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Abstract

Angiosperms represent a huge diversity in floral structures. Thus, they provide an
atractive target for comparative developmental genetics studies. Research on flower
development has focused on few main model plants, and studies on these species have
revealed the importance of transcription factors, such as MADS-box and TCP genes, for
regulating the floral form. The MADS-box genes determine floral organ identities,
whereas the TCP genes are known to regulate flower shape and the number of floral
organs. In this study, | have concentrated on these two gene families and their role in
regulating flower development in Gerbera hybrida, a species belonging to the large
sunflower family (Asteraceae).

The Gerbera inflorescence is comprised of hundreds of tightly clustered flowers that
differ in their size, shape and function according to their position in the inflorescence. The
presence of distinct flower types tells Gerbera apart from the common model species that
bear only single kinds of flowers in their inflorescences. The marginally located ray
flowers have large bilaterally symmetrical petals and non-functional stamens. The
centrally located disc flowers are smaller, have less pronounced bilateral symmetry and
carry functional stamens. Early stages of flower development were studied in Gerbera to
understand the differentiation of flower types better. After morphological analysis, we
compared gene expression between ray and disc flowers to reveal transcriptional
differences in flower types. Interetingly, MADS-box genes showed differential
expression, suggesting that they might take part in defining flower types by forming
flower-type-specific regulatory complexes.

Functional analysis of a CYCLOIDEA-like TCP gene GhCYC2 provided evidence that
TCP transcription factors are involved in flower type differentiation in Gerbera. The
expression of GhCYC2 is ray-flower-specific at early stages of development and activated
only later in disc flowers. Overexpression of GhCYC2 in transgenic Gerbera-lines causes
disc flowers to obtain ray-flower-like characters, such as elongated petals and disrupted
stamen development. The expression pattern and transgenic phenotypes further suggest
that GhCYC2 may shape ray flowers by promoting organ fusion. Cooperation of GhCYC2
with other Gerbera CYC-like TCP genes is most likely needed for proper flower type
specification, and by this means for shaping the elaborate inflorescence structure.

Gerbera flower development was also approached by characterizing B class MADS-
box genes, which in the main model plants are known regulators of petal and stamen
identity. The four Gerbera B class genes were phylogenetically grouped into three clades;
GGLOL1 into the PI/GLO clade, GDEF2 and GDEF3 into the euAP3 clade and GDEF1
into the TM6 clade. Putative orthologs for GDEF2 and GDEF3 were identified in other
Asteraceae species, which suggests that they appeared through an Asteraceae-specific
duplication. Functional analyses indicated that GGLO1 and GDEF2 perform conventional
B-function as they determine petal and stamen identities. Our studies on GDEF1 represent
the first functional analysis of a TM6-like gene outside the Solanaceae lineage and provide
further evidence for the role of TM6 clade members in specifying stamen development.
Overall, the Gerbera B class genes showed both commonalities and diversifications with
the conventional B-function described in the main model plants.
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1 INTRODUCTION

1.1 Evolutionary developmental genetics of flowers

Explaining the mechanisms behind the enormous diversity of plant and animal body plans
is one of the greatest challenges in biology. One way to approach the mysteries of
evolution is evolutionary developmental genetics ("evo-devo"). Evo-devo aims at
explaining how morphological variations arise and thereby provide material for evolution.
The basic idea behind evo-devo is that there is interdependence between evolution and
development. This was realized as early as the 19th century, but it was not until the 1980s
that evo-devo emerged as a distinct field of research (Theissen and Saedler, 1995). The
power of evo-devo comes from its ability to fill the gap between the interplay of mutations
and selection, which are major concepts in the theory of evolution. Mutations provide new
genes but selection does not act on genes, it acts on phenotypes (Arthur, 2002).
Development of a multicellular organism from a single cell (zygote) is under genetic
control and thus mutations in the genes driving this process may alter the phenotype so
that the evolution can proceed through selection. Thus, changes in the major
developmental control genes are especially important in generating morphological
novelty.

Majority of the genes guiding developmental processes are members of the multigene
families that encode transcription factors, which are proteins that bind to the DNA by
recognizing specific sequences (cis-elements) and thereby regulate expression of their
target genes. Understanding the phylogeny of these genes will help to understand the
evolution of organisms. Moreover, comparing the spatiotemporal patterns of expression
and function of these genes between species showing diverged morphologies will direct
our understanding on the mechanisms of evolution.

Flowering plants (angiosperms) are the dominant form of plant life on land. Thus, the
emergence of hermaphroditic reproductive axes with closed carpel and double fertilization
has been a key innovation in plant evolution (Theissen and Melzer, 2007). Key
innovations are advantageous traits that become fixed and promote evolutionary
radiations. The importance of flowers and inflorescences for the evolutionary success of
angiosperms and their extensive morphological variations makes them attractive targets
for studying the evolution of developmental mechanisms. Flowers are morphologically the
most complicated parts of plants. Instead of being single organs, such as stems, leaves,
and roots, flowers are composite structures comprising a number of organs. Flowers are
often clustered to form a more elaborate inflorescence structure, thus raising the
complexity to afurther level. The key regulators of floral development belong to relatively
few gene families. In this thesis, | have concentrated on two of these families, the MADS
and TCP transcription factors, which will be described in more detail.



1.2 MADS-box genes in flower development

1.2.1 Floral organ identities and the ABCDE-model

Despite the diversity of forms, most flowers share a common basic architecture, in which
four floral organs are organized in concentric whorls. There are sepalsin whorl 1, petalsin
whorl 2, stamens in whorl 3 and carpels in whorl 4. The key developmental genes that
regulate the identity of floral organs belong to the MADS-box gene family. The role of
MADS-box genes in flower development was revealed during late 1980s and early 1990s,
and was based on forward genetic studies on homeotically altered mutant flowers. Studies
with model species, mainly Arabidopsis thaliana and Antirrhinum majus, yielded the
classic ABC model that describes the genetic basis for floral organ determination (Coen
and Meyerowitz, 1991). According to this model, floral organs adopt their identities
through combinatorial interaction of three classes of floral homeotic functions, with class
A specifying sepals, A and B petals, B and C stamens, and C alone carpels. Mutual
repression between A and C functions and the regulation of floral meristem determinacy
by C function were also included in the model based on mutant analyses (Bowman et al.,
1991; Meyerowitz et al., 1991). Further functions, D and E, have been added to the model
later, thus receiving an extended ABCDE model. The D class genes were identified by
studies on another model species, Petunia hybrida, and were shown to be necessary for
determining ovule identity (Angenent et al., 1995; Colombo et al., 1995). Moreover, the E
class genes were demonstrated to act together with the ABC genes in defining the identity
of sepals, petals, stamens and carpels (Pelaz et al., 2000; Theissen and Saedler, 2001;
Ditta et al., 2004). In fact, coexpression of an E class gene with the ABC genes is
sufficient to turn leaves into floral organs (Honma and Goto, 2001)

The MADS-box genes behind the ABCDE functions have been isolated and
characterized from several species. In Arabidopsis, A function is determined by
APETALAL (AP1) and APETALA2 (AP2), of which AP2 is the only ABCDE gene that
does not belong to the MADS family (Mandel et al., 1992; Jofuku et al., 1994). The B-
function is determined by two related genes, APETALA3 (AP3) and PISTILLATA (PI),
whereas the C-function is defined by a single gene AGAMOUS (AG). The late discovery
of the E-function was due to a high level of genetic redundancy, as there are four genes
behind this function, namely SEPALLATAL, 2, 3, and 4 (SEP1-4, formerly AGL2,4,9,3).
Single mutants of the SEP genes cause none or only very mild phenotypes but triple
sepl/2/3 mutant flowers solely consist of sepals (Pelaz et al., 2000). The quadruple
sepl/2/3/4 mutant displays indeterminate flowers composed of leaf-like organs (Ditta et
al., 2004). Orthologs of the B, C, and E genes from selected model plants, both eudicots
and monocots, have been collected in Table 1.

The classic ABC model has been very useful for producing testable hypotheses for
comparative studies, thus accelerating the progress of floral evo-devo studies. Advancesin
the field have revealed the complexity of genetic interactions, as shown by the addition of
D- and E-functions. Comparative studies have revealed both conservation and
diversification of mechanisms between species. As an example, the A function, as defined
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in the original ABC-model, has not been described in any other species than Arabidopsis
(and isthus excluded from Table 1). The Arabidopsis A function genes AP1 and AP2 have
three subfunctions. In addition to determining sepal and petal identities, they control
gpatial restriction of the C genes to the inner floral whorls and also exert a central role in
the establishment of floral meristem identity (Mandel et al., 1992; Jofuku et al., 1994).
The AP1 orthologs in other species seem to share only the floral meristem identity
function (Huijser et al., 1992; Taylor et al., 2002). The AP2 orthologs LIP1 and LIP2 in
Antirrhinum take part in sepal and petal development, but not in repressing the C genes
(Keck et al., 2003). Mechanisms that pattern C gene expression were originally confined
to the A genes, but have since been shown to be diverse. For example, blind and fistulata
mutants have similar homeotic phenotypes with the conversion of petals into stamens in
both Petunia and Antirrhinum. Cloning the genes behind these mutants revealed the role
of microRNAs (miRNA) in controlling C gene expression in these species but not in
Arabidopsis (Cartolano et al., 2007).

Table1 The B, C, and E class MADS-box genes in selected plant species. The classifications are
based on either functional orthology or sequence homology. Oryza sativa (rice) representsa
monocot, whereas all the other species are core eudicots. Within the B class, members of the
euAP3-clade (paleoAP3-clade in rice) are marked with A, the TM6-clade members with T and the
PI-clade members with P.

Species B class C class E class Reference

Jack et al., 1992; Goto and

Arabidopsis Meyerowitz, 1994; Yanofsky et
thaliana AP3y, Pl AG SEPL-4 - 5. "1900: Pelaz et al., 2000; Ditta
et al., 2004
Antirrhi DEFHA49, Sommer et al., 1990; Trobner et
nurrhinum DEF,, GLO» PLE, FAR DEFH72,  al. 1992 Bradiey et al., 1993;
majus DEFH200 Davies et al., 1996a, 1999
van der Krol et al., 1993; Kramer
Petunia PhDEE,, PhTM6;,  PMADS3, . 0r2 FBPS, —andlrish, 2000; Angenent etal,
hybrida PhGLOL. PhGLO2 FBP6 pMADSI12, FBP4, 1992, 1993, Tsuchimoto et al., .
Ps P FBP9, FBP23  1993; Immink et al., 2002; Ferrario
et al., 2003
Yuetal., 1999; Broholm et al.,
Gerbera GDEF2,, GDEF3,, GAGAL, GRCD1.5  Manusipt (Ill); Kotilainenetal,
hybrida GDEF1;, GGLO1, GAGA2 2000; Uimari et al., 2004; Laitinen
et al., 2005
Moon et al., 1999; Chung et al.,
PWUOSMADSIG,, g ancs oinaena . 1995; Kang et al, 19972 19975,
Oryza sativa OsSMADS2, OsM ADSBé OsM AD819’ 1998; Yamaguchi &t al., 2006;
OsMADSp ' Mal comber and Kellog, 2004;

OsMADS34  ghinozukaet al., 1999

1.2.2 The molecular basis of MADS-box gene functions

The defining characteristic of MADS transcription factors is the highly conserved MADS

domain, which is approximately 58 amino acids long and possesses DNA-binding,

dimerization and nuclear localization activities (Riechmann et al., 1996a and 1996b). The

abbreviation MADS is derived from the first four gene family members identified: MCM1
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from yeast, the plant proteins AG and DEFA, and SRF from mammals (Schwarz-Sommer
et al., 1990). Most of the MADS proteins identified by analysing mutant phenotypes have
a characteristic MIKC domain structure. In addition to the N-terminal MADS (M) domain,
MIKC domain proteins are comprised of the less conserved intervening (I) domain and the
keratin-like (K) domain, which also play roles in protein-protein interactions (Schwarz-
Sommer et al., 1992; Trobner et al., 1992; Riechmann et al., 1996a). The C-terminal
domain is again less conserved and contributes to higher order protein complexes between
MADS proteins (Egea-Cortines et al., 1999; Honma and Goto, 2001). In some MADS
proteins, the C-terminus also contains a transcriptional activation domain (Cho et al.,
1999; Egea-Cortines et al., 1999; de Folter et al., 2005).

MADS domain proteins bind to DNA only as homo- or heterodimers, by recognizing
specific palindromic DNA sequences with a core consensus sequence 5-CC(A/T)sGG-3,
termed the CArG box (Schwarz-Sommer et al., 1992; Trobner et al., 1992; Riechmann et
al., 1996a and 1996b). Asto how MADS proteins recognize and exert differential effects
on their specific target genes, though their DNA-binding sites are so similar, is still largely
an unanswered question (Melzer et al., 2006). The current explanations for defining target
gene specificity range in the literature from differential DNA bending to protein dosage
effects and cooperative binding with other protein partners.

The ability of the MADS domain proteins to form higher order complexes in plants has
been proposed to be the molecular basis of the ABCDE functions, and thus led to arefined
model of floral quartets (Honma and Goto, 2001; Theissen and Saedler, 2001). The floral
guartet model postulates that the combinations of four MADS domain proteins form
complexes that determine the identity of the floral organs. Sepals are defined by an AAEE
guartet, petals by ABBE, stamens by BBCE, carpels by CCEE, and ovules by CDDE,
referring to the ABCDE functions described earlier. The model explains well the role of
the class E proteins by defining them as bridges for the formation of specific tetramersin
al floral organs. Mogt of these protein interactions have been shown to occur in yeast
(Davies et al., 1996b; Egea-Cortines et al., 1999; Favaro et al., 2003; Honma and Goto,
2001; Shchennikova et al., 2004; Leseberg et al., 2008), but so far very few have been
verified in planta. Especially the in planta stoichiometry is unknown and it may well be
that the complexes are larger than tetramers and also contain non-MADS proteins, as
indicated by several recent studies (Masiero et al., 2002; Causier et al., 2003; Sridhar et
al., 2006; He et al., 2007).

1.2.3 MADS-box gene duplications and floral evolution

The MADS-box genes are present in plants, animals and fungi, thus they represent an
ancient gene family. Phylogenetic reconstructions have identified two main lineages,
namely type | and type Il MADS-box genes. These were generated by a gene duplication
that occurred in the common ancestor of the eukaryotic kingdom more than a billion years
ago (Alvarez-Buylla et al., 2000). The type | lineage members lack the K domain and have
been subdivided into the Ma, MB and My subfamilies (Parenicova et al., 2003). The type
Il lineage consists of MIKC-type MADS domain proteins and can be further classified
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into MIKC*type and MIKC*-type, based on their intron—exon structures (Henschel et al.,
2002). Interestingly, all the MADS-box genes isolated by analysing phenotypic mutants
have been MIK C*-type genes, whereas only recently have a few other types of MADS-box
genes been functionally characterized (Kohler et al., 2003 and 2005; Portereiko et al.,
2006; Colombo et al., 2008). The completely sequenced Arabidopsis, rice, and poplar
genomes have totals of 107, 75, and 105 MADS-box genes, of which 39, 38, and 55 are
MIK C-type genes, respectively (Parenicova et al., 2003; Leseberg et al., 2006; Arora et
al., 2007). The earliest land plant groups, mosses and lycopods, have one monophyletic
group of MIKC type genes and ferns have three monophyletic groups (Tanabe et al.,
2005). In contrast, 12 groups have been recognized in higher seed plants (Becker and
Theissen, 2003). Thus, the extensive expansion of MIKC®type genes most probably
occurred after the divergence of the seed plant lineage from ferns, though the possibility of
extensive losses of genes in ferns and moss lineages and also the incomplete sampling of
MADS-box genes in these species cannot be ruled out.

Formation of large gene families requires gene duplications and the preservation of
duplicated gene copies through functional diversifications. Although a common fate for a
duplicated copy is the accumulation of deleterious mutations and loss as a non-
functionalized pseudogene, there are several ways for maintaining both copies. The
origina gene function may be divided into subfunctions that are shared between the
duplicated gene copies (subfunctionalization), whereas in neofunctionalization one of the
genes acquires a novel function (Force et al., 1999). In the MADS-box gene family,
preservation of duplicated genes with at least partially redundant functions, such as the
SEPALLATA genes of Arabidopsis (Pelaz et al., 2000), is also common. The advantages of
maintaining redundant gene copies include an enhanced robustness to mutations (Wagner,
1999; Rijpkema et al., 2007) and an improved fithess under varying natural conditions,
that might be missed by mutant analysis under laboratory conditions (Briggs et al., 2006).

