosette leaves at the
moment of flowering. Northern blot analysis (not shown) revealed linkage
between the early flowering effect (Table 1) and expression of the full length
UNS transgene. The plants from the 35S::UNS∆MI line were genotyped based
on floral abnormalities due to expression of the transgene and their flowering
time was scored. Northern blot analysis for the plants scored as wild type and
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for some of the plants with the floral phenotype confirmed the linkage between
expression of the transgene and the early flowering effect (Table 2) and the
floral abnormalities.
Rosette leaves

Days to flowering

n

35S::UNS

3.86 (0.69)

31.29 (1.25)

14

Wild type

7.67 (0.58)

34 (1.73)

7

Table 1. Flowering time analysis of a segregating 35S::UNS Arabidopsis population.
The standard deviations of the mean values are given between brackets.

Rosette leaves Days to flowering

n

35S::UNS∆MI

5.35 (0.70)

32.90 (1.90)

55

Wild type

6.20 (0.90)

36.6 (2.80)

5

Table 2. Flowering time analysis of a segregating 35S::UNS∆MI Arabidopsis
population. The standard deviations of the mean values are given between brackets.
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ABSTRACT
The shoot apical meristem (SAM), a small group of undifferentiated,
dividing cells, is responsible for the continuous growth of angiosperm plants.
Several genes have been identified that control the development and
maintenance of the SAM. Among these, WUSCHEL (WUS) from Arabidopsis is
thought to be required for the central zone (CZ) identity within the SAM. The Ctype MADS box gene AGAMOUS (AG), in combination with an unknown
factor, has been proposed as a possible negative regulator of WUS, leading to the
termination of the meristematic activity within the floral meristem. We have
produced transgenic petunia plants in which the E-type and D-type MADS box
genes FBP2 and FBP11 respectively, are simultaneously overexpressed. These
plants show an early arrest in development, at the cotyledon-stage. Molecular
analysis of these transgenic plants indicates a possible action of FBP2 and
FBP11 in repressing the petunia WUS homolog, TERMINATOR (TER).
Furthermore, the ectopic upregulation of the C-type and D-type genes FBP6 and
FBP7 respectively suggests that they may also participate in the complex which
causes the termination of development in the transgenic plants.
INTRODUCTION
Vascular plants continue to grow throughout their life cycle, a condition that
does not hold for animals. This indeterminate growth is ensured by two regions
of pluripotent, meristematic cells which are located since early embryogenesis,
at both ends of the plant body. The root apical meristem gives rise to the
underground root system, while all the above-ground structures are initiated by
the shoot apical meristem (SAM), which originates an orderly sequence of
leaves, nodes and internodes. Secondary shoot meristems form in the axil of the
leaves, which may follow a sequence of growth and differentiation similar to the
one of the main SAM. Upon floral induction the SAM turns into an
inflorescence meristem and /or into a floral meristem which will eventually
cease its meristematic activity in order to allow the differentiation of a pistil, the
formation of gametes and the completion of the life cycle.
Classical morphological studies have identified a central zone (CZ) in the
SAM with weak affinity for histological dyes and slowly dividing cell rate,
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surrounded by the broader peripheral zone (PZ) with the opposite characteristics
(Steeves and Sussex, 1989; Grandjean et al., 2004). The biological and
developmental function of these two zones seem to differ as well. Cells that stay
in the CZ ensure the maintenance of an undifferentiated core, while cells that
enter the PZ undergo a developmental pathway that leads to organogenesis
(Brand et al., 2001; Fletcher and Meyerowitz, 2000). Mutant and genetic
analyses in Arabidopsis have revealed some of the regulatory circuits that
perpetuate the delicate balance between stem cell accumulation and organ
initiation (see for a review: Sharma et al., 2003). Meristem activity is promoted
by the homeodomain proteins SHOOTMERISTEMLESS (STM) and
WUSCHEL (WUS), whose loss-of-function mutants fail to maintain a
population of stem cells. In these mutants the SAM is terminated at the end of
embryogenesis and growth stops at the cotyledon stage (Barton and Poethig,
1993; Long et al., 1996; Laux et al., 1996; Mayer et al., 1998). On the other
hand, mutations in the CLAVATA (CLV) genes lead to enlarged meristems and
extra organ formation, indicating a role of this receptor-like kinase complex in
promoting the transition of cells from CZ to PZ for primordia initiation (Clark et
al., 1995; Laufs et al., 1998). Independent and complementary roles have been
assigned to STM and WUS in SAM regulation: a WUS-dependent signal from
the organizing center underlying the L1-L3 layers of the CZ, specifies the stem
cell population in the CZ, while STM maintains cell proliferation in the PZ
(Mayer et al., 1998; Long and Barton, 1998; Lenhard et al., 2002). The balance
between stem cell maintenance and organogenesis in the SAM is tightly
controlled by a regulatory circuit that involves the CLV and WUS proteins.
WUS induces stem cell identity in the CZ and subsequent expression of the
CLV complex, which in turn activates a signaling pathway that feeds back from
the stem cells to repress the transcription of WUS in the center of the meristem
(Schoof et al., 2000; Brand et al., 2000). While organogenesis in the shoots can
go on indefinitely, only a limited number of floral organs can be formed before
the floral meristem ceases to perpetuate itself. Due to its central role in
promoting stem cell identity, WUS is likely to be the target of pathways that lead
to the termination of the floral meristem. It has recently been proposed that a
negative feedback loop involving WUS, the floral meristem identity gene
LEAFY (LFY) and the floral organ identity gene AGAMOUS (AG) takes place in
the floral meristem and is responsible for its suppression (Lenhard et al., 2001;
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Lohmann et al., 2001). The combined action of LFY and WUS would activate
AG in the floral meristem, which in turn represses WUS in the determinate
flower. LFY is a direct activator of AG (Busch et al., 1999), ectopic WUS
expression causes ectopic AG activation and synergistic activation of AG by
LFY and WUS together has been shown by reporter gene assays in planta and in
yeast. On the other hand, evidence of AG being a repressor of WUS is based on
the opposite phenotypes of wus and ag mutants and on the expression patterns of
the respective genes in wild type and mutant plants. The sporadic flowers that
are formed in wus plants, lack carpels and most stamens, while ag flowers are
indeterminate with an indefinite number of petals, furthermore, WUS expression
declines after stage 6 of wild type flowers but it persists in ag flowers. There
are, however, some questions that remain to be resolved: first, AG alone is not
sufficient to repress WUS since ectopic expression of AG causes termination of
the inflorescence meristem, which forms a single terminal flower, but not of the
shoot meristem. Second, expression of WUS persists till stage 6 of flower
development, while AG mRNA can be detected from stage 3 on. The presence
of another unknown factor, which acts together with AG in the flower to repress
WUS, has been proposed as a possible explanation. Finally, it remains to be
uncovered how conserved these mechanisms that regulate meristem selfmaintenance and -termination are among different species. The analysis of the
combined action of two MADS box genes in petunia, which is presented in this
study, provides new insights in the regulatory circuit that controls floral
meristem existence. Ectopic expression of the petunia SEPALLATA homologue,
FBP2, and the ovule identity gene FBP11 together is sufficient to stop shoot
development immediately after germination, with repression of the petunia WUS
homologue, TERMINATOR (TER) (Stuurman et al., 2002). We speculate that
this repression might also involve one of the two petunia C-type genes, FBP6,
and possibly also the other D-type FBP7, through the formation of a multimeric
complex in which the aforementioned MADS box proteins are involved. Both
FBP7 and FBP6, but not the other petunia C-type gene pMADS3, are in fact
upregulated in seedlings where simultaneous expression of FBP2 and FBP11
occurs.
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Figure 1*. Wild type and 35S::FBP2/FBP11 double overexpression seedlings.
(A) Progeny of a cross between 35S::FBP2 and 35S::FBP11 transgenic plants, 6
days after germination; the double over expression seedlings are indicated by the
arrows.
(B) and (D) wild type seedlings 6 and 13 days after germination.
(C), (E) and (F) double overexpression seedlings 6 and 13 days after germination.
Pictures (D) and (E) were taken with the same magnification, whereas (E) and (F)
show the same seedling at different magnifications.
*Figure in colour in Appendix.