Good examples of subfunctionalized genes are the rice C genes OsMADS3 and
OsMADSH8 (Table 1). The specification of C function in rice is divided so that OSMADS3
is required for stamen identity, whereas OSMADS58 is mainly involved in floral meristem
determinacy and carpel morphogenesis (Yamaguchi et al., 2006). Together these genes
fulfill the functions that in Arabidopsis are accomplished by a single AG gene.
Neofunctionalization is much rarer as it requires a mutation either in the regulatory or in
coding region so that one of the duplicate genes acquires a new and useful function. The
Arabidopsis AP1/FUL-like genes provide an example of partial redundancy and partial
neofunctionalization. Triple mutation of AP1, CAULIFLOWER (CAL) and FRUITFULL
(FUL) genes shows their partially overlapping (probably ancient) function in determining
floral meristem identity (Ferrandiz et al., 2000). Separate single mutant phenotypes
indicate that they have also acquired unique functions in floral development. This is
probably brought about by sequence evolution that has altered protein-protein interaction
capabilities (Alvarez-Buylla et al., 2006).

Large-scale genome duplications, such as polyploidization, are relatively common in
plants and are mainly responsible for the large number of duplicated individual loci. It has
been suggested that the Arabidopsis genome has undergone three whole-genome
duplications (Bowers et al., 2003). Interestingly, certain gene classes show differential
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retention when comparing large-scale and small-scale duplication events. In Arabidopsis,
the retention of duplicated genes with regulatory functions, such as transcription factors,
developmental and signal transduction genes has been more frequent after large-scale
genome duplications than after small-scale duplications (Maere et al., 2005). Large-scale
gene duplication events have been associated with major leaps in the development and
adaptive radiation of species. This highlights the importance of regulatory gene
diversifications for such processes.

All major subfamilies of MADS-box genes that define the ABCDE functions have
undergone a duplication event at the base of core eudicots. This putatively correlates with
the second whole-genome duplication detected in the Arabidopsis genome (Kramer et al.,
1998; Becker and Theissen, 2003; Litt and Irish, 2003; Kramer et al., 2004; De Bodt et al.,
2005; Zahn et al., 2005a). Figure 1 combines the MADS-box gene duplications with a
simplified angiosperm phylogeny, thereby relating the phylogeny of the MADS-box genes
to angiosperm evolution. The duplication of APL/FUL-lineage at the base of core eudicots
gave rise to euAP1- and euFUL-lineages. All the monocot and basal angiosperm genes
belong to a third lineage, named FUL-like lineage. The FUL-like lineage appears to be
angiosperm specific as orthologs have not been identified in gymnosperms. The
correlation of the origin of APL/FUL-lineage with the origin of flowers suggests that these
genes may have played a role in the evolution of this key angiosperm feature (Litt and
Irish, 2003).

B == -l rosids N
B —-E0- l— asterids core
B FUL-like eudicots
euAP1 Aclass o )
- FUL i =—-I-= = Caryophyllales > eudicots
eu
Hs N
M P B
B palecAP3 S B class l—-l—-l— Ranunculales »
Il cuAP3 <
| - -l -l— monocots
TM6 W, |
B AGlke ) — R -l— magnoliids
o
CandD b
. asal
mc P class ] - l-ll— Austrobaileyales -
M cuAG ‘ angiosperms
PLE _ - ] N l-ll— Nymphaeales basalmost
angio-
sperms
[ Lll— Amborellales
— E—u D
— [ gymnosperms

Figure 1 The duplication history of MADSbox genes during angiosperm evolution. MIKC-type
genes involved in determining floral organ identity are shown, except E class genes that have
mor e complex duplication history (modified from Irish, 2003).
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The duplication history of B class genes is more complex. There has been a duplication
event before the divergence of gymnosperm and angiosperm lineages that produced the
closely related B and Bs«er (Bs) genes (Becker et al., 2002). The Bs genes are expressed in
female reproductive organs (Becker et al., 2002; Nesi et al., 2002; Kaufmann et al., 2005;
de Folter et al., 2006), in contrast to the B genes, which are predominantly expressed in
male reproductive organs (Theissen and Becker, 2004; and refs in Table 1). Thus, it has
been suggested that the last common ancestor of B and Bs genes was expressed in both
male and female floral organs (Becker et al., 2002). The B genes have undergone another
major duplication event shortly after the divergence of extant gymnosperms and
angiosperms that produced the PI- and AP3-like gene clades (Kim et al., 2004,
Hernandez-Hernandez et al., 2007). The AP3-like genes have undergone a further
duplication event at the base of core eudicots, resulting in euAP3- and TM6-lineages
(Kramer et al., 1998). The C-terminal domain of the TM6-lineage genes, named the
paleoAP3 domain, is similar to the C-terminal domain of paleoAP3-type genes at the basal
eudicots, monocots and basal angiosperms. The C-terminus of the core eudicot specific
eUAP3-genes is derived from the paleoAP3 domain via a frameshift mutation
(Vandenbussche et al., 2003; Kramer et al., 2006).

Members of the AG-subfamily have been reported to have a conserved role in the
development of reproductive organs in both gymnoperms and angiosperms, whereas ferns
do not have AG orthologs (Becker et al., 2000; Jager et al., 2003). An ancient duplication
event resulted in two magjor clades, termed C and D lineages (Kramer et al., 2004). The D
lineage includes the Petunia D class genes that were identified as regulators of ovule
identity in dissociation from carpel identity (Colombo et al., 1995). Although the D
lineage members consistently show ovule-specific expression, the separation of C and D
functions might not be universally applicable. The C and D lineage members have
redundant roles in regulating ovule identity and thus the D function most likely represents
a subfunctionalization of the C function (Kramer et al., 2004). The C lineage has
undergone a further major duplication. This duplication also appeared at the base of core
eudicots and produced the euAG and PLE lineages, which have maintained a high degree
of conservation at both the level of sequence and function (Kramer et al., 2004).

In addition to the ABCD genes described above, the E genes (SEP-clade) also have an
interesting duplication history. The SEP genes have not been detected in gymnosperms but
the first duplication event occurred in the lineage leading to extant angiosperms. Members
of clades AGL2/3/4 (SEP1/4/2) and AGL9 (SEP3) have been isolated from the basalmost
angiosperms such as Amborella, water lily, star anise and magnolia (Zahn et al., 2005a).
Several additional duplication events have occurred in monocots and dicots, leading to a
complex duplication history (Zahn et al., 2005a). The presence of the SEP homologsin all
major lineages of angiosperms and their apparent absence in gymnosperms suggests that
they have played a critical role inthe origin of the flower (Zahn et al., 20054).

To conclude, the timings of the first duplication of AP3/PI-, AG-, and SEP-like genes
overlap closely. This is thought to be a result of a whole-genome duplication event in the
ancestor of extant angiosperms (De Bodt et al., 2005; Zahn et al., 2005a; Zahn et al.,
2005b). Moreover, a further duplication event in the FUL-, paleoAP3-, and C-lineages
occurred coincidentally at the base of the core eudicot clade (Kramer and Hall, 2005). The
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former duplication event has been suggested to have contributed to the origin of the
angiosperm flower, whereas the latter correlates with many significant changes in floral
morphology that have influenced the radiation of core eudicots (De Bodt et al., 2005;
Kramer and Hall, 2005; Zahn et al., 2005a, 2005b).

1.2.4 B class genes and evolution of petal identity pathways

The role of B class genes in specifying male reproductive organs has been shown to be
largely conserved throughout the seed plants (Theissen and Becker, 2004). In contrast, the
conservation of the petal identity pathway is less clear. The development of distinct petals
and sepals (bipartite perianth) has been one of the key innovations behind the extensive
radiation of flowering plants (Endress, 2001a). Two aternative schemes have been
suggested for petal evolution; the bipartite perianth may have evolved several times
independently or it might have been an ancestral trait, which has since been lost in
multiple non-core eudicot lineages (Drea et al., 2007). The assumption that petals have
arisen multiple times is supported by the postulation that petals have been derived in some
cases from stamens (andropetals) and in other cases from bracts (bracteopetals) (Hileman
and Irish, 2009).

The duplication of the paleoAP3-clade into the euAP3- and TM6-lineages at the base of
core eudicots has been proposed to correlate with the origin of core eudicot petals (Kramer
et al., 1998; Kramer and Irish, 2000). The euAP3-like gene underwent a C-terminal
frameshift mutation and this was hypothesized to have led to a new function in petal
development (Lamb and Irish, 2003; Vandenbussche et al., 2003). However, there are
contradictory results for the functional roles of the C-terminal paleoAP3- and euAPS3-
domains (Lamb and Irish, 2003; Whipple et al., 2004). The role of TM6-like genes in
regulating only stamen but not petal identity (de Martino et al., 2006; Rijpkema et al.,
2006) may not represent an ancestral functional restriction of paleoAP3-genes but a
subfunctionalization event.

The importance of B class genes for petal development is highlighted by the
‘diding/shifting boundaries model. This model demonstrates that an outward shift of B
class gene expression can explain the petaloid nature of whorl one organs observed in
several plant groups, which are often basal to the core eudicots (Albert et al., 1998;
Kramer et al., 2003; Soltis et al., 2006). In monocots, such as the lily family (species
Tulipa and Lilium) and the orchid family, B gene homologs have been shown to be
expressed in the petaloid outer floral whorl in addition to petals and stamens in whorls two
and three (Kanno et al., 2003; Tsai et al., 2004; Xu et al., 2006). Such findings are in
accordance with the ‘dliding/shifting boundaries model. However, conflicting results
showing that petaloid organs may also appear independent of B genes have been reported
as well. Independence of early B gene expression has been shown for the petal-like
perianth of a basal angiogperm Aristolochia (Jaramillo and Kramer, 2004). The petaloid
sepals of a Ranunculales species Aquilegia (Kramer et al., 2007) and a core eudicot
Impatiens (Geuten et al., 2006) have also been shown to be independent of early B gene
expression.
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A model for the evolution of the peta identity pathway has recently been proposed
(Drea et al., 2007). It dates that the ancient role of B class genes might have been to
specify regional identity, rather than organ identity. The model is supported by functional
studies of B class genes in the grass family, in another monocot species Asparagus, and in
Ranunculales. The B class genes determine the identity of second whorl organs (lodicules)
in grasses, athough the morphology of the lodicules is very distinct from the
morphological characteristics of petals (Ambrose et al., 2000; Nagasawa et al., 2003;
Whipple et al., 2007). In Asparagus, both perianth whorls contain sepal-like organs but B
class genes are still exclusively expressed in the second whorl (Park et al., 2003). The
same holds in the Ranunculales species Aquilegia, in which B class genes are expressed in
the second whorl but not in the petaloid organs in whorl one (Kramer et al., 2007). This
highlights the regional role of B genes. Studies in another Ranunculales species, the opium
poppy, provide the first functional evidence based on transgenic plants that paleoAP3
genes also determine petal identity (Drea et al., 2007). These authors further propose that
the ability of B class genes to function in second-whorl regional specification might have
facilitated a re-recruitment of these genes, possibly through gene duplication events, for
specifying petal identity multiple times during evolution.

Within the core eudicots, the euAP3- and PI-like proteins function as obligate
heterodimers, which bind to their own promoters and thereby establish a positive
autoregulation control (Riechmann et al., 1996a; Schwarz-Sommer et al., 1992). This has
been suggested to be the mechanism for restricting B gene expression to petals and
stamens (Theissen and Melzer, 2007). A greater variability in expression, biochemistry
and function of AP3 and PI homologs has been observed outside core eudicots (Kramer
and Irish, 2000; Zahn et al., 2005b). In gymnosperms, homodimerization seems to be
predominant, and thus homodimerization has been postulated to be the ancestral form of
class B proteins. As some monocot Pl homologs have the capacity to bind to DNA as
homodimers (Winter et al., 2002; Kanno et al., 2003; Tsai et al., 2008), the facultative
homodimerization in monocots may represent a transitory state between obligate
homodimerization in gymnosperms and obligate heterodimerization in core eudicots
(Zahn et al., 2005b). In the case of Tulipa, Lilium, and an orchid species Phalaenopsis, at
least, the ability of B class proteins to form both hetero- and homodimers correlates with
the broader expression domain (Winter et al., 2002; Kanno et al., 2003; Tsai et al., 2008).
Thus, the development of obligate heterodimerization and positive autoregulation loops
may be connected with the function of B class genes in sharply restricted regional domains
within the core eudicot flowers.

1.2.5 TM6-lineage genes

The function of TM6-lineage members is still poorly understood compared to the wealth
of data from studies on euAP3-lineage genes, mostly because the model species
Arabidopsis and Antirrhinum have lost their TM6-type genes. The TM6-lineage genes
represent the ancient form of AP3-type genes since they have the C-terminal pal eoAPS3-

16



domain. The intriguing difference of the paleoAP3- and euAP3-domains has raised
interests to study the TM6-type of genes more closely.

The most profound studies on TM6-lineage genes have been conducted in species of
the Solanaceae family, petunia and tomato. In petunia, the loss-of-function of the euAP3
gene PhDEF caused phenotypic effects only in the petals but not in the stamens, whereas
phdef phtm6 double mutation caused homeotic changes in both petals and stamens. These
results show that PhTMG6 is able to specify stamen identity independently without PhDEF
(Rijpkema et al., 2006). In tomato, a mutation in the euAP3 gene TAP3 alone caused
homeotic conversion of both petals and stamens, whereas the RNAI induced loss of TM6
function caused changes only in the stamens (de Martino et al., 2006). Both studies
indicate that TM6-lineage genes have arole in stamen development. However, the petunia
PhDEF and PhTM6 act more redundantly, whereas the loss-of-function of either TAP3 or
TM6 per se caused homeotic conversions in the stamens of tomato. Intriguingly, although
both studies concluded a stamen-specific function for these genes, ectopic overexpression
of PhTM6 and TM6 in phdef and tap3 mutant backgrounds, respectively, showed them to
be capable of fully complementing the lack of euAP3 function in both petals and stamens
(de Martino et al., 2006; Rijpkema et al., 2006). Thus, the specialization of their function
is most probably due to changes in the cis-regulatory regions and not in the coding
regions. Indeed, a comparison of the upstream regulatory sequences between the TM6- and
eUAP3-lineage genes of petunia and tomato revealed indicative alterations (Rijpkema et
al., 2006).

Table 2 Expression of the TM6-lineage genes studied to date. The number of pluses (+)
approximates the reported expression level. For poplar, the expression in sepals and petalsis
marked with  to indicate that there are no true sepals or petalsin poplar, but a perianth cup
derived from a fusion of perianth parts. nr indicates that expression has not been reported.

Non-
Species Gene floral Sepal Petal Stamen Carpel Ovule Reference
Petunia hybrida Vandenbussche
(petunia) PhTM6 - + + +++ +++ ++ o al. 2004
Solanum
: Pnudi et al.
lycopersicon T™M6 + - ++ +++ +++ ++ 1991, and 1904
(tomato)
Gerbera hybrida GDEF1 - + + +++ ++ + Yuetal. 1999
(gerbera)
\ﬁt|SV|n!fera WTM6 + i -t -+ -+ + Poupin et al.
(grapevine) 2007
Rosa rugosa Kitshara et al.
(rose) MASAKO B3 - - ++ ++ - nr 2001
Populustrico- PTD i ,a ,a -t i + Sheppard et al.
carpa (poplar) 2000
Carica papaya CpTM6-1 - + ++ T+ + nr Ackerman et al.
(papaya) CpTM6-2 +++ + ++ +++ - nr 2008
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Functional studies based on mutants or transgenic plants have not been reported for
TM6-lineage members in any other species outside the Solanaceae family except gerbera,
as reported later in this study. The expression of TM6-type genes has been studied in
diverse species, and so far all of them have been detected in petals and stamens (Table 2).
However, in most cases the petal expression is not consistent throughout petal
development as is typical for the euAP3-type genes. The majority of the TM6-lineage
genes are expressed in the carpels and ovules, and three of them show expression in
vegetative tissues as well. In tomato and grapevine, TM6-like genes showed expression
during fruit growth and ripening (Busi et al., 2003; Poupin et al., 2007). In conclusion, the
TM6-lineage members are expressed in a more variable set of organs than are the euAP3-
type genes.

1.3 TCP genes in plant development

1.3.1 Regulation of floral symmetry

Diversification of floral morphologies often emerges at the level of organ elaboration in
addition to the level of organ identity alterations. The TCP transcription factors have been
associated with several morphological innovations and diversifications of plant forms.
TCP genes regulate diverse processes in plant development, such as the differentiation of
shape and size in floral organs and leaves (reviewed by Cubas, 2004; Barkoulas et al.,
2007), and vegetative branching patterns (Doebley et al., 1997; Takeda et al., 2003;
Aguilar-Martinez et al., 2007). Thus, in addition to the homeotic selector genes
(MADSes), TCPs provide a highly interesting group of genes for evo-devo studies.

The shape of angiosperm flowers can be classified as radially symmetrical
(actinomorphic, polysymmetrical), bilaterally symmetrical (zygomorphic, mono-
symmetrical), or asymmetrical with no symmetry planes (Endress, 2001b). Radial
symmetry is the ancient form of flowers, and bilateral symmetry has evolved several times
independently in separate plant lineages (Luo et al., 1996; Cubas, 2004). Some of the
largest angiosperm families, such as Asteraceae, Fabaceae and Orchidaceae have
predominantly zygomorphic flowers, which indicates that the bilaterally symmetrical
shape of flowers has been a key innovation leading to adaptive radiation. Distinct floral
shapes may enable specialized plant-pollinator-interactions, enhanced out-crossing and
thereby speciation (Cubas, 2004; Endress, 2001b).

The involvement of TCP transcription factors in regulating floral symmetry was first
shown in Antirrhinum, which belongs to the order Lamiales. Wild type Antirrhinum
flowers are bilaterally symmetrical along the dorsoventral axis. There are five petals with
distinct shapes. two large dorsal (adaxial) petals, two lateral petals and one ventral
(abaxial) petal. Of the five stamens, the dorsalmos is aborted during development and
called a staminode. Analysis of Antirrhinum mutants that have radialy symmetrical
(peloric) flowers led to identification of CYCLOIDEA (CYC) and DICHOTOMA (DICH)

18



genes, which both encode TCP transcription factors (Luo et al., 1996, 1999). The CYC and
DICH genes are needed together for defining the shape of the dorsal and lateral petals and
for attaining the bilateral symmetry of Antirrhinum flowers. The cyc dich double mutant is
fully radially symmetrical with all the petals showing ventral identity. In addition, the
number of organs is increased from five to six in the three outer floral whorls and all the
stamens are functional.

Single mutant phenotypes reveal the partial redundancy and partial sub- or
neofunctionalization of CYC and DICH. In the dich single mutant, the number of floral
organs does not change and only the dorsal petals are affected. In contrast, cyc single
mutants have extra organs and the shapes of all the petals are affected, though the flower
is still only semipeloric with dorsal petals having some lateral characteristics. Thus, DICH
seems to have a separate role in determining symmetry within the dorsal petals, whereas
CYC has an independent role in restricting the number of floral organs. Both CYC and
DICH are expressed early in the dorsal region of floral meristems and then later in the
dorsal petals and the staminode, in a partially overlapping pattern (Luo et al., 1996, 1999).

CYC and DICH have been shown to interplay with two Antirrhinum MY B-type
transcription factors, DIVARICATA (DIV) and RADIALIS (RAD). DIV acts as a
determinant of ventral peta identity, and ventralization of petals in the cyc dich double
mutant shows that CYC and DICH are needed to restrict DIV function to the ventral
domain in wild type flowers (Almeida et al., 1997; Galego and Almeida, 2002). This
restriction occurs at the posttranscriptional level as DIV transcripts are detected in all
petas. Both CYC and DICH activate RAD expression in the dorsal parts of floral
meristems and flowers (Corley et al., 2005). RAD has been shown to be a direct target of
CYC (Costa et al., 2005). RAD then acts posttranscriptionally to inhibit DIV in the dorsal
parts of flowers, by possibly competing for common DNA or protein targets (Corley et al.,
2005).

Participation of CYC-like genes in floral symmetry regulation has been confirmed in
other Lamiales species closely related to Antirrhinum, such as Linaria vulgaris and
Mohavea confertiflora. The naturaly occurring peloric phenotype of Linaria was caused
by a heritable methylation of the Linaria CYC homologue LCYC (Cubas et al., 1999a).
Morphological differences between flowers of Mohavea and Antirrhinum were shown to
correlate with altered expression patterns of the Mohavea CYC and DICH orthologs
McCYC and McDICH (Hileman et al., 2003). McDICH was not expressed in the dorsal
petals, correlating with a high degree of internal petal symmetry, whereas the expression
of McCYC and McDICH in stamens was extended, correlating with the abortion of both
dorsal and lateral stamens. Thus, changes in the pattern of McCYC and McDICH
expression have probably contributed to the evolution of the derived flower morphology
of Mohavea, most likely by altering the pollination strategy.

The involvement of CYC-like genes in controlling floral zygomorphy has also been
shown in plant lineages distantly related to Lamiales, such as in Fabaceae, Brassicaceage,
and Poaceae (Citerne et al., 2006; Feng et al., 2006; Busch and Zachgo, 2007; Wang et
al., 2008; Yuan et al., 2009). This indicates that CYC-like genes have been repeatedly and
independently recruited for the regulation of floral shape. It has been suggested that the
asymmetric expression pattern of CYC-like genes is an ancient character that might have
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been used several times for shape differentiation (Cubas et al., 2001). Support for thisidea
was found from the expression pattern of the Arabidopsis CYC homolog TCP1. Although
Arabidopsis flowers are radidly symmetrical, expression of TCP1 is transiently
asymmetrical and restricted to the dorsal domain of young floral and axillary meristems
(Cubaset al., 2001).

1.3.2 Phylogenetics and functional diversity of TCP genes

The abbreviation TCP comes from the three founder members of the gene family:
TEOSINTE BRANCHED1 (TB1l) from maze, CYC from Antirrhinum, and
PROLIFERATING CELL FACTOR (PCF) from rice (Cubas et al., 1999b). All the gene
family members share a TCP domain, which is a plant-specific 59-amino acid basic-Helix-
Loop-Helix (bHLH) domain that allows DNA-binding and protein-protein interactions
(Kosugi and Ohashi, 1997, 2002; Cubas et al., 1999b). In addition, some of the TCP
proteins contain a second conserved region called the R-domain, which is rich in polar
amino acids and putatively forms an a-helical structure (Cubas et al., 1999Db).

Based on sequence comparisons, the TCP family can be divided into two subfamilies,
class| and class Il or TCP-P and TCP-C, respectively (Cubas et al., 1999b; Cubas, 2002;
Palatnik et al., 2003; Navaud et al., 2007). Class | includes PCF-like genes, and class ||
the clades of CYC/TB1-like and CINCINNATA-like (CIN) genes. TCP transcription factors
are ancient proteins. Although the CYC/TB1-like genes have only been found in
angiosperms, both PCF-like and CIN-like genes are also present in basalmost land plants
(Floyd and Bowman, 2007; Navaud et al., 2007). A unifying theme, and also the putative
ancient function, seems to be the regulation of growth by controlling cell division.

Although the PCF subfamily has the highest gene number, their functions are till
largely unknown. The rice PCF1 and PCF2 were identified as proteins capable of binding
to the promoter of PCNA gene, which is involved in DNA replication and cell-cycle
control (Kosugi and Ohashi, 1997). Similarly, the Arabidopsis PCF-type TCP protein
AtTCP20 activates an Arabidopsis PCNA homolog by binding to specific cis-elements
that are also found in numerous other cell cycle-related and ribosomal protein encoding
genes (Tremousaygue et al., 2003; Li et al., 2005). AtTCP20 function is most probably
redundant for some other PCF-like genes (13 in Arabidopsis), as the AtTCP20 knockout
mutants do not have a growth phenotype. Another PCF-like gene AtTCP14 has been
shown to have a knockdown phenotype with delayed germination and wild type function
in activating germination-associated genes, such as ribosomal protein encoding genes
(Tatematsu et al., 2008). The general function of PCF-like genes has been proposed to be
the co-ordinated transcriptional activation of both cell-cycle and protein synthesis genes
(Tremousaygue et al., 2003; Li et al., 2005; Tatematsu et al., 2005). Thus, they provide a
link between the control of cell-cycle and cell growth in actively dividing cells.

The class || TCP genes have been shown to have mainly negative effects on growth, in
contrast to the class | TCP genes. The early function of Antirrhinum CYC is to retard
growth and reduce the number of organ primordia in dorsal parts of the floral meristem
(Luo et al., 1996). Moreover, CYC has been shown to repress the expression of a cell-
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cycle gene cyclin D3b specifically in the abortive dorsal saminode (Gaudin et al., 2000).
TB1-like genes have been identified as reducers of axillary bud growth, as first recognized
in maize through the identification of the tbl mutant that manifests enhanced vegetative
branching. The TB1 gene is a major contributor to the less-branched domesticated maize
phenotype, in which the level of TB1 expression is twice as strong as that of teosinte, the
highly branching wild ancestor of maize (Doebley et al., 1997). Arabidopsis has two TB1-
like genes, BRANCHED1 (BRC1) and BRC2 (TCP18 and TCP12, respectively), which
both act in preventing axillary bud outgrowth (Aguilar-Martinez et al., 2007).

The CIN-like genes are associated with negative regulation of leaf growth, particularly
the cell-cycle arrest related to the transition from proliferative to expansive leaf growth
(Nath et al., 2003; Palatnik et al., 2003). Interestingly, the Antirrhinum CIN exerts an
antagonistic effect on petals where it promotes growth, which suggests either a different
pattern of growth control or adifferent mode of CIN action in petals and leaves (Crawford
et al., 2004). Similarly, CYC has a promoting effect on later growth in dorsal petals, in
contrast to the earlier function in restricting meristematic growth (Luo et al., 1996). In
addition to growth, CIN also affects the differentiation of conical cells in petals, with
putative interaction partners including CYC, DIV and another MY B-type transcription
factor MIXTA (MIX) (Crawford et al., 2004).

In Arabidopsis, the expression of CIN-like genes is regulated by a microRNA
(miRNA), named miR319/JAW. An overexpression of these (5 out of the total of 8)
Arabidopsis CIN-like genes occurred only by mutating the miRNA target site (Palatnik et
al., 2003). The Arabidopsis CIN-like genes have been shown to control the formation of
shoot meristem and morphogenesis of shoot lateral organs. They do this by acting
redundantly as negative regulators of boundary-specific CUP-SHAPED COTYLEDON
(CUC) genes that belong to the family of NAC domain transcription factors (Koyama et
al., 2007). Ectopic expression of the CIN-like genes causes suppression of CUC
expression and leads to fused cotyledons (Palatnik et al., 2003; Koyama et al., 2007). The
CIN-like genes exert their effect on CUC genes at least partialy through positively
regulating amiRNA (miR164) that in turn negatively regulates the CUC genes (Koyama et
al. 2007). Thus, the Arabidopsis CIN-like genes are both upstream and downstream of
mMiRNA regulation pathways. Regulation of a CIN-like TCP gene LANCEOLATE (LA) by
mMiR319 has been shown to be important for the development of compound leaves in
tomato. The overexpression of LA due to a mutated miR319-binding site results in small
simple leaves with entire leaf margins (Ori et al., 2007). The miR319 target Sites are also
present in the rice CIN-like genes, which suggests that this regulation mechanism had
already evolved prior to the divergence of monocots and dicots (Koyama et al. 2007).

To conclude, both class | and class II TCP genes are involved in growth regulation in
various processes during plant development. Concordant with this, the TCP transcription
factors are associated with several growth hormones. The Arabidopsis branching gene
BRCL1 acts as an integrator of signalling pathways pathways that control bud dormancy,
such as auxin and MORE AXILLARY GROWTH (MAX) related pathways (Aguilar-
Martinez et al., 2007). The Arabidopsis CIN-like protein AtTCP10 interacts in yeast with
AHP proteins, which are mediators of the phosphorelay system acting in several signalling
pathways, such as cytokinin and ethylene signalling (Suzuki et al., 2001). Moreover, the
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miR319-regulated Arabidopsis CIN-like genes activate jasmonic acid biosynthesis genes,
which leads to the promotion of leaf senescence (Schommer et al., 2008). These findings
highlight the importance of this gene family and also the demand for further research to
reveal their full potential in the elaboration of plant forms.

1.4 Connections between MADS and TCP transcription factors

Both the MADS and TCP transcription factor families are connected with morphological
innovations and diversification of plant forms. The genetic relationship of MADS and
TCP genes is not yet clear. However, the B class MADS-box genes and TCP genes that
regulate petal and stamen development seem to have several links. It has been suggested
that the genetic pathways behind organ identity (MADSes) and floral meristem symmetry
(TCPs) determination are parallel to each other (Kramer and Hall, 2005). It has also been
proposed that TCPs are either upstream or downstream of MADS-box genes. The
upstream position of TCPs was suggested because the differential expression of orchid B
class genes in distinct petal types reminisces the asymmetric expression pattern of TCPs
(Mondragon-Palomino and Theissen, 2008). Altered B gene expression is also linked to
the peloric mutant of the orchid Phalaenopsis equestris (Tsai et al., 2004). To date, TCP
genes have not been reported in orchids.

In Antirrhinum, CYC and DICH are activated earlier than organ identity genes (Luo et
al., 1996), but later in development, the maintenance of CYC expression in petals was
shown to be dependent on the B class MADS-box gene DEF (Clark and Coen, 2002). This
can also be seen at the phenotypic level in a temperature-sensitive def-101 mutant. By
altering temperature, DEF could be activated specifically at late developmental stages.
This revealed that the restoration of dorsal petas was more pronounced than the
restoration of the three lower petals of the mutant (Zachgo et al., 1995). This finding
reflects the connection between DEF and the dorsal-specific CYC and DICH. Further
evidence for the upstream regulatory role of B class genes in relation to TCP genes comes
from studies in rice, in which the B class gene OsMADS2 has a PCF-type gene as a
downstream target (Yadav et al., 2007).

The functions of B genes vary during development, from the early role in organ
identity to later functions in differentiation (Zachgo et al., 1995; Kramer and Jaramillo,
2005). Related to the later role in organ differentiation, the B genes have been shown to
activate target genes from transcription factor families that are involved in peta
organogenesis, such as NAC and MY B domain genes, which have been shown to be
targets for TCP genes as well. The Arabidopsis NAP (NAC-LIKE ACTIVATED BY
AP3/PI) gene is upregulated directly by the B class genes AP3 and Pl (Sablowski and
Meyerowitz, 1998). The TCP genes restrict the expression of CUC-type NAC genes
indirectly through miR164 (Koyama et al., 2007). Moreover, the B genes directly activate
an MY B gene MIXTA, which defines epidermal cell types in Antirrhinum petals (Martin et
al., 2002). Similarly, a MIXTA-like gene AMMYBML1 that functions in specification of
petal cell types has been shown to be positively regulated by B genes DEF and GLO
(Perez-Rodriguez et al., 2005). The AMMYBML1 gene is positively regulated by another
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MYB gene DIVARICATA (DIV), which in turn is negatively regulated by the TCP
transcription factors CYC and DICH at the postranscriptional level (Corley et al., 2005;
Galego and Almeida, 2002; Perez-Rodriguez et al., 2005). Thus, the MY B genes and the
specification of petal cell types seem to connect the B genes with TCP transcription
factors. Hence they also link regulation of petal identity with petal growth and shape
regulation.