RESULTS
Simultaneous ectopic expression of FBP2 and FBP11 arrests seedling
development
The full-length FBP2 cDNA under the control of the 35S constitutive
promoter of the Cauliflower Mosaic Virus (CaMV) was introduced in petunia
plants by Agrobacterium mediated transformation. The ectopic expression of
FBP2 in plants carrying a copy of the transgene which segregated as a single
locus, was confirmed by northern blot hybridization (data not shown). No
visible phenotype was observed in the transgenic plants at any stage of
development. Conversely, overexpression of the ovule identity gene FBP11 did
cause phenotypic alterations in the flower as previously reported by Colombo et
al. (1995). Ectopic ovule formation was observed on the corolla tube and on the
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inner side of the sepals, together with an alteration of epidermal cell
morphology. Petals were also affected; the corolla at full maturity was nothing
more than a tube that barely reached the length of the style. Yeast two-hybrid
studies revealed that FBP2 and FBP11 proteins are able to interact, suggesting a
functional role for the corresponding heterodimer (Immink et al., 2003).
In order to examine whether the combined ectopic expression of the two
MADS box genes could cause homeotic alterations outside the flower, crosses
were made between plants homozygous for the FBP2 and hemizygous for the
FBP11 transgenes. The transgenic plant T46008, described by Colombo and
colleagues (1995), was used as the parent line carrying the FBP11 transgene.
Surprisingly none of the plants that reached maturity contained both constructs.
When seeds from three independent crosses were germinated in vitro on a
normal growth medium, approximately half of the seedlings showed an arrest
early in the development, at a stage when only the two cotyledons were visible,
and about six days after germination a clear difference was visible between the
two different seedling populations (Figures 1A to 1C). Arrested and wild-type
looking seedlings were tested at the DNA and RNA level. PCR amplification
using primers for the full-length FBP2 and FBP11 cDNA showed that all the
seedlings contained at least one copy of the FBP2 transgene, but only the small
ones carried also the FBP11 transgene. The result was confirmed by Northern
blot analysis: ectopic expression of FBP2 and FBP11 was observed only in the
arrested seedlings (data not shown).
A more detailed phenotypic analysis of the small seedlings revealed that two
to four leaf primordia were emerging from the shoot apical meristem (Figures
1D to 1F). No further leaf primordia were ever observed in all the seedlings
analyzed and the leaves produced remained always very small.
Clearings of small and wild-type seedlings showed that the size of the
meristem was reduced in the arrested seedlings compared to the wild-type and it
seemed that the number of cells rather than the size was affected (Figure 2).
TER expression is downregulated in seedlings that are arrested in the
development
The arrest in development that was observed in the double overexpression
lines might involve genes that are responsible for cell proliferation in the SAM.
Therefore we checked the expression of TERMINATOR (TER), the petunia
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Figure 2. Cleared shoot apical meristems (SAM) of 35S::FBP2/FBP11 (A) and wild
type (B) seedlings. Pictures were taken with the same magnification. The dome of
the SAM is indicated with a broken line.
LP, leaf primordium; C, cotyledon.

ortholog of WUSCHEL (WUS), in double transgenic and wild-type plants. TER
expression, like its Arabidopsis ortholog, is limited to a few cells in the CZ, as
shown by in situ hybridization on shoot apexes of wild type seedlings (fig. 3a).
The same hybridization technique was used on the arrested seedlings, but in that
case we were not able to detect any signal (Figure 3B). Similar to WUS and AG
expression in wild type flowers, also TER, pMADS3 and FBP6 are
simultaneously expressed in floral buds at a very early stage of development,
when the petal primordia arise, as it is shown in Figures 3C, 3D and 3E.
Upregulation of MADS box genes in the arrested seedlings
It has been proposed that the C-type gene AGAMOUS (AG) acts as a
repressor of WUS in Arabidopsis. In order to test whether C-type genes might be
also involved in the arrested phenotype in petunia, we analyzed the expression
of the two petunia C-type genes pMADS3 and FBP6 by means of RT-PCR. We
also checked the expression of both D-type genes FBP7 and FBP11 through the
same technique. Although FBP7 and FBP11 share 90% sequence similarity at
protein level, it was possible to design primers in the C-terminal part of the
sequence that were specific for each endogenous gene (Figure 4).
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Figure 3*. In situ hybridization of wild type (A)
and
35S::FBP2/FBP11
seedlings (B) and flower
buds (C) to (E).
(A), (B) and (C) sections
were hybridized with a
TER
specific
probe.
pMADS3
and
FBP6
specific probes were used
for sections (D) and (E)
respectively.
SAM, shoot apical meristem; S, sepal; PP, petal
primordium; B, bract.
Images (D) and (E) reproduced from Kater et al.
(1998).
*Figure in
Appendix.

colour

in

PCR amplifications were performed on cDNA obtained from one mutant
seedling, one wild-type seedling and one wild type pistil. Surprisingly, FBP6 but
not pMADS3 is upregulated to a detectable level in the double overexpression
seedling, as shown in Figure 5A, indicating a possible involvement of only one
the two C-type genes in the phenotype observed. Noteworthy is that a basal,
although very low expression of FBP6 but not of pMADS3 has been detected
also in wild type seedlings. On the other hand, both FBP7 and FBP11 appeared
to be upregulated in the transgenic seedlings (Figure 5B), and the sequencing of
the amplified fragments confirmed the identity of the two genes. Expression of
FBP7 or FBP11 was never detected in wild type seedlings. The petunia
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (PhGADPH),
uniformly expressed in all tissues, was used as a control for the amount of
cDNA in every tissue (Figure 5C).
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FBP7