1.5 Regulators of inflorescence architecture

In addition to the importance of diversification of floral morphologies, varying
inflorescence structures also have an essential role in the reproductive success and large
radiation of angiosperms. Transition from vegetative into reproductive growth is a
stepwise process in which the indeterminately growing vegetative shoot apical meristem
(SAM) is first converted into the inflorescence meristem (IM) and then into the flower
meristem (FM) which is determinate. Inflorescence merisems can be determinate or
indeterminate, and this characteristic has been used for classifying inflorescence types.
Inflorescences can be grouped into three main types (Prusinkiewicz et al., 2007): racemes
(indeterminate with a continuous main axis, e.g. in Antirrhinum and Arabidopsis); cymes
(determinate without a main axis, e.g. in Solanaceae species such as tobacco and petunia);
and panicles (determinate with a main axis, e.g. in Sorbus aucuparia). Additional
variations on these three architectural themes are caused by altering the branching patterns
(e.g. simple and compound inflorescences), internode lengths and the position of flowers.

In the simple racemose inflorescences of Arabidopsis and Antirrhinum, the genetic
interplay between LEAFY (LFY) and TERMINAL FLOWERL (TFL1) in Arabidopsis, and
the homologous genes FLORICAULA (FLO) and CENTRORADIALIS (CEN) in
Antirrhinum, is central for patterning the indeterminate inflorescence structure. LFY and
FLO are needed to promote FM identity, as shown by their characteristic mutant
phenotypes in which IM produces shootlike structures instead of flowers (Coen et al.,
1990; Weigel et al., 1992). The role of TFL1 and CEN is opposite to that of the FM
identity genes, as they are required to maintain the IM in an indeterminate state and their
mutation causes IMs to terminate as flowers (Shannon and Meeks-Wagner, 1991; Bradley
et al., 1996). The TFL1 and CEN genes are expressed in the centre of the IMs, where they
inhibit the expression of the FM identity genes LFY/FLO, whereas LFY/FLO prevent
TFL1/CEN expression in FMs (Shannon and Meeks-Wagner, 1993; Bradley et al., 1996).
The LFY/FLO genes encode plant-specific transcription factors with homologues found in
al land plants (Maizel e al., 2005). The TFLL/CEN genes encode
phosphatidylethanolamine-binding proteins, which are putatively involved in cell-cell
signalling (Bradley et al., 1996). In Antirrhinum, the cen mutant shows another
characteristic of interest; the terminal flower is radially symmetrical whereas the axillary
flowers are bilaterally symmetrical. This feature suggests that the inflorescence
architecture and production of a floral shape are connected.

Comparative studies on the FLO/LFY and CEN/TFL1 homologues have revealed that
changes in the function and/or expression of these genes may be associated with the
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generation of different inflorescence architectures (Benlloch et al., 2007). For example,
studies on the determinate inflorescences of tobacco suggest that the antagonism between
LFY- and CEN-like genes is conserved, but the balance of their expression has altered
(Amayaet al., 1999). The LFY homologues are expressed strongly in the SAM from very
early in the development instead of being confined mostly to the FM as in Arabidopsis and
in Antirrhinum (Kelly et al., 1995). The expression of CEN-like genes (those most closely
related to the Antirrhinum CEN) is restricted from the SAM and focused on axillary
meristems (Amaya et al., 1999). This broader expression of the FM identity genes and
more restricted expression of the CEN-like genes very probably relates to the formation of
the terminal flowers in these inflorescences (Amaya et al., 1999; Benlloch et al., 2007).

1.6 Gerbera hybrida as a model for reproductive development

The use of Gerbera hybrida (gerbera) as a model organism provides the potential to
address several intriguing questions for evo-devo research. The gerbera inflorescence
(capitulum) is comprised of hundreds of tightly clustered flowers that have
morphologically differentiated from each other so that the capitulum resembles a single
large flower (pseudanthium) (Figure 2A). The presence of a condensed capitulum-type
inflorescence surrounded by involucral bracts is common to the whole sunflower family
(Asteraceae) and has probably been among the key innovations for the evolutionary
success of this large family of over 20 000 species (Bremer, 1994). Steps in the
evolutionary history of pseudanthia include: the aggregation of individual flowers, floral
differentiation, and the integration of extrafloral bracts (Classen-Bockhoff, 1990). These
transformation steps towards pseudanthia are most likely driven by plant-pollinator
interactions that lead to a repetition of the well-established pollination pattern of single
flowers.

Asteraceae capitula have been classified into several types (Gillies et al., 2002) with
the radiate and discoid types being the most relevant for this study. The gerbera capitulum
represents a radiate type with marginal female ray florets and central bisexual disc florets,
whereas the discoid capitula are comprised of disc flowers only. There are three different
flower types in gerbera (ray, trans and disc) (Figure 2B), which differ in size, shape and
function. The outermost ray and trans flowers are bilaterally symmetrical as the ventral
and lateral petals fuse to form alarge ligule while the dorsal petals are small and separate
from one another. The size and shape of the flowers changes gradually along the
capitulum radius so that the centrally located disc flowers are the smallest and most
radially symmetrical. Ray and trans flower stamens are rudimentary and non-functional,
whereas disc flowers are hermaphroditic with pollen-producing functional stamens. This
variation of floral morphologies found within a single species has been among the main
interests and reasons for choosing gerbera as a target for comparative developmental
genetic studies.

The Asteraceae capitulum provides a beautiful example of spiral phyllotaxis in which
the number of spirals follows the Fibonacci series (1, 1, 2, 3, 5, 8, 13, each number being
the sum of the preceding two), which is ubiquitous in nature. The floral primordia develop
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in the capitulum so that the newest primordium is always approximately 137.5 © (the
golden angle) from the preceding primordium (Harris, 1991; Mitchison, 1977). This leads
to two distinct left and right turning spiral rows of floral primordia (Figure 2C).

AN P L A ) 7

Figure 2 The gerbera inflorescence (A) resembles a solitary flower but consists of hundreds of
flowers that can be classified into three distinct types: ray, trans and disc flowers (B). The
marginal ray and trans flowers are hilaterally symmetrical and female. Disc flowers are
hermaphrodite and the more central their position is the closer their shapeisto radial symmetry,
as seen by the two disc flowers in (B), of which the rightmost is from the centre of the
inflorescence. The capitulum (C) has a spiral phyllotaxis with two left and right turning spiral
rows of floral primordia (examples marked with red and green spots). Scale bars 1 cm (B) and 500

pm (C).

MADS-box transcription factors were isolated as candidate genes for gerbera flower
development (collected in Table 1). The first MADSes identified from gerbera were B
class genes GDEF1, GDEF2, and GGLO1, and C class genes GAGA1 and GAGA2. By
analysing expression and transgenic lines, Yu et al. (1999) showed that GGLO1 functions
as a classical B gene in defining petal and stamen identities, whereas both GAGAL and
GAGA2 define stamen and carpel identities typical of C class genes. The isolation,
phylogenetic and expression analyses of GDEF1 and GDEF2 were also presented, and it
was suggested that GDEF2 works together with GGLO1 in determining the B function
whereas GDEF1 was different. As no transgenic plants were reported, the comprehensive
analysis of GDEF1 and GDEF2 functions was left for future studies. Despite the overall
conservation of B and C functions, Yu et al. (1999) also described some characteristics
specific for gerbera flower development, such as asymmetrical initiation of the B class
gene expression in the outer (ventral) sides of the floral primordia before the inner (dorsal)
sides. The pappus bristles, the highly modified whorl one organs of gerbera, were
demonstrated to have a sepaloid origin, based on homeotic conversions detected when
either GGLO1 or GAGA2 expression was altered.

Two of the five gerbera E class genes, GRCD1 (GERBERA REGULATOR OF
CAPITULUM DEVELOPMENT1) and GRCD2, have been shown to have whorl-specific
functions. Downregulation of GRCD1 and GRCD2 separately caused homeotic alterations
in stamens and carpels, respectively (Kotilainen et al., 2000; Uimari et al., 2004). In
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contrast, the E class genes in Arabidopsis (SEP1-4) show only vague single mutant
phenotypes and have mostly redundant functions in all four floral whorls (Ditta et al.,
2004; Pelaz et al., 2000). In addition to the loss of carpel identity, downregulation of
GRCD2 caused digtinct alterations in the inferior ovaries (positioned below the whorls of
floral organs) and inflorescence merissem. Inside the ovaries there were secondary
inflorescences, indicating that the floral meristem had converted back to an inflorescence
meristem (floral reversion). The inflorescence meristem of the capitulum was converted
from the determinate into the indeterminate state, as it produced new flower meristems
continuously. This shows that GRCD?2 is needed for meristem determinacy. On the whole,
GRCD2 is an important factor for terminal-meristematic functions, interconnecting floral
organ identity regulation with meristem patterning and inflorescence architecture in
gerbera (Uimari et al., 2004).

All the gerbera studies described above are based on reverse genetics approaches,
which include functional analysis of candidate genes by studying phylogenetics,
expression and transgenic plants. A tool for large-scale gene expression analysis has also
been developed for gerbera. The gerbera 9K cDNA microarray has been used for
identifying new genes and formulating hypotheses for their functional relevance in flower
development (Laitinen et al., 2005, 2007, and study 1). In future, the ongoing 454-cDNA-
sequencing project will provide a more comprehensive set of gerbera ESTs for seeking
new genes of interest. Another to date largely unexplored means for improving the power
of gerbera as a model organism could be to explore the huge phenotypic diversity of
gerbera cultivars developed by breeders.
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2 AIMS OF THE STUDY

The general aim of this study was to gain understanding on the regulatory mechanisms
behind the complex floral structures within the gerbera inflorescence. Development of
distinct flower types in a compressed inflorescence is a characteristic of the Asteraceae
species and cannot be studied in the main model plants, which possess only single types of
flowers in their inflorescences. Thus, flower type differentiation was addressed in gerbera
both in morphological and molecular terms.

To characterize the process of flower type differentiation in detail, we conducted a
morphological analysis during early primordia development (1). A microarray approach
was used to identify genes that are expressed differentially between ray and disc flowers
and are thereby putatively involved in the specification of the flower types (1). In addition,
a candidate gene approach was set up to study the role of TCP transcription factors in
gerbera flower type differentiation (I1). In the last part of this study, we investigated B
class MADS-box genes to uncover their specific roles in defining floral organ identities in
gerbera (111).
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3 MATERIALS AND METHODS

The materials and methods used in this study are described in detail in the publications 1,

[l and |11, asindicated in Table 3.

Table 3 Methods used in publications|, Il and I11. The publications in brackets denote
that the methods were conducted only by the co-authorsin the respective publications.

Method

Publication

Histological staining and sample analysis
Scanning electron microscopy (SEM)
Total RNA isolation

Poly(A) RNA isolation and amplification
Microarray analysis

guantitative real time PCR (gPCR)

PCR primer design

cDNA cloning

Agrobacterium-mediated transformation of gerbera
DNA and RNA gel blot analysis

In situ hybridization

Sequence analysis and alignment
Phylogenetic analysis

Y east two-hybrid analysis

|
11
M, 11, 1
(1)

)

M), Il
M, 11, 11
(n,
I, 11
I, 11
I, 11
I, 11
(n, ()
an
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4 RESULTS AND DISCUSSION

4.1 Early stages of flower development in gerbera (1)

In order to characterize the morphological differentiation of gerbera ray and disc flowers,
we performed histological and SEM analyses and divided the early phases of gerbera
flower development into six stages in study I. Although the floral ontogeny in gerbera
leads to clearly distinct ray and disc flowers, the formation of floral primordia and the first
steps of organ differentiation are identical between the different flower types (I, Figures 1
and 2). At stage 1 the floral primordium has no visible organ differentiation. At stage 2 the
petal primordia emerge by forming aring primordium typical to Asteraceae. Then at stage
3 the pappus and stamen primordia are also visible. These first three stages are identical in
ray and disc flower primordia, which can only be distinguished by their position within the
inflorescence. At stage 4 the petal primordia elongate and cover the inner primordia
Elongation of pappus primordiais the general indicator of stage 5. In ray flowers, bilateral
symmetry emerges through the elongation and fusion of ventrally located petals (ligule
formation). In disc flowers the petals elongate evenly. Removal of petals to reveal the
inner primordia showed that at this stage, the stamen primordia were already smaller in the
ray flowers than in the disc flowers (I, Figure 2B, C). During stage 6, elongation of floral
organs continues and differences between ray and disc flower primordia become clearer.
To conclude, the critical phase for flower type differentiation is the transition from stage 3
to stage 5.

The gerbera inflorescence meristem has a low dome shape. Floral primordia initiation
begins at the periphery and proceeds acropetally towards the centre of the capitulum. In
general, the gerbera capitula are approximately 4 mm in diameter when the first flower
primordia form, though the variation is quite extensive. Ray flowers are usually at stage 5
in capitula of approximately 12 mm in diameter, whereas the central disc flower primordia
are at stage 3. However, the variation is again large and differentiation of ray flower
characters may have already started before the inflorescence meristem was fully consumed
by the developing disc flower primordia. Therefore, transition of ray flowers from stages 3
to 5 occurs much earlier and in smaller capitula than the transition of the central disc
flowers over the same stages.

A broad morphological analysis of early capitulum development throughout the
Asteraceae family by Harris (1995) revealed that the initiation of floral primordia differs
between homogamous capitula (where only a single flower type is present) and
heterogamous capitula (with distinct flower types). In homogamous capitula, the floral
primordia initiate first in the margins and the initiation proceeds towards the apex. Thus,
uniformly acropetal initiation and development correlates with homogamous heads. In
contrast, in species with heterogamous capitula, the pattern of primordia initiation differs
between the flower types. The disc flower primordia are the first ones to initiate and their
initiation proceeds in an acropetal manner. The initiation and subsequent development of
the ray flower primordia is delayed in comparison to that of the disc flower primordia and
proceeds basipetally towards the margins of the inflorescence meristem.
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In our study (1) we did not detect delay and basipetal pattern in the initiation of ray
flowers in gerbera. In line with this finding, Harris (1995) showed that in Mutisia
coccinea, a species closely related to gerbera (Mutisieae), the flower initiation begins and
proceeds acropetaly, in contrast to the other heterogamous species investigated in that
study. Moreover, the organogenesis of ray flowers was only weakly suppressed compared
to that of disc flowers. A careful review of the gerbera SEM data on early capitulum
development revealed that a similar slight suppression of ray flower development,
compared to the trans flowers next to them, also occurs in gerbera (Figure 3).

The tribe Mutisieae is considered to be basal in Asteraceae phylogeny (Kim and
Jansen, 1995). The morphology and ontogeny of ray flowers described by Harris (1995)
supports this interpretation. The distinction between ray and disc flowers is less clear in
the Mutisieae than in the other heterogamous Asteraceae species. The ray flower shape is
bilabiate as they have remnants of dorsal petals. Moreover, the pattern of primordia
initiation is rather similar between the ray and disc flowers. In more derived Asteraceae
species, such as Erigeron philadelphicus, the suppression of ray flower initiation and
development is much more pronounced (Harris, 1991). To conclude, the ray flower
primordia of Mutisieae are of a primitive nature, making the Mutisieae species interesting
for studying the evolution of Asteraceae capitulum development.

f L LD - - _
Figure 3 Early stages of flower primordia development in the periphery of the gerbera capitulum.
Organogenesis of the ray flower primordia (r) is slighty delayed compared to trans flowers (t) next
to them. The petal primordia of trans flowers have elongated more than in ray flowers. Scale bar
500 pm.
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4.2 Microarray comparison of gene expression during early
stages of ray and disc flower development (I)

Our first attempt to approach the mechanisms behind flower type differentiation in
gerbera was through a large scale transcript profiling in study |I. The morphological
analyses of early stages of gerbera flower development were used to design a microarray
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experiment to identify genes expressed differentially in ray and disc flowers. We chose to
compare the transcription between ray and disc flowers at stage 3, because at that stage the
flower types are still morphologically identical. The comparison was also done at later
stages 5 and 6, when differences had already occurred. The number of differentially
expressed genes increased with developmental time, correlating with increasing
morphological differences between the flower types. Only a very few genes showed
differential expression consistently during all the stages (I, Figure 3), indicating that rapid
transcriptional changes occur during early flower development.