AGCATGATGCCTGCTGGTGGGCAGGAGTACAATGCAATTCAGCAATATTTGGCAAGAAAC 600
||||||||||| ||| |||||| |||||||||||| ||||||||||||| |||||||||
FBP11 AGCATGATGCCAGCTACTGGGCAAGAGTACAATGCATTTCAGCAATATTTTGCAAGAAAC 600
FBP7

ATGCTTCAACTTAATATGATGGAAGGGG---TGCCTTCCTAT---CCATTGCCCTCT--- 651
||||||||||| |||||||||||||| |
||||||| |||
|||||||| ||
FBP11 ATGCTTCAACTCAATATGATGGAAGGAGGTGTGCCTTCTTATGATCCATTGCCTGCTCAT 660
FBP7

GACAAGAAGTCCCTCGACCTTGAGTAAACATGCTTCCCAAGTAAGTCCTCACATCGATGT 711
||||||||||| ||| | ||||||| |||
|||
| | |||
|
| |
FBP11 GACAAGAAGTCTCTCCAGCTTGAGTGAACTATCTTTTGGCTTGAATCCAAGTAAATTTAT 720
FBP7

GACAAATATATTAAAGAAATTTGGTGTTGAACTTATGAAGTTGGAGTAATCTCTAATGAT 771
|||||||| || | || | |
| |
| ||||| | | |
FBP11 TGGGCGCTGGAGAAAGAAATCTGCTCTTAGAAGT---TAATATAAACAATCTTCAGTTTT 777
FBP7

TGTG-TGTTCCTTAAATTACTACCTACTTTGGTATATTTGAATTGTTTGCCAATATTTTA 830
|||| | || ||| || ||||
| | |||| | ||||||||| || | |||| |
FBP11 TGTGCTTTTGCTTTAAGTACT---TTTTCTGGTGTTTTTGAATTGATTTGC--TATTATT 832
FBP7

GGATCGACTTGTAAGAATTTGAACTGGTGTTTGTTCAAGCTTTCTTGCAATAAAACTTTG 890
|
|||||||
|||||| ||
|||||| | ||||| | |||||
FBP11 --A----CTTGTAATTTGGTGAACTCGTC--------AGCTTTTCTCCAATAGA-CTTTG 877
FBP7

CACACATCAAAAAAAAAAAAA 911
|||
|
|||||||||||
FBP11 CACTTCTTTGAAAAAAAAAAA 898

Figure 4. Sequence alignment of the 3’-terminal part of FBP7 and FBP11.
The forward and reverse primers used for the specific amplification of FBP7 and
FBP11 are underlined. The stop condons in both sequences are indicated in bold.
The sequence of the FBP11 transgene stops at 737bp.

Another indication that FBP7 is indeed activated by simultaneous
overexpression of FBP2 and FBP11 came from the analysis of arrested
seedlings where the GUS reporter gene fused to a FBP7 promoter fragment was
also present. GUS staining in the transgenic petunia plants from line T51013
was specifically observed in ovules (Figure 6A), as it was previously described
by Colombo and colleagues (1997). This line was used in crosses with
35S::FBP2 plants and the progeny, tested for the presence of both constructs,
crossed again with 35S::FBP11 plants. The progeny of this second cross
segregated arrested and wild-type seedlings, which were tested for GUS activity.
All the wild type looking seedlings, which included also transgenic seedlings
containing one of the overexpression constructs or FBP7::GUS and one of the
overexpression constructs, did not show any GUS activity. On the other hand,
part of the small seedlings showed clear GUS activity, most likely the ones
containing the FBP7::GUS construct, since also this locus segregated in the
progeny.
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Figure 5. PCR amplification products of different genes in wild
type and transgenic tissues.
(A) Upregulation of FBP6 and
FBP7
in
35S::FBP2/FBP11
transgenic seedlings (TS).
(B) Upregulation of FBP7 and
FBP11 in 35S::FBP2/FBP11
transgenic seedlings (TS).
(C) PhGADPH PCR products in
wild type tissues.
(D) TER PCR products in wild
type tissues.
Pi, pistil; TSdl, 35S::FBP2/
FBP11 transgenic seedling; Sdl,
wild type seedling; R, roots, L,
leaf.

The results are illustrated in Figures 6B and 6C and indicate that the
expression of both FBP2 and FBP11 is necessary to activate the FBP7
promoter. The blue staining was observed at variable degrees along the
hypocotyls and in the cotyledons, but not in the roots.
The RT-PCR experiments, which indicated an upregulation of FBP6 and
FBP7, were also confirmed by a real-time PCR assay. cDNA was amplified
from two different transgenic seedlings (TSdl1 and TSdl2 in Figure 7), a wild
type seedling and a pistil. No expression of the other C-type gene pMADS3 was
detected in either transgenic or in wild type seedlings. Among the meristem
genes tested, TER appeared to be the only one downregulated in the transgenic
seedlings.
The experiment was performed only once with two replicas per tissues,
therefore the same assay should be performed at least once again to confirm the
results, before any assumption could be made.
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Figure 6*. FBP7::GUS expression in wild
type and transgenic tissues.
(A) Cross section through an FBP7::GUS
ovary showing GUS staining in the ovules.
(B) GUS staining of a 35S::FBP2/FBP11,
FBP7::GUS transgenic (left) and wild type
seedling (right).
(C) GUS staining of 35S::FBP2/FBP11
seedlings segregating for the FBP7::GUS
locus.
*Figure in colour in Appendix.

The presence of TER mRNA, however, could still be detected by real-time
PCR in the arrested seedlings; therefore we analyzed the expression of this gene
in other tissues, as well. We performed an RT-PCR on seedlings, roots, leaves
and pistils of wild-type plants and in all the tissues except the roots a clear band
was visible on an agarose gel (Figure 5D). This result indicates that a basal
expression of TER occurs in cells and tissues outside the shoot and floral
meristems and can be detected by techniques such as RT or real-time PCR.
Therefore, in situ hybridization remains the technique of choice for the analysis
of TER expression in the shoot and floral meristems.
DISCUSSION
All the aerial parts of a plant originate from a limited and constant number of
stem cells located in the shoot apical meristem (SAM). Therefore alterations that
affect genes functioning within the meristem, can produce dramatic effects on
the entire plant morphology. Similarly, an understanding of the mechanisms that
control stem cell regulation can provide powerful tools for the manipulation of
plant architecture. Following the cloning and the analysis of some of the
Arabidopsis genes that affect meristem size, maintenance and identity, a SAM
regulatory model has been recently proposed. According to this model, the
organic equilibrium of the stem cell population in the SAM is maintained by a
WUSCHEL (WUS)-dependent pathway that promotes stem cell identity in the
central zone and a counteracting pathway involving the CLAVATA complex,
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Figure 7. Changes in gene expressions in transgenic seedlings (TSdl) and wild type
pistil (Pi) detetcted by real-time PCR, normalized to PhGADPH values and calibrated
with respect to values in wild type seedlings.

which is restricting cell division in the central zone and possibly functions as a
negative regulator of WUS (Mayer et al., 1998; Fletcher et al., 1999; Brand et
al., 2000). A feedback loop between WUS and the C-type MADS box gene
AGAMOUS (AG) would bring the meristem to an end, once the flower organs
have been formed. WUS and LEAFY (LFY) cooperate to activate AG, by
binding to independent consensus sequences in the AG second intron (Lohmann
et al., 2001; Busch et al., 2000). AG in turn would repress WUS in order to
prevent further renewal of the floral stem cell population. Mutant and expression
analyses on both genes, however, indicate that at least one other unknown factor
is necessary to downregulate WUS together with AG.
The effects of the simultaneous overexpression of the E- and D-type genes
FBP2 and FBP11 we observed in petunia, suggest that they might be the factors
that act together with the C-type gene FBP6 in the repression of the WUS
homolog TERMINATOR (TER).
Seedlings that ectopically express FBP2 and FBP11 are arrested at a very
early stage of development where no more than two leaf primordia were ever
produced. Clearings performed on these seedlings revealed a decreased SAM
size, most likely caused by a reduction in cell number rather than cell size.
These observations suggested a failure in maintaining the stem cell pool in the
shoot meristem, which could be caused by a decreased activity of meristem
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genes like WUS. Therefore, we analyzed the expression of TER, the petunia
WUS homolog, in wild-type and transgenic seedlings. In situ experiments
revealed indeed a downregulation of TER activity in the double overexpressors,
where TER transcript could not be detected. Since FBP2 and FBP11 can interact
with each other, it is possible that a complex involving these two genes can
directly or indirectly repress TER activity. Data from Arabidopsis indicated
however a prominent role for the C-type gene AG in meristem determinacy in
the center of the flower, which led us to the analysis of the two C-type genes
from petunia, pMADS3 and FBP6 (Angenent et al., 1993; Tsuchimoto et al.,
1993). Results from RT-PCR experiments performed on wild-type and
transgenic seedlings surprisingly revealed a different behavior of the two genes.
Whereas pMADS3 expression could never be identified in any organ except the
pistils, a very low level of FBP6 transcript was detectable in wild-type
seedlings. Yet a significant upregulation of FBP6 mRNA occurred in the
seedlings where FBP2 and FBP11 were overexpressed, unveiling the presence
of a positive feedback loop in which these three genes are involved. Also the Dfunction MADS box genes FBP7 and FBP11, were strongly upregulated,
although in this case no transcript was ever detected in wild-type seedlings.
Whether these feedback loops are controlled by dimers or higher order protein
complexes containing the target gene remains to be solved. In a similar way, the
B type genes PISTILLATA (PI) and APETALA3 (AP3) from Arabidopsis and
DEFICIENS (DEF) and GLOBOSA (GLO) from Antirrhinum are autoregulated
by complexes containing the AP3-PI and DEF-GLO heterodimers respectively
(Schwarz-Sommer et al., 1992; Tröbner et al., 1992; Goto and Meyerowitz,
1994; Zachgo et al., 1995; Krizek and Meyerowitz, 1996b; Samach et al., 1997).
Further experiments, such as yeast three- and four-hybrid assays, should be
performed in order to confirm the ability of the proteins to form multimeric
complexes.
All these data together suggest that the downregulation of TER in the SAM
of the double overexpression plants is most likely the cause of the arrest in
development and that E-, D- and possibly C-type genes are responsible for TER
repression. Whether this repression occurs directly or indirectly, however,
cannot be decided at the moment. It is also not possible to establish whether
FBP6 is actively involved in the phenotype observed, although we tend to favor
this hypothesis due to the results previously obtained in Arabidopsis (Lenhard et
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al., 2001). Only a similar approach carried out in an fbp6 mutant background
could provide the answer to the last question.
Furthermore, the fact that a low amount of FBP6 transcript is already present
in the wild type seedlings makes it difficult to establish whether FBP6 protein
itself is required for the upregulation of its own and FBP7 and FBP11
transcripts.
Lastly, we showed the presence of a positive feedback loop which involves
FBP7, FBP11, FBP2 and FBP6 and which indicates that C- and D-type genes
may be targets of their own activation.
MATERIALS AND METHODS
Plant material
Petunia hybrida lines W115 and W138 and transgenic plants were grown
under normal greenhouse conditions (22°C, 14 h light/10 h dark).
In vitro germination was performed after surface-sterilization of petunia
seeds by chlorine gas. Seeds were kept 3 hr in a desiccator with a mixture of
100ml commercial bleach and 3ml concentrated hydrochloric acid in a fume
hood. Sterilized seeds were grown on half strength Murashige and Skoog
medium (Murashige and Skoog, 1962) containing 0.5% (w/v) sucrose and 0.8%
agarose, at 22°C in 16 h light/8 h dark.
In situ hybridization
In situ hybridizations were performed as described by Cañas et al. (1994).
Digoxigenin-labelled RNA probes were synthesized by T7 polymerase-driven in
vitro transcription, from the PCR fragment containing the full-length TER ORF,
according to the instructions of Boehringer Mannheim. The amplification
product was obtained with the 5' primer: 5'-TGGAGAAGAGCTTTAGGG-3',
and the 3' primer: 5'-TAATACGACTCACTATAGGGGATACGTAGTACATG
GCC-3', containing the T7 polymerase promoter site (underlined).
Nomarski microscopy
Seedlings were cleared for 2 to 16 hours in a drop of Hoyer’s solution (7.5 g
gum arabic, 100 g chloral hydrate, 5 ml glycerol in 30 ml water) on a micro-
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scope slide. Cleared seedlings were examined using a Nikon Optiphot microscope equipped with Nomarski optics.
RT-PCR and real-time PCR analyses
Total RNA was extracted from single seedlings, pistils, young leaves and
roots using the RNeasy Plant Mini Kit (QIAgen, Valencia, CA). cDNA was
obtained from 1µg of total RNA in a 50µl reaction using the TaqMan reverse
transcription kit (Applied Biosystem). Prior addition of the reverse transcriptase,
1µl of DNase (1U/µl, Invitrogen) was added and the reaction was carried out for
30’ at 37°C. After heat inactivation of the DNase at 75°C for 5’, 10µl were
removed from the reaction and used in the PCR amplification step as a control
for the absence of genomic DNA. 1µl of reverse transcriptase was added to the
remaining 40µl and the reaction continued 10’ at 25°C, followed by 30’ at 37°C
and 5’ at 95°C to inactivate the enzyme.
RT-PCR amplification products were obtained using the following genespecific forward and reverse primers: pMADS3fw 5’-CTGAATCTCAGAGATC
TGAGG-3’, pMADS3rev 5’-CAAGGTCATAGCTAGAACTCC-3’, FBP6fw
5’-GTACAGGATCTGTTTCTGAAGC-3’, FBP6rev 5’-AATCTCCCTCTTTT
GCATGAGC-3’, FBP7fw 5’-CCCAAGTAAGTCCTCACATCG-3’, FBP7rev
5’-GCAAGAAAGCTTGAACAAACACC-3’, FBP11fw 5’-GTAAATTTATTG
GGCGCTGG-3’, FBP11rev GAGAAAAGCTGACGAGTTCACC-3’, TERfw