The number of differentially expressed genes shared between stages 3 and 5 was much
lower than between stages 5 and 6. This paralled the more pronounced morphological
differentiation that occurred between the flower types during the transition from stage 3 to
5 over that of stages 5 to 6. Among the genes showing stronger expression in ray flowers
during stages 5 and 6, there were five ribosomal protein encoding genes (I, Table 2). This
suggests that the processes involving elevated ribosomal protein synthesis, such as
increased protein synthesis during cell growth, are more pronounced in ray flowers at
these stages. This may reflect differences seen in petal development between ray and disc
flowers, such as pronounced growth of ventral petalsin ray flowers.

A closer view of genes annotated as transcription factors showed that several MADS-
box genes were differentially expressed in disc and ray flowers (I, Tables 3 and 4). This
infers that while regulating flower organ identities and development, MADS-box genes
might also take part in defining the differentiation of gerbera flower types. Most of the
MADS-box genes showed differential expression at stage 6 (Table 4). Only the C-function
gene GAGA1L was also upregulated at stage 5 in disc flowers. Other MADS-box genes
upregulated in disc flowers included: another C-function gene GAGA2, the TM6-like B
class gene GDEF1, the E class gene GRCD2 and the APY/FUL-lineage genes GSQUA1
and GSQUAG. Additionally, the expression of the gerbera B class genes GDEF2 and
GGLO1 was stronger in disc flowers compared to ray flowers at stage 5 when verified by
gPCR (I, Additional File 2), though the microarray datadid not statistically support this.

The stronger expression detected for B and C class MADS-box genes in disc flowers
compared to ray flowers is in accordance with the development of disc flowers into perfect
hermaphrodite flowers with functional ssamens, as B and C class genes are known to be
regulators of stamen identity (Coen and Meyerowitz, 1991). However, we do not interpret
the lower expression of these genes in ray flower primordia to be the cause of stamen
arrest. The expression differences were detected at a rather late stage of development and
thus most likely only reflect the morphological differences between the flower types.
Moreover, in situ hybridization assays in this study (I11) and by Yu et al. (1999) have
shown that the gerbera B and C class genes are expressed in stamens of both ray and disc
flower primordia. Therefore, factors acting earlier in the development are required for
determining flower type identities.

In ray flowers, the SEP-like E class gene GRCD1 was upregulated at stage 3 (I, Table
1), in addition to being upregulated at stage 6 (I, Table 4 and Table 4B here). Another
MADS-box gene strongly upregulated in ray flowers at stage 6 was an EST
(G10000100021A03 (G1-21A3), which is homologous to the SOC1/TM3-like genes.
Further, two SEP-like genes, GRCD3 and GRCD5, were upregulated in ray flowers at
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stage 6, in addition to AGL12-like EST G0000200001C06 (G2-1C6). The expression of
GRCD1 and G1-21A3 was also studied in ray and disc flowers at stage 5 by RNA blotting
(data not shown). GRCD1 showed stronger expression in ray flowers but also some
detectable expression in disc flowers. In contrast, the expression of G1-21A3 seemed to be
more strictly confined to ray flowers at this stage as no signal was detected in the disc
flower sample. The hypotheses for differential functions of MADS-box genes during
gerbera flower type development are discussed in chapter 4.4.

Table 4 MADS-box genes upregulated in disc flowers (A) and ray flowers (B) at stage 6 when
compared to ray and disc flowers, respectively. Criterion for differential expression was an
adjusted p-value with FDR < 0.05, and fold change > 1.2.

A. Upregulated in disc flowers at stage 6

MADS-box gene Description p-value fold change
GAGAl C-function 0.0173 19
GAGAZ2 C-function 0.0139 1.7
GDEF1 TM6-like B-gene 0.0409 1.8
GRCD2 SEP-like (carpel function) 0.0214 1.7
GSQUA1L AP1-like 0.0334 1.3
GSQUAG (G8-2C9) FUL-like 0.0223 1.3

B. Upregulated in ray flowers at stage 6

MADS-box gene Description p-value fold change
GRCD1 SEP-like (stamen function)  0.0174 25
G1-21A3 OCUTM3-like 0.0229 2.0
GRCD3 (G2-14A7) SEP-like (AGL6-like) 0.0140 1.4
GRCD5 (G7-3A3)  SEP-like 0.0089 1.4
G2-1C6 AGL12-like 0.0365 1.4

4.3 Characterization of B class genes in Gerbera (lII)

The function of gerbera B class genes was studied to gain understanding on the putative
functional diversification within this gene group. Phylogenetic analysis placed the four
gerbera B class genes into three distinct clades: GGLOL in the PI/GLO-clade, GDEF2 and
GDEF3 in the euAP3-clade, and GDEF1 in the TM6-clade (I11, Supplemental Figure 2).
Putative orthologs of GDEF2 and GDEF3 were present in other Asteraceae species, which
suggests an early duplication within the Asteraceae euAP3-clade. Although we did not
estimate the timing of this duplication, it might be related to a whole-genome duplication
that has occurred at the base of Asteraceae (Barker et al., 2008). Studies on MADS-box
genes in other Asteraceae species have not identified more B class gene paralogs than we
presented here (Dezar et al., 2003; Shchennikova et al., 2004), which supports our
estimation on the number of B class genes in Asteraceae species. However, the possibility
of further paralogs cannot be excluded.
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Our functional studies on gerbera B class genes included detailed expression analyses,
characterization of transgenic plants, and protein-protein interaction assays. We found that
GGLOL1 was expressed exclusively in petals and stamens (111, Figures 1 and 3), which is
similar to the expression of several other PI/GLO-clade members in asterids (van der Krol
et al., 1993; Davies et al., 1996b). The gerbera AP3/DEF-clade members showed broader
expression patterns. GDEF2 and GDEF3 were expressed weakly in pappus bristles (whorl
one), carpels, and vegetative leaves, in addition to petals and stamens (11, Figures 1 and
3). Transgenic phenotypes caused by reduced GGLOL1l and/or GDEF2 expression
demonstrated that these genes perform the conventional B-function in regulating petal and
stamen identities in gerbera (111, Figure 5 and Supplemental Figure 5). Reduced B gene
expression caused a unique phenotype described only in gerbera thus far. In addition to the
conversion of petals towards sepal (pappus bristle) identity, the abaxial side of basal petal
parts had an ovary wall-like identity (I11, Figures 5, 6 and Supplemental Figure 5). This
provides a connection between the inferior ovaries and perianth organs, and thus supports
an appendicular explanation for the origin of the ovary wall in epigynous flowers.
According to the appendicular model, the outer layer of the ovary wall is comprised of
fused bases of the outer floral organs (Gustafsson and Albert, 1999).

Pairwise interaction capacities of the gerbera B class proteins were studied in yeast.
These analyses demonstrated that GGLOL could form a heterodimer with all the three
AP3/DEF-clade members (111, Supplemental Figure 7). Intriguingly, data from yeast three-
hybrid assays performed in Chrysanthemum (Shchennikova et al., 2004) suggest that the
two euAP3 class proteins in Asteraceae might differ from each other by their capacity to
form higher order complexes. The Chrysanthemum B class protein CDM19 (putative
ortholog of GDEF3) differs from the CDM115 protein (putative ortholog of GDEF2)
when combined with the GLO-like protein CDM86 in that it does not form a ternary
complex with a C class protein or with APL/FUL-type proteins in yeast. However, our
preliminary yeast three-hybrid assay that tested the same protein combinations did not find
differences in the capability of GDEF2 and GDEF3 to form ternary complexes (data not
shown). Thus, athough differences in protein-protein interactions could explain the
retention of both paralogs after duplication in Chrysanthemum, this seems not to be the
case in gerbera.

Suppression of GDEF1 expression caused only mild phenotypic changes, which
suggests redundant roles for this gene. Although GDEF1 was expressed in all floral
organs (111, Figures 1 and 3), it was not expressed during early primordia formation in
petals (111, Figure 3). Later the petal expression was weak, transient and patchy (I11, Figure
3 and Supplemental Figure 3). Thus, the TM6-like GDEFL1 is more likely to play arolein
stamens than in petals, as suggested both by its expression pattern and transgenic
phenotypes with altered stamen development. Our results on GDEF1 provide evidence
that TM6-clade members might have a stamen-specific function outside Solanaceae as
well. The mechanisms of GDEF1 function most likely differ from the systems described
for petunia and tomato. Both these Solanaceae species have two PI/GLO-like proteins,
enabling partner specificity in heterodimer formation. In petunia, PhDEF interacted with
both PhGLO1 and PhGLO2 in yeast, whereas PnTM6 was capable of interacting only
with PhGLO2 (Vandenbussche et al., 2004). In tomato, both TAP3 and TM6 showed
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differential binding, as TAP3 heterodimerized only with LePl, and TM6 only with TP
(Leseberg et al., 2008). A similar mechanism for functional diversification cannot be
suggested to occur in gerbera, where only a single PI/GLO-like protein has been
identified. Differences in GDEF1 expression between flower types (discussed below)
might provide some cue for functional diversification of the TM6-like gene in gerbera.

4.4 A model of MADS-box gene functions in gerbera disc and ray
flowers (1, 1)

MADS domain proteins are known to function as dimers and higher order complexes
(Egea-Cortines et al., 1999; Honma and Goto, 2001). Our microarray analysis uncovered
differential expression of MADS-box genes in disc and ray flowers, and led us to
speculate that differential protein interactions might occur between MADS domain
proteins in different flower types (1). Overlapping expression patterns are in most cases
required for protein interactions in planta (de Folter et al., 2005). To predict putative
protein complexes in gerbera, we searched for transcription factors showing co-expression
(standard correlation coefficient > 0.80) with the C class gene GAGA1 and the E class
gene GRCDL1. Across the nine different microarray experiments included in the analysis,
27 genes were co-expressed with GAGAL1 and 11 genes with GRCD1 (I, Table 5).
Approximately half of these genes encoded MADS domain proteins.

The protein interaction capacities of fourteen gerbera MADS domain proteins have
recently been tested by yeast two- and three-hybrid analyses (Ruokolainen et al.,
unpublished results). These analyses support some of the protein interactions and
functions hypothesized in study |, while some are not supported. For example, we
suggested GRCD4 to be a petal-specific SEP-like gene but the yeast two- and three-hybrid
experiments do not support this. Figure 4 shows an updated version of the flower-type-
specific ABC(D)E-models we hypothesized in study | (I, Figure 5).

All the four gerbera B class genes were coexpressed with GAGAL (I, Table 5) and
upregulated in disc flowers (I, Table 3 and Additional File 2; Laitinen, 2006). The
phylogenetic position and expression of GDEF3 (111) suggests that it may be added among
the other gerbera B class genes in Figure 4. The upregulation of B class genes in disc
flowers most likely reflects their function in stamen development, as functional stamens
are located in disc flowers. However, in the case of GDEF1 the upregulation in disc
flowers may also be explained by its differential expression in petals (111, Figures 1, 2, and
Supplemental Figure 3). GDEF1 is not expressed in petals in either flower types during
primordiainitiation, which suggeststhat it may not be required for petal identity. The later
expression in disc flower petals suggests that GDEF1 might be involved in some disc-
flower-specific characteristics of petal differentiation. However, no flower-type-specific
effects were detected in petals of transgenic lines showing reduced GDEF1 expression.
Thus, the putative role of GDEF1 in disc flower petas remains uncertain.
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Figure 4 MADS-box genes involved in specifying floral organ identitiesin four floral whorls (W1-
W4) in Arabidopsis according to the revised ABCE-model (Theissen, 2001) are illustrated in the
upper part of the figure. The lower part shows separate models for gerbera disc and ray flowers,
updated from the version presented in study |. GDEF3 is included among the B class genes.
Additionally, latest data on GDEF1 indicates that we have no reason to exclude it from ray flower
stamens, whereas from ray flower petals its expression is mogly lacking (I11). In disc flowers,
GDEF1 may function redundantly with other B class genes.

GRCD1 was the only gerbera MADS-box gene that was detected to be expressed
differentially (stronger in ray flower primordia) as early as stage 3. This early upregulation
in ray flowers implies that it may be involved in determining ray flower morphology.
Transgenic phenotypes suggest that GRCD1 regulates stamen identity specifically in ray
flowers. When GRCD1 expression is reduced, the identity of ray flower staminodia is
converted to petals. In contrast, only very mild effect is detected in the functional disc
flower stamens (Kotilainen et al., 2000). One explanation for this phenotype is that in ray
flowers, where the expression of GRCDL1 is strongest, its function is irreplaceable,
whereas in disc flowers GRCD1 might be redundant. Alternatively, the transgenic
phenotype suggests that GRCD1 determines stamen identity specifically in ray flowers, in
which case it might also affect the later fate of stamens inray flowers.

The differential expression detected for several MADS-box transcription factors led us
to predict that flower-type-specific MADS protein complexes are involved in the
differentiation of flower types. Further studies are needed to identify factors that act
upstream of MADS-box genes and determine their differential expression along the
capitulum radius. To reved the true determinators of flower type identities, even earlier
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stages of gerbera capitulum development should be studied. Moreover, the cDNA probes
(ESTs) of the microarray used in study | represent later stages of development. Thus, the
probability that many relevant genes were lacking from the probe set is quite high. To
provide a more comprehensive set of probes for future studies, we have collected samples
for 454-sequencing from the earliest stages of the gerbera capitulum development. The
understanding that was gained from the earlier experiments (e.g. | and 1) was crucial for
the sample preparation.

4.5 TCP transcription factors are involved in flower type
specification (ll)

We undertook a candidate gene approach to pursue regulatory mechanisms behind the
specialized architecture of Asteraceae inflorescence. The CYC-like TCP transcription
factors were good candidates for flower type differentiation studies, since they have been
identified as regulators of floral symmetry and stamen abortion (Luo et al., 1996). These
are the two characteristics that differ between the gerbera flower types. Coevolution of
floral symmetry and inflorescence architecture had already been suggested ten years ago
(Coen et al., 1995). The change of Antirrhinum inflorescence from an indeterminate to a
determinate state in cen mutants also leads to altered floral symmetry. The terminal flower
of the cen mutant is actinomorphic and resembles a peloric cyc mutant whereas the
axillary flowers are zygomorphic as in the wild type. There is an intriguing resemblance
between the cen mutant phenotype and the heterogamous Asteraceae inflorescences that
consist of centrally located actinomorphic flowers and marginal zygomorphic flowers
(Coenet al., 1995).

4.5.1 The CYC/TB1 subfamily has duplicated extensively in Asteraceae

Eight CYC/TB1-like genes were isolated from gerbera (11). In addition to the four full-
length sequences presented in our study (GhCYC1-4), we obtained four distinct PCR
fragments. This gives an estimate of the CYC/TB1 subfamily size in gerbera. The size of
the subfamily is parallel in sunflower (Helianthus annuus), in which ten CYC/TB1-like
genes have been isolated (Chapman et al., 2008). All core eudicots are thought to have
three clades of CYC/TB1-like genes (CYC1, CYC2, and CY C3) (Howarth and Donoghue,
2006). To date no more than five copies have been identified in other species than
Asteraceae. Evolution of the TCP gene family has been affected by ancient whole-genome
duplications in Asteraceae. Independent paleopolyploidization events have been detected
near the base of the Asteraceae and at the base of both Mutisieae and Heliantheae tribes
(Barker et al., 2008). Egtimation of duplication times in the H. annuus CYC/TB1
subfamily placed a duplication event approximately 40-45 MY A in all the three CYC/TB1
clades (Chapman et al., 2008). This estimation correlates with the timing of the
paleopolyploidization event at the base of Asteraceae (Barker et al., 2008), and hence,
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without any gene losses, the minimum number of CYC/TB1-like genes in Asteraceae is
SiX.

Both amino acid alignment (11, Fig. S2) and phylogenetic analysis (11, Fig. S3) showed
that GhCYC1 deviates from the three other full-length sequences. We did not get Satistical
support for the grouping of GhCYC1 with the CY C1 clade members AtBRC1 (AtTCP18)
and LjCYC5. However, the phylogenetic analyses conducted by Chapman et al. (2008)
and Kim et al. (2008) indicate that GhCYCL1 is a member of the CY C1 clade. The gerbera
GhCYC2-4 are members of the CYC2 clade, but genes from CYC3 clade have not yet
been identified in gerbera. In H. annuus, there are three CY C3 clade members, indicating
that genes of this clade are likely to be present in gerbera as well. Moreover, asthe CYC1
clade has duplicated at the base of Asteraceae, there is also most likely another GhCYC1-
like gene in gerbera. Full-length cloning of the PCR fragments will be needed to
determine their phylogenetic position in the gene family.