5’-GGCTTATTGCTGCTGCTACC-3’, TERrev 5’-CCTAAAGCTCTTCTCCA
TAGC-3’, PhSTMfw 5’-GCAAGAGTTCATGAAGAAGAGG-3’, PhSTMrev
5’-GCATATCTTCGGATGGTTTCC-3’, NAMfw 5’-ATCTCAAGAAGTTCCA
AGGACG-3’, NAMrev 5’-CTTTTTTGGAGGCAGCAGCTG-3’, PhGADPHfw
5’-GGTTGGAGAAAGAAGCCACC-3’, PhGADPHrev 5’-CGTTGTCGTACC
AAGACACG-3’.
The annealing temperature was 59°C for all the primer combinations used.
PhGADPH PCR products were visualized on a 2% agarose gel after 25 cycles of
amplification. 30 cycles were used in the PCR profile of all the MADS box
genes and 40 cycles were used for the amplification of the TER gene.
Real-time PCR reactions were performed in an iCycler (catalog number 1708720, Bio-Rad), using SYBR® Green to monitor dsDNA syntesis. Reactions
contained 1µl of previously synthesized cDNA, 10µl 2x SYBR® Green Master
Mix reagent (Applied Biosystems), and 250nM of each gene-specific primer in a
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final volume of 20µl. The thermal profile used for all the reactions was: 3’ at
95°C, followed by 40 cycles of 15” at 95°C and 1’ at 59°C. Expression data
were compared using the -∆∆CT method (Livak and Schmittgen, 2001). The CT
values were normalized with PhGADPH and the values in the wild type
seedlings were used as calibrators for each gene. When no amplification product
above the threshold could be detected, a CT value of 40 was arbitrary chosen,
since PCRs are usually stopped after 40 cycles.
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The MADS box family of transcription factors in plants, which has been the
subject of developmental and phylogenetic studies during the past decades, has
revealed itself as one of the most versatile tools in the hands of evolution.
Changes in expression patterns of the floral homeotic genes within the floral
domains have been proposed as a possible origin of the morphological diversity
observed among angiosperm flowers with regard to the perianth (Bowman,
1997; Kramer and Irish, 1999; Kramer et al., 2003; Kanno et al., 2003; Ferrario
et al., 2004b; He, et al., 2004), in addition, members of the AG subfamily might
have played a conserved role in the development of reproductive organs (Tandre
et al., 1998; Winter et al., 1999; Jager et al., 2003). Therefore more and more
species from different taxa have been analysed at the molecular level with
particular attention to MADS box genes. These studies provided relevant
information about the high degree of conservation in regulatory mechanisms on
one hand, and the possible molecular basis of divergent morphologies on the
other, as has also been pointed out in Chapter 2.
The studies on Arabidopsis and Antirrhinum laid the foundations for the
analysis of flower induction and development, but the refining of the proposed
models has been possoble only through investigations in different species and
many variations were found among several taxa. The research described in this
thesis aimed to functionally characterize some members of the MADS box
family of transcription factors that play important roles in both flower induction
and development in Petunia hybrida. Besides being part of a family which
contains several species of agricultural importance, petunia is a suitable model
system for studying gene function due to the many reverse genetic tools
available in this species. The relatively easy transformation procedure allows the
rapid production of transgenic plants in which the expression of genes can be
enhanced or downregulated. Furthermore, the presence of an active transposon
system facilitates the isolation of knock out mutants. All the abovementioned
molecular and genetic tools have been adopted in the attempts to elucidate the
developmental role of some MADS box transcription factors. The results of this
initial screening have been presented in Chapter 4, where we also describe the
difficulties encountered and the drawbacks of the adopted strategies. It is clear
that the main obstacle to a straightforward functional analysis of a multigene
family is redundancy. Although redundancy is only partial in the majority of the
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cases and genes that arose from a duplication event soon diverge in some
aspects of their function, they can often substitute each other when one’s
function is impaired. Only a few single knockout mutants show a clear,
informative phenotype, more often they do not display any visible alteration, as
it happened with UNSHAVEN (UNS), the petunia SOC1 homologue, described
in Chapter 6. Unlike the Arabidopsis gene, UNS has at least one closely related
paralog, FBP21, which might take over UNS function when its coding sequence
is disrupted by a transposon insertion. Partially overlapping functions are also
present among members of the FBP2 subfamily, analysed in Chapter 5, as they
are among the SEPALLATA (SEP) genes, their functional equivalents from
Arabidopsis. In fact, the dramatic phenotype observed in the FBP2
cosuppression plants involves also the closely related FBP5. A very similar,
although less severe phenotype was later obtained by Vandenbussche and
colleagues (2003) by simultaneous knockout of FBP2 and FBP5, suggesting that
yet one or more additional genes might contribute to the same function, namely
the E function, in petunia. The similarities with Arabidopsis, where the E
function is also controlled by the three SEP genes, reveal conservation between
the two species, which has also been confirmed by complementation
experiments of the sep triple mutant with the petunia FBP2. Indeed the use of
Arabidopsis as a heterologous system, with its many mutants available, has
proven to be very informative when complementation studies are carried out
successfully. On the other hand, the expression of a gene in a heterologous
system can sometimes be misleading, as we observed with UNS. The
overexpression of a functional and non-functional form of the UNS protein in
petunia generated opposite phenotypes by accelerating or delaying floral
transition, in agreement with its proposed function as promoter of flowering. In
contrast, Arabidopsis plants where the full-length or the truncated petunia gene
was ectopically expressed, flowered earlier in both cases. Petunia and
Arabidopsis are two species with different latitude of origin and distinct
geographical areas of distribution; it is therefore expected that they evolved
different mechanisms in response to diverse environmental signals, as can be the
case with floral induction. The petunia UNS protein might therefore interact
with Arabidopsis floral repressors like FLC or SVP, which are either not present
or do not interact with UNS in petunia, giving rise to an Arabidopsis phenotype
that is in contrast with UNS native function.
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One important aspect of MADS box proteins, like many other transcription
factors, is their ability to form multimeric complexes. Combinatorial control is
in fact a major mechanism underlying transcriptional regulation in plants, as
well as in all other eukaryotes. Furthermore, there is evidence that proteins
organized in specific patterns of interactions, or functional modules, are more
conserved across species during evolution, than proteins that do not participate
in such modules (Wutchy et al., 2003). Thus the identification of protein
interactions and their conservation among species can be particularly
informative in functional studies. A first interaction map of the identified
petunia MADS box proteins based on a yeast two-hybrid assay (Chapter 3),
together with phylogenetic and expression data give already indications about
the roles that proteins might have in the different developmental pathways and
allow a reliable prediction of functional equivalence between proteins from
petunia and other species. Protein interaction patterns have significantly
supported the functional analysis of UNS and the FBP2 subfamily and they are
the starting point for the construction of double or triple overexpression plants in
which a protein complex can be ectopically expressed. The generation of
FBP2/FBP11 double overexpression plants showed unexpected outcomes in
terms of meristem regulation and gene target activation. The data we presented
in Chapter 7 suggest that FBP2 and FBP11 are indeed involved in the repression
of stem cell maintaining genes like TERMINATOR (TER), the petunia
WUSCHEL (WUS) homologue. Yet the model proposed would answer some
questions that were left open in the Arabidopsis studies (Lenhard et al., 2001;
Lohmann et al., 2001). Moreover, the results we showed about regulatory loops
among C-, D- and E-class genes are consistent, and provide further insights in
the complex regulatory networks among MADS box proteins.
More and more tools are becoming available to study gene and protein
networks at the molecular and cytological level, many of them are now making
it possible to investigate biological and developmental pathways in species other
than Arabidopsis. Comparative studies across structurally and phylogenetically
different lineages will be required to get a comprehensive view of the genetic
pathways that regulate development and morphogenesis in plants.
This thesis, dealing with the functional analysis of MADS box genes in
petunia, contributes to our understanding of diversity and conservation in plant
development.
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SUMMARY
The unravelling of the genetic and molecular mechanisms underlying plant
growth and development have benefited from the past two decades of research
in the model species Arabidopsis, which provided rules and models for many of
the developmental processes controlling the plant life cycle. Nevertheless, the
extent to which these rules apply to organisms from different taxa can only be
recognized when developmental programmes and genetic interactions are well
understood in different plant species. Comparative studies are also necessary to
comprehend the mechanisms through which the diversity of plant and flower
morphologies has evolved. Transcription factors play a central role in the
regulation and integration of several developmental pathways and are therefore a
favourite subject of developmental and evolutionary studies. MADS box
proteins are, among transcription factors, key players in the regulation of flower
induction, flower architecture and vegetative development and have been
isolated and studied in many different species. Chapter 2 offers an overview of
floral development in several species from which MADS box genes have been
analyzed, their function in determining the diversity of floral organs and the role
they may have played in the evolution of floral morphologies.
The rest of the thesis focuses on MADS box transcription factors, their
isolation and functional analysis in the model species Petunia hybrida, which
belongs to the Solanaceae family together with other agronomically important
species. The isolation of new genes and their preliminary characterization is
described in Chapter 3. The result provided by the phylogenetic analysis, which
includes also the Arabidopsis type II genes, is in agreement with previous
studies and the presence of the petunia sequences strengthen the branches of
most of the subfamilies. Expression analysis and interaction patterns of all the
family members are also included, which together can provide good indications
about possible functions, redundancy and homology with other species.
Similarities in sequences, expression profiles and interaction patterns strongly
suggest functional redundancy, as it is the case for FBP2 and FBP5, confirmed
also by the study described in Chapter 5. On the other hand, differences in
interaction patterns might indicate functional differences between closely related
genes, like for instance the PETUNIA FLOWERING GENE (PFG) and FBP26.
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All these data are just the starting point for a functional analysis, which
would require, for its completion, additional reverse genetic approaches and
mutant studies. Strategies such as overexpression, cosuppression and knockout
via transposon insertion have been adopted for a more detailed investigation of a
few MADS box genes, specifically members of the FBP2 subfamily,
UNSHAVEN (UNS) and closely related genes, as described in Chapter 4. These
genes have been selected on the basis of their sequences, expression and
interaction patterns which altogether suggested possible roles in floral organ
determination, flower induction and vegetative development. Although several
transgenic plants have been produced, carrying overexpression and
cosuppression constructs of the selected genes, only in two cases we observed a
mutant phenotype. Furthermore, none of the knockout lines we identified could
be linked to any phenotypical alteration. We explained in this chapter the
possible causes of such a lack of phenotypes and we suggested alternative
approaches that could be helpful in the quest of gene functions.
A thorough analysis of the genes belonging to the FBP2 subfamily follows
in Chapter 5, where it is demonstrated that FBP2 is functionally equivalent to
the Arabidopsis SEPALLATA (SEP) proteins on the basis of similarities in
sequence, expression, interaction patterns and mutant phenotypes. Moreover, the
functional complementation of the Arabidopsis sep triple mutant with FBP2,
further corroborates the homology between the Arabidopsis and petunia genes.
Similarly to Arabidopsis, petunia contains a few genes related to FBP2 and at
least one of them, FBP5, is also responsible for the E function in this species.
Yeast three- and four-hybrid assays between B-, C- and E-type proteins suggest
that the formation of different multimeric complexes might specifically direct
floral organ formation, in agreement with the proposed ‘quartet model’ for
flower development .
In Chapter 6 the function of UNS is studied in detail, by sequence and
expression analysis, and overexpression of a full-length and a truncated protein
in both petunia and Arabidopsis plants. Although the knockout of the gene via
transposon insertion did not cause any visible alteration, most likely because of
redundancy among closely related paralogs, it was possible to show that the
function of UNS in petunia is similar to SUPPRESSOR OF
OVEREXEPRESSION OF CONSTANS1 (SOC1), a promoter of flowering in
Arabidopsis. Constitutive expression of UNS leads in fact to an acceleration of
162