4.5.2 GhCYC2 is expressed ventrally both at the inflorescence level and in
single flowers

GhCYC2 was the first TCP gene recovered from gerbera. The two other CYC2 clade
members were isolated only recently, and for this reason they were not included in study
I1. The expression of GhCYC2 was compared between ray and disc flowers by gPCR at
the same early primordia stages 3 and 5 that were used in the earlier microarray
experiment (1). This revealed the upregulation of GhCYC2 in ray flowers at both stages 3
and 5, as also confirmed by RNA blotting (11, Fig.2). None of the gerbera TCP genes were
included in the microarray used in study I. Nonetheless, the genes identified by the
microarray as up- or downregulated in ray flowers are potential targets for GhCYC2.
Therefore, expression profiles of the two MADS-box genes that were upregulated in ray
flowers were studied in transgenic GhCYC2-lines (data not shown). Neither GRCD1 nor
G1-21A3 showed dtered expression in the transgenic GhCYC2 lines. This finding
suggests that the upregulation of these MADS-box genes in ray flowers is due to some
other mechanism than transcriptional activation by GhCYC2.

The differential expression of GhCYC2 is specific for the early stages. At later stages
GhCYC2 was expressed similarly in petals, carpels and ovaries of both ray and disc
flowers (11, Fig. 1 for ray flowers; data not shown for disc flowers). However, these RNA
samples were collected from the outermost disc flowers. In the centremost disc flowers the
expression of GhCYC2 has not been studied later than at stage 7 when no expression was
detected (I, Fig.2). It would be interesting to study whether GhCYC2 expression is also
excluded from the fully developed centremost disc flowers, which are closest to
actinomorphy whereas most of the disc flowers are zygomorphic.

Two other recent studies on Asteraceae species have identified CYC/TB1-like genesto
be upregulated in ray flowers. In Senecio vulgaris, RAY1 and RAY2 showed expression in
young flower primordia located at the periphery of the inflorescence (Kim et al., 2008). In
H. annuus, one of the five HaCYC2 genes (HaCYC2c) showed ray-flower-specific
expression in RT-PCR analysis (Chapman et al., 2008). Kim et al. (2008) devised a
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phylogenetic tree that combines all the CYC/TB1-like sequences isolated from these three
Asteraceae species. It shows that GhCYC2 is orthologous to RAY2 and HaCYC2e, whereas
GhCYC3 is orthologous to RAY1 and HaCYC2d. Moreover, GhCYC4 forms a separate
subclade (with low resolution) with HaCYC2b. The H. annuus ortholog of GhCYC2 was
expressed in all the studied floral parts and no difference between flower types was
detected. The GhCYC3 ortholog HaCYC2d showed stronger expression in ray flowers,
though expression was also detected in disc flowers (Chapman et al., 2008). Orthologs of
HaCYC2c, the ray-flower-specific gene of H. annuus, have not been identified from
gerberaor S vulgaris.

In situ hybridization revealed a unique ventral pattern for GhCYC2 expression in ray
flower petas (I, Fig. 3). Outside the Asteraceae, all other CYC2 clade members
characterized thus far have showed dorsal-specific expression and exerted a dorsalizing
effect on flower symmetry. Studies on H. annuus or S vulgaris did not describe whether
the expression of CYC/TB1-like genes had specificity along the dorsal-ventral axis of
single flowers (Chapman et al., 2008; Kim et al., 2008). Therefore, the generality of our
observation remains to be confirmed in other Asteraceae species.

Support for a ventral-specific effect of GhCYC2 comes from the analysis of transgenic
plants. Transgenic gerbera lines with reduced GhCYC2 expression had smaller ventral
petals (the ligule) in trans flowers and occasionally the fused ligule was split (11, Fig. 6). In
one of the lines overexpressing GhCYC2, disc flower petals obtained a tubular shape (Il,
Fig. 5), which can be seen as a ventralizing effect on petal growth. The relevance of this
phenotype is emphasized by the fact that overexpression of the orthologous gene RAY2 in
S wulgaris causes the formation of tubular ray flower petals (Kim et al., 2008). Moreover,
by overexpressing RAY1 from S vulgaris in gerbera, we obtained a line that had tubular
petas in al flower types. In S wulgaris, only ray flowers were affected by RAY2
overexpression, whereas in the gerbera lines, trans and disc flower petals were also
altered. This may reflect the fact that the S. vulgaris disc flowers are fully actinomorphic,
whereas the shapes of gerbera trans and disc flower petals are more similar to that of ray
flowers. Thus, they may acquire raylike characters more easily than disc flowers in S
vulgaris.

The transgenic phenotypes described above indicate that GhCYC2/RAY2-like genes
may exert their ventralizing effect by promoting organ fusion. The bilaterally symmetrical
shape of Asteraceae flowers is caused by the fusion and elongation of only the ventral
petals, whereas in tubular flowers all the petals are fused together. Thus, the ventrally
located expression we detected for GhCYC2 correlates with the pattern of organ fusion in
petas. Interestingly, the ventral-specific expression pattern is found both at the
inflorescence level and at the floret level. Marginal ray flowers can be considered to be
ventrally located at the inflorescence scale. Hence, the upregulation of GhCYC2
expression in ray flowers is in line with the ventral expression of GhCYC2 at the floret
scale. The CYC-like genes have previously been shown to respond to a basic prepattern in
a dorsal-specific manner in relation to both the vegetative and inflorescence apices (Clark
and Coen, 2002; Cubas, 2004). Asteraceae species seem to have recruited CYC-like genes
and their capacity for specific expression patterns and growth regulation in a unique way
to shape their complex inflorescence structure.
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4.5.3 The flower-type-specific effects of GhCYC2

We found that ectopic GhCYC2 expression caused delayed growth during vegetative
development (11, Fig. 4). In flowers the effect on petal growth was dependent upon flower
type. Disc flower petals were longer, whereas ray flower petals were shorter than those of
the wild type (11, Table S2). Other studies have also shown that TCP transcription factors
have opposte effects on growth. The heterologous expression of Antirrhinum CYC in
Arabidopsis causes dwarfed plants with small leaves, whereas their petals were larger due
to increased cell expansion (Costa et al., 2005). Mutation in CIN, another Antirrhinum
class Il gene, resulted in promoted growth in leaves but reduced growth in petas
(Crawford et al., 2004). The conflicting effects on different plant organs can be explained
by organ-specific differences in growth regulatory mechanisms or in the maturation
processes (Crawford et al., 2004; Efroni et al., 2008). Efroni et al. (2008) provided
evidence that the primary role of the Arabidopsis CIN genes is to promote tissue
maturation. These authors suggested that the differential effects of CIN-like genes in
leaves and petals are due to the diverse maturation schedules in these organs. Although the
ectopic GhCYC2 expression affected growth differentially within same organs of ray and
disc flowers, the development and growth of petals varies considerably between the flower
types. Thus, growth control or maturation processes are also likely to vary.

GhCYC2 was identified as a factor that acts differentially between the flower types. Its
expression is sequential along the capitulum radius and is activated later in disc flowers
than in ray flowers. When this differential expression pattern was destroyed by ectopically
induced expression, the morphological differences between the flower types became
reduced. Disc flowers obtained raylike characters such as elongated ventral petals and
disrupted stamen development (11, Fig. 5). We conclude that a correct pattern of GhCYC2
expression isrequired for the proper differentiation of the gerbera flower types.

Two different studies have now shown that members of CY C2 clade play important
roles in the regulation of flower type identities in Asteraceae. Kim et al. (2008) mapped
RAY1 and RAY2 genes to the RAY locus, which is responsible for the natural
polymorphism between radiate and discoid capitulum types in S. vulgaris. They also
demonstrated that the RAY locus has been introgressed to discoid S wulgaris from a
closely related radiate species S. squalidus, and discussed the importance of introgression
in providing the means to adapt to changing environmental conditions. Our study (I1)
provided a detailed expressional analysis for GhCYC2 and showed transgenic phenotypes
that demonstrated its role in flower type differentiation. The lack of a ray flower
phenotype despite the GhCYC2 expression being reduced was most probably due to
redundancy. The two other CYC2 clade members, GhCYC3 and GhCYC4, were also
upregulated in ray flowers, even more specifically than GhCYC2 (data not shown). At the
floral organ level they were similarly expressed in petals, carpels and ovaries of the ray
flowers (data not shown), suggesting a functional redundancy. The extensive retention of
CYC2 clade members after duplications and the functions described for the members
characterized so far suggest that this gene family has been important in the evolution of
the complex inflorescence forms in Asteraceae.
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4.6 Concluding remarks: candidate factors for the molecular
basis of flower type differentiation

The pattern of primordia formation (phyllotaxis) at the shoot and inflorescence apex is
known to be regulated by the growth hormone auxin. Polar auxin transport creates
differential auxin concentrations in the meristems, and by this means marks the location of
primordia initiation (Reinhardt et al., 2003; Jonsson et al., 2006; Smith et al., 2006). The
importance of cell-cell communications for proper phyllotaxis is highlighted by the
feedback model of auxin distribution in meristems. It suggests that a newly formed
primordium directs the location of the next successive primordium by affecting auxin
transportation (polarity of the auxin efflux carrier PIN1) in the neighbouring cells
(Jonsson et al., 2006). Wounding experiments in sunflower capitula (Palmer and Marc,
1982; Hernandez and Palmer, 1988) have demonstrated the importance of cell-cell
communication for proper flower type differentiation. Wounding alters positional
information in the sunflower capitula and leads to the formation of extra peripheral zones.
In close proximity to these wounded zones, floral primordia differentiate into involucral
bracts and ray flowers.

Mechanical forces have also been suggested to be important for pattern formation
(Green et al., 1996; Shipman and Newell, 2005). Interestingly, several experiments have
been conducted on sunflower to provide evidence for a biomechanical buckling model of
primordia initiation (Hernandez and Green, 1993; Dumais and Steele, 2000). By
microsurgical manipulation of sunflower capitula (initiation of cuts and fractures), Dumais
and Steele (2000) were able to show that the generative region (region of primordia
initiation) is specifically under compressive stress. They proposed that this compression
could lead to primordium initiation in this region by means of the buckling of the tunica
layer. An experiment where young sunflower capitula were physically constrained caused
a formation of bracts and trumpet-shaped florets in the centre of capitula (Hernandez and
Green, 1993). It was explained that the altered primordia identity was caused by increased
mechanical pressure on the generative region. This suggests that flower type identity
would be affected by digtribution of mechanical stresses in the meristem. Another option
is that compression altered the amount of space left for primordia to develop. It has been
shown that the area occupied by peripheral primordia (which will differentiate into ray
flowers) is about one-fifth the area occupied by primordia in the centre of the capitulum
(Dosio et al., 2006).

Models that combine mechanical and chemical signals have also been proposed
recently (Dumais, 2007; Hamant et al., 2008; Newell et al., 2008). Mechanical stresses
were shown to regulate orientation of microtubules in the shoot apex and thereby affect
morphogenesis (Hamant et al., 2008). Phyllotaxis was demonstrated to be largely
independent from microtubule-reorientations and thus was suggested to be mainly an
auxin-driven process (Hamant et al., 2008). However, mechanical forces might be
transduced at the molecular level. For example, stretch-activated ion channels or tension-
induced changes in protein conformations could affect gene expression levels (Dumais,
2007). Thus, both mechanical stresses and auxin distribution may play key roles in
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phyllotaxis, and the relation between these two mechanisms may alter between different
plant species (Newell et al., 2007).

We have shown that both MADS and TCP transcription factors are expressed
differentially along the Asteraceae capitulum. The gerbera CYC-like genes showed
differential expression earlier than most of the MADS-box genes (stage 3 versus stage 6,
respectively). This suggests that the CYC-like genes are closer to the initial specification
of flower type identities, whereas the expression of MADS-box genes might only reflect
the morphologica differences between flower types that had been determined by earlier
acting genes.

Factors that specify CYC-like gene expression are poorly known. Most information on
the pathways upstream of CYC/TB1-like genes comes from studies on BRCL1 in
Arabidopsis. The TB1-like BRC1 prevents the outgrowth of the axillary buds by acting
locally in the buds and integrating different regulatory pathways that control branching
(Aguilar-Martinez et al., 2007). The expression of BRC1 is strongly reduced in max
mutants, which shows that the activity of BRC1 is controlled by the MAX signalling
pathway. The MAX genes act in long-distance signalling by producing a carotenoid-
derived hormone that is transported from roots to shoots (Booker et al., 2004). The
hormone has been recently identified to be a strigolactone (Gomez-Roldan et al., 2008).
This signal inhibits bud growth as it reduces the capacity for auxin transport and restricts
the export of auxin from the buds (Bennett et al., 2006). BRC1 is not transcriptionally
regulated by auxin. However, it is required for the auxin-induced control of apical
dominance (Aguilar-Martinez et al., 2007). In conclusion, studies on BRC1 show the
ability of CYC/TB1-like genes to interact with several complex signaling pathways, as
suggested by their function in diverse growth related processes during plant development.

A key to the mechanisms behind flower type differentiation in Asteraceae might come
from the careful morphological studies on capitulum ontogeny conducted by Harris (1991,
1995). These studies show that formation of ray flowers correlates with the distinct
phyllotaxis in the inflorescence merissem. The pattern of primordia initiation has altered
both temporally and spatially in comparison to homogamous capitula in which no ray
flowers form, as described in chapter 4.1. Factors that could cause a delay in primordia
initiation and/or suppression of organogenesis a the merisem periphery may act as a
trigger to initiate the process of ray flower differentiation and thus might be good
candidates for regulators of heterogamous capitulum formation.

41



Acknowledgements

This study was carried out a the Department of Applied Biology, the Faculty of
Agriculture and Forestry of the University of Helsinki. | wish to acknowledge the
Academy of Finland and the Viikki Graduate School in Molecular Biosciences (VGSB)
for providing financial support for this work.

| express my deepest gratitude to my supervisor Professor Paula Elomaa for the
opportunity to take part in such an interesting research project and for the excellent
guidance and support during the years. Your optimism and encouragement, the ability to
lift the spirits and point out the essence have been indispensable. | have been fortunate to
have also another splendid supervisor, Professor Teemu Teeri, who first introduced me to
gerberology. | am thankful for all the support and advice: the hands-on guidance in the lab
when | was a summer student and the perfectly resourced library, to mention just a few.
Special thanks also for organizing the annual crayfish parties.

| want to acknowledge the members of my follow-up group, Professor Yrjo Helariutta
and Professor Jari Valkonen, for their important comments and the supporting atmosphere
during the meetings. The pre-examiners of this thesis, Professor Yrj0 Helariutta and
Professor Annette Becker are thanked for the critical reading and valuable comments.

| express my appreciation to the former dean of VGSB Marja Makarow for accepting
me as a student in the Viikki Graduate School in Molecular Biosciences. The grad school
has provided excellent courses and possibilities to get acquainted with fellow graduate
students both on a national and internatinal scale. The coordinators Eeva Sievi and Sandra
Falk and the current dean Dennis Bamford are acknowledged for help and guidance.

The co-authors Roosa Laitinen, Sari Tahtiharju, Victor Albert, Eija Pollanen, Satu
Ruokolainen and Mika Kotilainen are kindly acknowledged for their important
contribution to the publications and the manuscript included. Especialy, | wish to thank
Roosa Laitinen for all the advice and support during the early phases of my thesis work
and also for sharing a thesis-publication. At later stages of this work, Sari Tahtiharju has
been a key person who | want to thank for the enjoyable scientific and non-scientific
discussions and for being so cheerful and encouraging. Roosa and Sari, | have been really
lucky to have so wonderful scientists and personalities as my office-mates. | am also
indebted to Eija Pollanen and Mika Kotilainen for introducing me to the gerbera MADS
world and sharing their expertise.

| sincerely thank all the present and former members of the Gerbera Laboratory as well
as al the people at the Department of Applied Biology for providing such a nice working
atmosphere. It has been a great pleasure to work in a lab where studies range from spruce,
strawberry and apple to vaccine production and various plant pathogens. Our outstanding
technicians, Anu Rokkanen, Eija Takala and Marja Huovila are warmly thanked for their
ever so patient and skilful help with practical issues. | wish to thank Sanna Peltola for
taking good care of the plants in the greenhouse and Kaj-Roger Hurme for always being
helpful in the isotope laboratory. | also want to acknowledge Tiina Blomster from the
Kangagérvi group for guiding me in the transformation of the strange weed called
Arabidopsis.