Summary
flowering, while the truncated, non-functional protein causes a delay in
flowering. Both proteins, however, generate the same unshaven phenotype in the
flower, indicating that these phenotypical alterations are caused by a dominantnegative action of the proteins in the floral domain and that these alterations are
not related with UNS native function.
A possible function of a MADS box complex including C-, D- and E-type
proteins in repressing a WUSCHEL (WUS)-like gene in the petunia flower
meristem and thus bringing the meristem to an end, is proposed in Chapter 7.
The hypothesis is supported by the phenotype of transgenic plants
simultaneously overexpressing FBP2 and FBP11, which show an early arrest in
development. Furthermore, a downregulation of TERMINATOR (TER), the
petunia WUS homolog, is observed in the same transgenic seedlings,
accompanied by an upregulation of the petunia C-type gene FBP6 and the Dtype FBP7 and FBP11. A positive feedback loop among C-, D-, and E- type
genes is most likely occurring also within the flower, which would lead to the
termination of the flower meristem.
General considerations about the strategies adopted in this study, the origin
of the difficulties encountered and the possible solutions, the relevance of such a
research in the understanding of diversity and conservation in plant
development, conclude this thesis.
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SAMENVATTING
Het ontrafelen van de genetische en moleculaire mechanismen, die ten
grondslag liggen aan de ontwikkeling van planten, heeft de afgelopen twee
decennia geprofiteerd van onderzoek met de modelplant Arabidopsis. Het
leverde de modellen voor vele van de ontwikkelingsprocessen die de
levenscyclus van de plant bepalen. Echter in hoeverre deze modellen vertaald
kunnen worden naar organismen van andere taxa zal pas blijken als
ontwikkelingsprogramma’s en genetische interacties van verschillende
plantensoorten begrepen worden. Vergelijkende studies zijn ook noodzakelijk
om de mechanismen, waardoor de diversiteit aan plant- en bloemvormen is
ontstaan, te bevatten. Transcriptiefactoren spelen een centrale rol in de regulatie
en integratie van verschillende ontwikkelingsroutes en zijn daarom een favoriet
onderwerp voor ontwikkelingsbiologisch en evolutionair onderzoek. De MADS
box eiwitten zijn onder de transcriptiefactoren de sleutelfactoren in de regulatie
van bloei, bloemvorming en vegetatieve ontwikkeling en zijn geïsoleerd uit vele
verschillende soorten. Hoofdstuk 2 geeft een overzicht van de
bloemontwikkeling van verschillende plantensoorten waarvan MADS box genen
zijn geanalyseerd. Verder gaat het in op hoe deze factoren de diversiteit aan
bloemorganen bepalen en welke rol ze gespeeld hebben in de evolutie van
bloemvormen.
The rest van het proefschrift richt zich op de MADS box transcriptie
factoren, de isolatie en functionele analyse ervan in de modelplant Petunia
hybrida, welke behoort tot de Solanaceae familie waartoe ook agronomische
belangrijke gewassen behoren. De isolatie van nieuwe genen en de eerste
karakterisering worden beschreven in Hoofdstuk 3. De resultaten van de
fylogenetische analyse, waarin ook de Arabidopsis type II genen zijn
meegenomen, zijn in overeenstemming met eerdere studies en de petunia genen
versterken de onderverdeling in subfamilies. De expressie analyse en de
interactiepatronen van alle geïsoleerde familieleden worden ook vermeld en
levert aanwijzingen over mogelijke functies, redundantie en homologie met
andere
soorten. Gelijkenis in sequenties, expressieprofielen en
interactiepatronen wijzen in de richting van functionele redundantie, zoals het
geval is bij FBP2 en FBP5 en bevestigd wordt in Hoofdstuk 5. Aan de andere
kant kunnen verschillen in interactiepatronen aangeven dat er verschillen zijn in
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functie tussen zeer gerelateerde genen, zoals bijvoorbeeld voor PETUNIA
FLOWERING GENE (PFG) en FBP26.
Al deze gegevens zijn slechts het begin van een functionele analyse, die
gecomplementeerd zou moeten worden met reverse genetic aanpakken en
mutant studies. Strategieën zoals overexpressie, cosuppressie en knockout
mutagenese m.b.v. transposon insertie zijn toegepast voor meer gedetailleerd
onderzoek aan enkele MADS box genen, met name leden van de FBP2
subfamilie, UNSHAVEN (UNS) en gerelateerde genen. Dit is beschreven in
Hoofdstuk 4. Deze genen zijn geselecteerd op basis van sequentie, expressie en
interactiepatroon, die tezamen een beeld geven van een mogelijke rol in
bloemorgaanvorming, bloei en vegetatieve ontwikkeling. Ondanks de vele
transgene planten, die geproduceerd zijn met overexpressie- en
cosuppressieconstructen, werd slechts in twee gevallen een mutant fenotype
waargenomen. Verder kon geen van de knockout lijnen, die we geïdentificeerd
hebben, gekoppeld worden met veranderingen in fenotype. In dit hoofdstuk
geven we mogelijke verklaringen waarom geen afwijkende fenotypen verkregen
zijn en worden alternatieven beschreven die behulpzaam kunnen zijn bij de
zoektocht naar genfuncties.
Een uitvoerige analyse van de genen die behoren tot de FBP2 subfamilie
volgt in Hoofdstuk 5, waarin aangetoond wordt dat FBP2 functioneel gelijk is
aan de Arabidopsis SEPALLATA (SEP) eiwitten op basis van gelijkenis in
sequentie, expressie, interactiepatroon en mutant fenotypen. Verder bevestigde
de complementatie van de Arabidopsis sep driedubbele mutant met FBP2 dat
beide genen sterk homoloog zijn. Evenals bij Arabidopsis heeft petunia enkele
genen die gerelateerd zijn aan FBP2, waarvan in ieder geval FBP5 ook een
bijdrage levert aan de E-functie in deze soort. Resultaten verkregen met gist 3en 4-hybride experimenten tussen B-, C- en E-typen eiwitten suggereren dat
verschillende multimere complexen gevormd kunnen worden die specifiek de
vorming van bloemorganen kunnen sturen. Dit is in overeenstemming met het
voorgestelde ‘kwartet-model’ voor bloemontwikkeling.
In Hoofdstuk 6 is de functie van UNS in detail bestudeerd door sequentie en
expressie analyse en door een volledige en ingekorte vorm van het eiwit tot
overexpressie te brengen in petunia en Arabidopsis. Ondanks dat een knockout
mutant van het gen verkregen door transposoninsertie geen zichtbare
veranderingen opleverde, waarschijnlijk door redundantie tussen zeer
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gerelateerde paralogen, was het toch mogelijk om te laten zien dat UNS in
petunia gelijk is aan de bloeistimulator in Arabidopsis, SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS1 (SOC1). Constitutieve expressie van
UNS leidt tot een versnelling van bloei, terwijl de ingekorte en niet-functionele
versie van het eiwit een vertraging van bloei gaf. Beide eiwitten gaven echter
hetzelfde unshaven fenotype in de bloem, waaruit geconcludeerd kon worden
dat de morfologische veranderingen veroorzaakt zijn door een dominantnegatieve werking van de eiwitten in de bloem en dat deze veranderingen niet
komen door de normale functie van UNS.
Een mogelijke functie van een MADS box complex met C-, D- en E-typen
eiwitten wordt voorgesteld in Hoofdstuk 7 en omvat het onderdrukken van een
WUSCHEL (WUS)-achtig gen in het petunia bloemmeristeem, waardoor het
meristeem beëindigt. De hypothese wordt ondersteund door het fenotype van
transgene planten, waarin FBP2 en FBP11 simultaan tot overexpressie gebracht
werd en resulteerde in een vroege stop van de ontwikkeling. Verder werd een
onderdrukking van TERMINATOR (TER), de petunia homoloog van WUS,
geconstateerd in dezelfde transgene zaailingen. Dit ging samen met een
verhoging van de expressie van het petunia C-type gen, FBP6 en de D-typen
genen FBP7 en FBP11. Een positieve terugkoppeling tussen C-, D- and E-typen
genen komt waarschijnlijk ook voor in de bloem en veroorzaakt daar het
beëindigen van het bloemmeristeem.
Dit proefschrift wordt beëindigd met een algemene beschouwing van de
gevolgde strategieën, de oorzaak en mogelijke oplossingen van moeilijkheden
die tegen gekomen zijn en wat dit soort onderzoek kan bijdrage aan onze kennis
over diversiteit en conservering van plantontwikkeling.
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SOMMARIO
Due decadi di ricerca sulla specie modello Arabidopsis, durante i quali sono
state sviluppate regole e modelli per molti dei processi di sviluppo che
controllano il ciclo vitale di una pianta, hanno contribuito al chiarimento di
molti dei meccanismi genetici e molecolari alla base della crescita e dello
sviluppo di una pianta. Ciononostante, diventa possibile riconoscere a quale
grado tali regole sono applicabili ad organismi provenienti da taxa diversi,
solamente quando i processi e le interazioni genetiche che regolano lo sviluppo
risultano ben chiariti in differenti specie vegetali. Ricerche comparate sono
altresì necessarie per la comprensione dei meccanismi attraverso i quali la
diversità morfologica di fiori e piante si è evoluta nel tempo. I fattori di
trascrizione giocano un ruolo centrale nel regolare ed integrare i diversi processi
di sviluppo e sono, per questo motivo, un soggetto privilegiato negli studi
inerenti l’evoluzione e lo sviluppo. Tra tutti i fattori trascrizionali, le proteine
MADS box rivestono un ruolo determinante nel regolare l’induzione alla
fioritura, la struttura fiorale e lo sviluppo vegetativo e sono stati isolati ed
analizzati in diverse specie vegetali. Il Capitolo 2 presenta una rassegna
riguardante lo sviluppo del fiore in specie diverse dalle quali i geni MADS box
sono stati isolati, ne descrive la funzione nel determinare le diverse forme fiorali
e l’eventuale ruolo giocato nell’evoluzione di tali morfologie.
Il resto della tesi è centrato sull’isolamento e l’analisi funzionale dei geni
MADS box nella specie modello Petunia hybrida, appartenente alla famiglia
delle Solanaceae insieme ad altre specie di importanza agronomica. Nel
Capitolo 3 viene descritto l’isolamento e la preliminare caratterizzazione di
nuovi geni MADS box. Il risultato ottenuto dall’ananlisi filogenetica,
comprendente anche i geni MADS box di tipo II di Arabidopsis, conferma
precedenti studi, e la presenza delle sequenze di petunia rafforza i rami
filogenetici della maggior parte dei sottogruppi. Questo capitolo comprende
anche l’analisi dell’espressione e delle interazioni di tutti i menbri della famiglia
MADS box, che forniscono utili indicazioni su possibili funzioni, ridondanza ed
omologie tra specie differenti. La somiglianza tra sequenze, profili di
espressione e di interazione è sovente un forte indice di ridondanza funzionale,
come nel caso di FBP2 ed FBP5, confermato anche dagli studi descritti nel
Capitolo 5. D’altro canto, differenze nelle interazioni proteiche suggeriscono
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differenze di funzione tra geni simili, come ad esempio tra PETUNIA
FLOWERING GENE (PFG) ed FBP26.
Tutte queste informazioni rappresentano solamente il punto di partenza per
un’ analisi funzionale completa, che richiederebbe ulteriori approcci genetici e
analisi di mutanti. Strategie sperimentali quali l’espressione ectopica, la
cosoppressione ed il knockout genico attraverso l’inserzione di transposoni,
sono stati utilizzati al fine di una più dettagliata analisi di alcuni geni MADS
box, in particolare dei membri del sottogruppo FBP2 e di UNSHAVEN (UNS) e
geni simili, come risulta descritto nel Capitolo 4. Tali geni sono stati scelti sulla
base delle loro sequenze e dei profili di espressione ed interazione, i quali nel
loro complesso, suggerivano un possibile ruolo nella determinazione degli
organi fiorali, nell’induzione della fioritura e nello sviluppo vegetativo. Sebbene
siano state prodotte parecchie piante transgeniche recanti costrutti per
l’espressione ectopica o la cosoppressione dei geni selezionati, siamo stati in
grado di riconoscere un fenotipo mutante soltanto in due casi. Inoltre, non
abbiamo osservato alcuna alterazione fenotipica in tutte le linee recanti un
knockout genico. In questo capitolo vengono fornite le possibili ragioni per una
tale mancanza di alterazioni fenotipiche e vengono altresì suggeriti approcci
alternativi che potrebbero risultare utili nella ricerca delle funzioni geniche.
Nel Capitolo 5 viene presentata un’analisi approfondita dei geni
appartenenti al sottogruppo FBP2, e viene dimostrata l’equivalente funzione di
FBP2 e delle proteine SEPALLATA (SEP) di Arabidopsis, sulla base di
somiglianze tra sequenze, profili di espressione ed interazione, e fenotipi
mutanti. Inoltre, il recupero della funzione nel triplo mutante sep di Arabidopsis
tramite FBP2, serve a confermare l’omologia tra i geni di Arabidopsis e petunia.
Analogamente ad Arabidopsis, anche petunia possiede alcuni geni simili ad
FBP2, ed almeno uno di essi, FBP5, contribuisce alla funzione E in questa
specie. Saggi di tri- e tetra-ibridi in lievito tra proteine di classe B, C ed E,
suggeriscono che la formazione di complessi proteici multimerici sia in grado di
regolare la formazione degli organi fiorali, in accordo con il “modello del
quartetto”, precedentemente proposto per lo sviluppo del fiore.
Nel Capitolo 6 viene studiata nei dettagli la funzione di UNS, tramite le
analisi di sequenza ed espressione, e l’espressione ectopica sia della proteina
intera che di una sola parte, in petunia ed Arabidopsis. Sebbene il knockout
genico attraverso l’inserzione di un trasposone non abbia provocato alcuna
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visibile alterazione, molto probabilmente a causa di ridondanza tra geni
paraloghi, è stato possibile mostrare come la funzione di UNS in petunia sia
simile a quella di SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1
(SOC1), un gene di Arabidopsis che induce la fioritura. L’espressione ectopica
di UNS provoca, infatti, una fioritura precoce, mentre la proteina parziale, non
funzionante, ritarda la fioritura. Entrambe le proteine, tuttavia, danno origine
allo stesso fenotipo fiorale, denominato unshaven, indicando che tali alterazioni
del fiore sono causate da un’azione negativa-dominante delle proteine e non
hanno nulla a che vedere con l’originale funzione di UNS.
Nel Capitolo 7 è avanzata l’ipotesi che un complesso proteico comprendente
i MADS box di classe C, D ed E sia responsabile della repressione di geni tipo
WUSCHEL (WUS) nel meristema fiorale di petunia, provocando il termine del
meristema stesso. Tale ipotesi è avvalorata dal fenotipo di piante transgeniche
che ectopicamente esprimono FBP2 ed FBP11 insieme, le quali mostrano un
arresto estremamente precoce dello sviluppo. Inoltre, in tali piantine
transgeniche si nota la scomparsa della trascrizione del gene TERMINATOR
(TER), l’omologo di WUS in petunia, accompagnata da una incremento della
trascrizione del gene di classe C di petunia, FBP6, e dei geni di classe D, FBP7
ed FBP11. Molto probabilmente un tale meccanismo di autoregolazione positiva
tra i geni di classe C, D ed E ha luogo anche all’interno del fiore, provocando di
conseguenza il termine del meristema fiorale.
Questa tesi si conclude con considerazioni generali riguardo le strategie
sperimentali adottate in questa ricerca, l’origine delle difficoltà incontrate e
possibili soluzioni, richiamando l’importanza di un studio di questo genere per
la comprensione di diversità e somiglianze nello sviluppo vegetale di specie
differenti.
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