42



| am thankful to many fellow graduate students for peer support and valuable
discussions on life as a scientist and in general. | wish to thank all the VIBA members for
the joyful meetings. The floorball team ac Embryo is acknowledged for providing such a
cheerful way to release stress and keep fit.

| am forever grateful to all my friends for being there for me! The most heartfelt thanks
go to my beloved Teemu for sharing your joy of life with me.

Finally, | wish to thank my parents Kaija and Esa and my dear sisters Asa and Tuuli
from all my heart for their love and support at all times.

Helsinki, March 2009

Suvi Broholm

43



References

Ackerman C.M., Yu Q., Kim S,, Paull R.E., Moore P.H., and Ming R. (2008). B-class
MADS-box genes in trioecious papaya: two paleoAP3 paralogs, CpTM6-1 and
CpTM®6-2, and a Pl ortholog CpPlI. Planta 227, 741-753.

Aguilar-Martinez J.A., Poza-Carrion C., and Cubas P. (2007). Arabidopsis
BRANCHED1 acts as an integrator of branching signals within axillary buds. Plant
Cell 19, 458-472.

Albert V.A., Gustafsson M.H.G., and Dilaurenzio L. (1998). Ontogenetic Systematics,
Molecular Developmental Genetics, and the Angiosperm Petal In Molecular
Systematics of Plants I1: DNA Sequencing, D. E. Soltis, P. S. Soltisand J. J. Doyle,
eds (Bogton: Kluwer Academic Publishers) pp. 349-374.

Almeida J., Rocheta M., and Galego L. (1997). Genetic control of flower shape in
Antirrhinum majus. Development 124, 1387-1392.

Alvarez-Buylla, E.R., Pelaz, S,, Liljegren, S. J., Gold, S. E., Burgeff, C., Ditta, G. S,
Ribas de Pouplana, L., Martinez-Castilla, L. and Yanofsky, M. F. (2000). An
ancestral MADS-box gene duplication occurred before the divergence of plants and
animals. Proc. Natl. Acad. Sci. U. S. A. 97, 5328-5333.

Alvarez-Buylla E.R., Garcia-Ponce B., and Garay-Arroyo A. (2006). Unique and
redundant functional domains of APETALA1 and CAULIFLOWER, two recently
duplicated Arabidopsis thaliana floral MADS-box genes. J. Exp. Bot. 57, 3099-3107.

Amaya |., Ratcliffe O.J., and Bradley D.J. (1999). Expression of CENTRORADIALIS
(CEN) and CEN-like genes in tobacco reveals a conserved mechanism controlling
phase change in diverse species. Plant Cell 11, 1405-1418.

Ambrose B.A., Lerner D.R., Ciceri P., Padilla C.M., Yanofsky M.F., and Schmidt
R.J. (2000). Molecular and genetic analyses of the silkyl gene reveal conservation
in floral organ specification between eudicots and monocots. Mol. Cell 5, 569-579.

Angenent G.C., Busscher M., Franken J., Mol J., and van Tunen A.J. (1992).
Differential Expression of Two MADS Box Genes in Wild-Type and Mutant Petunia
Flowers. Plant Cell 4, 983-993.

Angenent G.C., Franken J., Busscher M., Colombo L., and van Tunen A.J. (1993).
Petal and stamen formation in petunia is regulated by the homeotic gene fbpl. Plant
J 4,101-112.

Angenent G.C., Franken J., Busscher M., van Dijken A., van Went J.L., Dons H.J.,
and van Tunen A.J. (1995). A novel class of MADS box genes isinvolved in ovule
development in petunia. Plant Cell 7, 1569-1582.

Arora R., Agarwal P., Ray S., Singh A.K., Singh V.P., Tyagi A.K., and Kapoor S.
(2007). MADS-box gene family in rice: genome-wide identification, organization
and expression profiling during reproductive development and stress. BMC
Genomics 8, 242.

Arthur W. (2002). The emerging conceptual framework of evolutionary developmental
biology. Nature 415, 757-764.

Barker, M.S,, Kane, N. C., Matvienko, M ., Kozik, A., Michemore, R. W., Knapp, S.
J. and Rieseberg, L. H. (2008). Multiple paleopolyploidizations during the

44



evolution of the compositae reveal parallel patterns of duplicate gene retention after
millions of years. Mol. Biol. Evol. 25, 2445-2455.

Barkoulas M., Galinha C., Grigg S.P., and Tsantis M. (2007). From genes to shape:
regulatory interactions in leaf development. Curr. Opin. Plant Biol. 10, 660-666.
Becker A., Winter K.U., Meyer B., Saedler H., and Theissen G. (2000). MADS-Box

gene diversity in seed plants 300 million years ago. Mol. Biol. Evol. 17, 1425-1434.

Becker A., Kaufmann K., Freialdenhoven A., Vincent C., Li M.A., Saedler H., and
Theissen G. (2002). A novel MADS-box gene subfamily with a sister-group
relationship to class B floral homeotic genes. Mol. Genet. Genomics 266, 942-950.

Becker A. and Theissen G. (2003). The major clades of MADS-box genes and their role
in the development and evolution of flowering plants. 29, 464-489.

Benlloch R., Berbel A., Serrano-Mislata A., and Madueno F. (2007). Flora initiation
and inflorescence architecture: a comparative view. Ann. Bot. (Lond) 100, 659-676.

Bennett T., Sieberer T., Willett B., Booker J., Luschnig C., and Leyser O. (2006). The
Arabidopsis MAX pathway controls shoot branching by regulating auxin transport.
Curr. Biol. 16, 553-563.

Booker J., Auldridge M., Wills S., McCarty D., Klee H., and Leyser O. (2004).
MAX3/CCD7 Is a Carotenoid Cleavage Dioxygenase Required for the Synthesis of
a Novel Plant Signaling Molecule. 14, 1232-1238.

Bowers J.E., Chapman B.A., Rong J., and Paterson A.H. (2003). Unravelling
angiosperm genome evolution by phylogenetic analysis of chromosomal duplication
events. Nature 422, 433-438.

Bowman J., Smyth D., and Meyerowitz E. (1991). Genetic interactions among floral
homeotic genes of Arabidopsis. Development 112, 1-20.

Bradley D., Carpenter R., Sommer H., Hartley N.,, and Coen E. (1993).
Complementary floral homeotic phenotypes result from opposite orientations of a
transposon at the plena locus of antirrhinum. 72, 85-95.

Bradley D., Carpenter R., Copsey L., Vincent C., Rothstein S,, and Coen E. (1996).
Control of inflorescence architecture in Antirrhinum. Nature 379, 791-797.

Bremer K. (1994). Asteraceae: Cladistics and classification(Portland, OR: Timber Press).

Briggs G.C., Osmont K.S,, Shindo C., Sibout R., and Hardtke C.S. (2006). Unequal
genetic redundancies in Arabidopsis--a neglected phenomenon? Trends Plant Sci.
11, 492-498.

Busch A. and Zachgo S. (2007). Control of corolla monosymmetry in the Brassicaceae
Iberis amara. Proc. Natl. Acad. Sci. U. S. A. 104, 16714-16719.

Bus M.V., Bustamante C., D'Angelo C., Hidalgo-Cuevas M., Boggio S.B., Valle
E.M., and Zabaleta E. (2003). MADS-box genes expressed during tomato seed and
fruit development. Plant Mol. Biol. 52, 801-815.

Cartolano M., Castillo R., Efremova N., Kuckenberg M., Zethof J., Gerats T.,
Schwarz-Sommer Z., and Vandenbussche M. (2007). A conserved microRNA
module exerts homeotic control over Petunia hybrida and Antirrhinum majus floral
organ identity. Nat. Genet. 39, 901-905.

45



Causier B., Cook H., and Davies B. (2003). An antirrhinum ternary complex factor
gpecifically interacts with C-function and SEPALLATA-like MADS-box factors.
Plant Mol. Biol. 52, 1051-1062.

Chapman, M .A., Leebens-Mack, J. H. and Burke, J. M. (2008). Positive selection and
expression divergence following gene duplication in the sunflower CY CLOIDEA
gene family. Mol. Biol. Evol., 25(7), 1260-1273.

Cho S, Jang S, Chae S, Chung K.M., Moon Y.H., An G., and Jang SK. (1999).
Analysis of the C-terminal region of Arabidopsis thaliana APETALALl as a
transcription activation domain. Plant Mol. Biol. 40, 419-429.

Chung Y.Y., Kim SR., Kang H.G., Noh Y.S, Park M.C., Finkel D., and An G.
(1995). Characterization of two rice MADS box genes homologous to GLOBOSA.
Plant Science 109, 45-56.

Citerne H.L., Pennington R.T., and Cronk Q.C. (2006). An apparent reversal in floral
symmetry in the legume Cadia is a homeotic transformation. Proc. Natl. Acad. Sci.
U. S A. 103, 12017-12020.

Clark J.I. and Coen E.S. (2002). The cycloidea gene can respond to a common
dorsoventral prepattern in Antirrhinum. Plant J. 30, 639-648.

Classen-Bockhoff, R. (1990). Pattern analysis in pseudanthia. Plant Systematics and
Evolution 171, 57-88.

Coen E.S,, Romero J., Doyle S, Elliott R., Murphy G., and Carpenter R. (1990).
floricaula: A homeotic gene required for flower development in antirrhinum majus.
63, 1311-1322.

Coen E.S. and Meyerowitz E.M. (1991). The war of the whorls. genetic interactions
controlling flower development. Nature 353, 31-37.

Coen, E.S, Nugent, J. M, Luo, D., Bradley, D., Cubas, P., Chadwick, M., Copsey, L.
and Carpenter, R. (1995). Evolution of floral symmetry. Philosophical
Transactions. Biological Sciences 350, 35-38.

Colombo L., Franken J., Koetje E., van Went J., DonsH.J., Angenent G.C., and van
Tunen A.J. (1995). The petunia MADS box gene FBP11 determines ovule identity.
Plant Cell 7, 1859-1868.

Colombo M., Masiero S., Vanzulli S, Lardelli P., Kater M.M., and Colombo L.
(2008). AGL23, a type | MADS-box gene that controls female gametophyte and
embryo development in Arabidopsis. Plant J.

Corley S.B., Carpenter R., Copsey L., and Coen E. (2005). Floral asymmetry involves
an interplay between TCP and MY B transcription factorsin Antirrhinum. Proc. Natl.
Acad. Sci. U. S, A. 102, 5068-5073.

Costa M.M., Fox S., Hanna A.l., Baxter C., and Coen E. (2005). Evolution of
regulatory interactions controlling floral asymmetry. Development 132, 5093-5101.

Crawford B.C., Nath U., Carpenter R., and Coen E.S. (2004). CINCINNATA controls
both cell differentiation and growth in petal lobes and leaves of Antirrhinum. Plant
Physiol. 135, 244-253.

CubasP., Lauter N., Doebley J., and Coen E. (1999a). The TCP domain: a motif found
in proteins regulating plant growth and development. Plant J. 18, 215-222.

46



Cubas P., Vincent C., and Coen E. (1999b). An epigenetic mutation responsible for
natural variation in floral symmetry. Nature 401, 157-161.

Cubas P., Coen E., and Zapater J.M. (2001). Ancient asymmetries in the evolution of
flowers. Curr. Biol. 11, 1050-1052.

Cubas P. (2002). Role of TCP genes in the evolution of key morphological charactersin
Angiosperms In, Anonymous (London: Taylor and Francis Ltd.) pp. 247-266.

Cubas P. (2004). Floral zygomorphy, the recurring evolution of a successful trait.
Bioessays 26, 1175-1184.

Davies B., Egea-Cortines M., de Andrade Silva E., Saedler H., and Sommer H.
(19964). Multiple interactions amongst floral homeotic MADS box proteins. EMBO
J. 15, 4330-4343.

Davies B., Di Rosa A., Eneva T., Saedler H., and Sommer H. (1996b). Alteration of
tobacco floral organ identity by expression of combinations of Antirrhinum MADS-
box genes. Plant J. 10, 663-677.

Davies B., Motte P., Keck E., Saedler H., Sommer H., and Schwarz-Sommer Z.
(1999). PLENA and FARINELLI: redundancy and regulatory interactions between
two Antirrhinum MADS-box factors controlling flower development. EMBO J. 18,
4023-4034.

DeBodt S.,, Maere S, and Van de Peer Y. (2005). Genome duplication and the origin of
angiosperms. Trends Ecol. Evol. 20, 591-597.

deFolter S., Immink R.G., Kieffer M., Parenicova L., Henz S.R., Weigel D., Busscher
M., Kooiker M., Colombo L., Kater M.M., Davies B., and Angenent G.C.
(2005). Comprehensive interaction map of the Arabidopsis MADS Box transcription
factors. Plant Cell 17, 1424-1433.

de Folter S., Shchennikova A.V., Franken J., Busscher M., Baskar R., Grossniklaus
U., Angenent G.C., and Immink R.G. (2006). A Bsiser MADS-box gene involved
in ovule and seed development in petunia and Arabidopsis. Plant J. 47, 934-946.

de Martino G., Pan |., Emmanuel E., Levy A., and Irish V.F. (2006). Functional
analyses of two tomato APETALA3 genes demonstrate diversification in their roles
in regulating floral development. Plant Cell 18, 1833-1845.

Dezar, C.A., Tioni, M. F., Gonzalez, D. H. and Chan, R. L. (2003). Identification of
three MADS-box genes expressed in sunflower capitulum. J. Exp. Bot. 54, 1637-
1639.

Ditta G., Pinyopich A., Robles P., Pelaz S., and Yanofsky M.F. (2004). The SEP4 gene
of Arabidopsis thaliana functions in floral organ and meristem identity. Curr. Biol.
14, 1935-1940.

Doebley J., Stec A., and Hubbard L. (1997). The evolution of apical dominance in
maize. Nature 386, 485-488.

Dosio, G.A.A,, Tardieu, F. and Turc, O. (2006). How does the meristem of sunflower
capitulum cope with tissue expansion and floret initiation? A quantitative analysis.
New Phytol. 170, 711-722.

Drea S., Hileman L.C., de Martino G., and Irish V.F. (2007). Functional analyses of
genetic pathways controlling petal specification in poppy. Development 134, 4157-
4166.

a7



Dumais, J. and Steele, C. R. (2000). New evidence for the role of mechanical forces in
the shoot apical meristem. Journal of Plant Growth Regulation 19, 7-18.

Dumais, J. (2007). Can mechanics control pattern formation in plants? Curr. Opin. Plant
Biol. 10, 58-62.

Efroni, I., Blum, E., Goldshmidt, A. and Eshed, Y. (2008). A protracted and dynamic
maturation schedule underlies arabidopsis leaf development. Plant Cell 20, 2293-
2306.

Egea-Cortines M., Saedler H., and Sommer H. (1999). Ternary complex formation
between the MADS-box proteins SQUAMOSA, DEFICIENS and GLOBOSA is
involved in the control of floral architecture in Antirrhinum majus. EMBO J. 18,
5370-5379.

Endress P.K. (2001a). Evolution of floral symmetry. Curr. Opin. Plant Biol. 4, 86-91.

Endress P.K. (2001b). Origins of flower morphology. Journal of Experimental Zoology
291, 105-115.

Favaro, R., Pinyopich, A., Battaglia, R., Kooiker, M., Borghi, L., Ditta, G., Yanofsky,
M. F., Kater, M. M. and Colombo, L. (2003) MADS-box protein complexes
control carpel and ovule development in arabidopsis. Plant Cell 15, 2603-2611.

Feng X., Zhao Z., Tian Z., Xu S,, Luo Y., Cai Z., Wang Y., Yang J., Wang Z., Weng
L., ChenJ., ZhengL., Guo X.,LuoJ,, Sato S,, Tabata S.,, MaW., Cao X., Hu X.,
Sun C., and Luo D. (2006). Control of petal shape and floral zygomorphy in Lotus
japonicus. Proc. Natl. Acad. Sci. U. S. A. 103, 4970-4975.

Ferrandiz C., Gu Q., Martienssen R., and Yanofsky M.F. (2000). Redundant
regulation of meristem identity and plant architecture by FRUITFULL, APETALAL
and CAULIFLOWER. Development 127, 725-734.

Ferrario S.,, Immink R.G.H., Shchennikova A., Busscher-Lange J., and Angenent
G.C. (2003). The MADS Box Gene FBP2 |s Required for SEPALLATA Functionin
Petunia. Plant Cell 15, 914-925.

Floyd SK. and Bowman J.L. (2007). The Ancestral Developmental Tool Kit of Land
Plants. Int. J. Plant Sci. 168, 1-35.

Force A., Lynch M., Pickett F.B., Amores A., Yan Y.L., and Postlethwait J. (1999).
Preservation of duplicate genes by complementary, degenerative mutations. Genetics
151, 1531-1545.

Galego L. and Almeida J. (2002). Role of DIVARICATA in the control of dorsoventral
asymmetry in Antirrhinum flowers. Genes Dev. 16, 880-891.

Gaudin V., Lunness P.A., Fobert P.R., Towers M., Riou-Khamlichi C., Murray J.A.,
Coen E., and Doonan J.H. (2000). The expression of D-cyclin genes defines
distinct developmental zones in snapdragon apical meristems and is locally regulated
by the Cycloidea gene. Plant Physiol. 122, 1137-1148.

Geuten K., Becker A., Kaufmann K., Caris P., Janssens S, Viaene T., Theissen G.,
and Smets E. (2006). Petaloidy and petal identity MADS-box genes in the
balsaminoid genera I mpatiens and Marcgravia. Plant J. 47, 501-518.

Gillies, A.C.M ., Cubas, P., Coen, E. S. and Abbott, R. J. (2002). Making rays in the
asteraceae: Genetics and evolution of radiate versus discoid flower heads. In

48



Developmental Genetics and Plant Evolution (Q.C.B. Cronk, R.M. Bateman and
J.A. Hawkins, eds) London: Taylor & Francis.

Gomez-Roldan, V., Fermas, S., Brewer, P.B., Puech-Page, V., Dun, E.A., Pillot, J-P,
Letisse, F., Matusova, R., Danoun, S., Portais, J-C, Bouwmeester, H., Becard,
G., Beveridge, C.A., Rameau, C. and Rochange, S.F. (2008). Strigolactone
inhibition of shoot branching. Nature 455, 189-194.

Goto K. and Meyerowitz E.M. (1994). Function and regulation of the Arabidopsis floral
homeotic gene PISTILLATA. Genes Dev. 8, 1548-1560.

Green, P.B., Steele, C. S and Rennich, S. C. (1996). Phyllotactic patterns. A
biophysical mechanism for their origin. Ann. Bot. 77, 515-528.

Gustafsson M.H.G. and Albert V.A. (1999). Inferior ovaries and angiosperm
diversification. In Molecular Systematics and Plant Evolution, The Systematics
Association Special Volume Seriesed. Vol. 57, P. M. Hollingsworth, R. M. Bateman
and R. J. Gornall, eds (New York, USA: Taylor and Francis) pp. 403-431.

Hamant, O., Heider, M. G., Jonsson, H., Krupinski, P., Uyttewaal, M., Bokov, P.,
Corson, F., Sahlin, P., Boudaoud, A., Meyerowitz, E. M., Couder, Y. and Traas,
J. (2008). Developmental patterning by mechanica signals in arabidopsis. Science
322, 1650-1655.

Harris, E.M. (1991). Floral initiation and early development in erigeron philadelphicus
(asteraceae). American Journal of Botany 78, 108-121.

Harris E.M. (1995). Inflorescence and Floral Ontogeny in Asteraceae: A Synthesis of
Historical and Current Concepts. Bot. Rev. 61, 93-278.

He C., Sommer H., Grosardt B., Huijser P., and Saedler H. (2007). PFMAGO, a
MAGO NASHI-like factor, interacts with the MADS-domain protein MPF2 from
Physalis floridana. Mol. Biol. Evol. 24, 1229-1241.

Henschel K., Kofuji R., Hasebe M., Saedler H., Munster T., and Theissen G. (2002).
Two ancient classes of MIKC-type MADS-box genes are present in the moss
Physcomitrella patens. Mal. Biol. Evol. 19, 801-814.

Hernandez L.F. and Palmer J.H. (1988). Regeneration of the Sunflower Capitulum after
Cylindrical Wounding of the Receptacle. Amer. J. Bot. 75, 1253-1261.

Hernandez, L.F. and Green, P. B. (1993). Transductions for the expression of structural
pattern: Analysis in sunflower. Plant Cell 5, 1725-1738.

Hernandez-Hernandez, T., Martinez-Castilla, L. P. and Alvarez-Buylla, E. R. (2007).
Functional diversification of B MADS-box homeotic regulators of flower
development: Adaptive evolution in protein-protein interaction domains after major
gene duplication events. Mol. Biol. Evol. 24, 465-481.

Hileman L.C. and Irish V.F. (2009). More is better: the uses of developmental genetic
datato reconstruct perianth evolution. Am. J. Bot. 96, 83-95.

Hileman L.C., Kramer E.M., and Baum D.A. (2003). Differential regulation of
symmetry genes and the evolution of floral morphologies. Proc. Natl. Acad. Sci. U.
S. A. 100, 12814-12819.

Honma T. and Goto K. (2001). Complexes of MADS-box proteins are sufficient to
convert leavesinto floral organs. Nature 409, 525-529.

49



Howarth, D.G. and Donoghue, M. J. (2006) Phylogenetic analysis of the "ECE"
(CYC/TBL) clade reveals duplications predating the core eudicots. Proc. Natl. Acad.
Sci. U. S A. 103, 9101-9106.

Huijser P., Klein J., Lonnig W.E., Mdjer H., Saedler H., and Sommer H. (1992).
Bracteomania, an inflorescence anomaly, is caused by the loss of function of the
MADS-box gene squamosa in Antirrhinum majus. The EMBO journal 11, 1239-
1249.

Immink R.G., Gadella T.W.,Jr, Ferrario S., Busscher M., and Angenent G.C. (2002).
Analysis of MADS box protein-protein interactions in living plant cells. Proc. Natl.
Acad. Sci. U. S, A. 99, 2416-2421.

Irish V.F. (2003). The evolution of floral homeotic gene function. Bioessays 25, 637-646.

Jack T., Brockman L.L., and Meyerowitz E.M. (1992). The homeotic gene
APETALA3 of Arabidopsisthaliana encodes a MADS box and is expressed in petals
and stamens. 68, 683-697.

Jager M., Hassanin A., Manuel M., Le Guyader H., and Deutsch J. (2003). MADS-
box genes in Ginkgo biloba and the evolution of the AGAMOUS family. Mol. Biol.
Evol. 20, 842-854.

Jaramillo M.A. and Kramer E.M. (2004). APETALAS3 and PISTILLATA homologs
exhibit novel expression patterns in the unique perianth of Aristolochia
(Arigtolochiaceae). Evol. Dev. 6, 449-458.

Jofuku K.D., Boer B., Montagu M.V., and Okamuro J.K. (1994). Control of
Arabidopsis Flower and Seed Development by the Homeotic Gene APETALAZ2.
Plant Cell 6, 1211-1225.

Jonsson, H., Heider, M. G., Shapiro, B. E., Meyerowitz, E. M. and Mjolsness, E.
(2006) An auxin-driven polarized transport model for phyllotaxis. Proc. Natl. Acad.
Sci. U. S A. 103, 1633-1638.

Kang H.G. and An G. (1997a). Isolation and characterization of arice MADS box gene
belonging to the AGL 2 gene family. Mol. Cells 7, 45-51.

KangH.G., Jang S., Chung J.E., Cho Y.G., and An G. (1997b). Characterization of two
rice MADS box genes that control flowering time. Mol. Cells 7, 559-566.

Kang H.G., Jeon J.S,, Lee S,, and An G. (1998). Identification of class B and class C
floral organ identity genes from rice plants. Plant Mol. Biol. 38, 1021-1029.

Kanno A., Saeki H., Kameya T., Saedler H., and Theissen G. (2003). Heterotopic
expression of class B floral homeotic genes supports a modified ABC model for
tulip (Tulipa gesneriana). Plant Mol. Biol. 52, 831-841.

Kaufmann K., Anfang N., Saedler H., and Theissen G. (2005). Mutant analysis,
protein-protein interactions and subcellular localization of the Arabidopsis B sister
(ABS) protein. Mol. Genet. Genomics 274, 103-118.

Keck E., McSteen P., Carpenter R., and Coen E. (2003). Separation of genetic
functions controlling organ identity in flowers. EMBO J. 22, 1058-1066.

Kely A.J., Bonnlander M.B., and MeeksWagner D.R. (1995). NFL, the tobacco
homolog of FLORICAULA and LEAFY, is transcriptionally expressed in both
vegetative and floral meristems. Plant Cell 7, 225-234.

50



Kim, K.J. and Jansen, R. K. (1995). ndhF sequence evolution and the major clades in
the sunflower family. Proc. Natl. Acad. Sci. U. S. A. 92, 10379-10383.

Kim, S, Yoo, M., Albert, V. A., Farris, J. S., Soltis, P. S. and Soltis, D. E. (2004).
Phylogeny and diversification of B-function MADS-box genes in angiosperms:
Evolutionary and functional implications of a 260-million-year-old duplication. Am.
J. Bot. 91, 2102-2118.

Kim, M., Cui, M. L., Cubas, P., Gillies, A., Lee, K., Chapman, M. A., Abbott, R. J.
and Coen, E. (2008). Regulatory genes control a key morphological and ecological
trait transferred between species. Science 322, 1116-1119.

Kitahara K., Hirai S., Fukui H., and Matsumoto S. (2001). Rose MADS-box genes
'MASAKO BP and B3' homologous to class B floral identity genes. Plant science
161, 549-557.

Kosugi S. and Ohashi Y. (1997). PCF1 and PCF2 specifically bind to cis elementsin the
rice proliferating cell nuclear antigen gene. Plant Cell 9, 1607-1619.

Kosugi S. and Ohashi Y. (2002). DNA binding and dimerization specificity and potential
targets for the TCP protein family. Plant J. 30, 337-348.

Kotilainen M., Elomaa P., Uimari A., Albert V.A., Yu D., and Teeri T.H. (2000).
GRCD1, an AGL2-like MADS box gene, participates in the C function during
stamen development in Gerbera hybrida. Plant Cell 12, 1893-1902.

Koyama T., Furutani M., Tasaka M., and Ohme-Takagi M. (2007). TCP transcription
factors control the morphology of shoot lateral organs via negative regulation of the
expression of boundary-specific genes in Arabidopsis. Plant Cell 19, 473-484.

Kramer E.M., Dorit R.L., and Irish V.F. (1998). Molecular evolution of genes
controlling petal and stamen development: duplication and divergence within the
APETALA3 and PISTILLATA MADS-box gene lineages. Genetics 149, 765-783.

Kramer E.M ., Jaramillo M .A., and Di Stilio V.S. (2004). Patterns of gene duplication
and functional evolution during the diversification of the AGAMOUS subfamily of
MADS box genes in angiosperms. Genetics 166, 1011-1023.

Kramer E.M., SuH.J.,, Wu C.C., and Hu J.M. (2006). A simplified explanation for the
frameshift mutation that created a novel C-terminal motif in the APETALA3 gene
lineage. BMC Eval. Biol. 6, 30.

Kramer E.M ., Holappa L., Gould B., Jaramillo M .A., Setnikov D., and Santiago P.M.
(2007). Elaboration of B gene function to include the identity of novel floral organs
inthe lower eudicot Aquilegia. Plant Cell 19, 750-766.

Kramer E.M. and Irish V.F. (2000). Evolution of the Petal and Stamen Developmental
Programs. Evidence from Comparative Studies of the Lower Eudicots and Basal
Angiosperms. Int. J. Plant Sci. 161, S29-30.

Kramer E.M ., Di Stilio, Veronica S., and Schluter P.M. (2003). Complex Patterns of
Gene Duplication in the APETALA3 and PISTILLATA Lineages of the
Ranunculaceae. Int. J. Plant Sci. 164, 1-11.

Kramer E.M. and Hall J.C. (2005). Evolutionary dynamics of genes controlling floral
development. Curr. Opin. Plant Biol. 8, 13-18.

51



Kohler C., Hennig L., Spillane C., Pien S., Gruissem W., and Grossniklaus U. (2003).
The Polycomb-group protein MEDEA regulates seed development by controlling
expression of the MADS-box gene PHERESL. Genes Dev. 17, 1540-1553.

Kohler C., Page D.R., Gagliardini V., and Grossniklaus U. (2005). The Arabidopsis
thaliana MEDEA Polycomb group protein controls expression of PHERES1 by
parental imprinting. Nat. Genet. 37, 28-30.

Laitinen R.A., Immanen J., Auvinen P., Rudd S., Alatalo E., Paulin L., Ainasoja M .,
Kotilainen M., Koskela S., Teeri T.H., and Elomaa P. (2005). Analysis of the
floral transcriptome uncovers new regulators of organ determination and gene
families related to flower organ differentiation in Gerbera hybrida (Asteraceae).
Genome Res. 15, 475-486.

Laitinen R.A. (2006). The Gerbera cDNA Microarray: A Tool for Large-Scale
Identification of Genes Involved in Flower Development. Doctoral dissertation,
University of Helsinki. http://urn.fi/URN:ISBN:952-10-3403-3

Laitinen R.A.E., Pdllanen E., Teeri T.H., Elomaa P., and Kotilainen M. (2007).
Transcriptional analysis of petal organogenesis in Gerbera hybrida. Planta 226, 347-
360.

Lamb R.S. and Irish V.F. (2003). Functiona divergence within the
APETALA3/PISTILLATA floral homeotic gene lineages. Proc. Natl. Acad. Sci. U.
S. A. 100, 6558-6563.

Lessberg C.H., Li A., Kang H., Duvall M., and Mao L. (2006). Genome-wide analysis
of the MADS-box gene family in Populus trichocarpa. Gene 378, 84-94.

Leseberg C.H., Eissler C.L., Wang X., JohnsM.A., Duvall M.R., and Mao L. (2008).
Interaction study of MADS-domain proteins in tomato. J. Exp. Bot. 59, 2253-2265.

Li C., Potuschak T., Colon-Carmona A., Gutierrez R.A., and Doerner P. (2005).
Arabidopsis TCP20 links regulation of growth and cell division control pathways.
Proc. Natl. Acad. Sci. U. S, A. 102, 12978-12983.

Litt A. and Irish V.F. (2003). Duplication and Diversification in the
APETALALFRUITFULL Foral Homeotic Gene Lineage: Implications for the
Evolution of Floral Development. Genetics 165, 821-833.

Luo D., Carpenter R., Vincent C., Copsey L., and Coen E. (1996). Origin of floral
asymmetry in Antirrhinum. Nature 383, 794-799.

LuoD., Carpenter R., Copsey L., Vincent C., Clark J., and Coen E. (1999). Control of
organ asymmetry in flowers of Antirrhinum. Cell 99, 367-376.

Maere S., De Bodt S., Raes J., Casneuf T., Van Montagu M., Kuiper M., and Van de
Peer Y. (2005). Modeling gene and genome duplications in eukaryotes. Proc. Natl.
Acad. Sci. U. S, A. 102, 5454-5459.

Maizel A., Busch M.A., Tanahashi T., Perkovic J., Kato M., Hasebe M., and Weigel
D. (2005). The floral regulator LEAFY evolves by substitutions in the DNA binding
domain. Science 308, 260-263.

Malcomber S.T. and Kellogg E.A. (2004). Heterogeneous expression patterns and
separate roles of the SEPALLATA gene LEAFY HULL STERILEL in grasses. Plant
Cell 16, 1692-1706.

52


http://urn.fi/URN:ISBN:952-10-3403-3

Mandel M .A., Gustafson-Brown C., Savidge B., and Yanofsky M .F. (1992). Molecular
characterization of the Arabidopsis floral homeotic gene APETALAL. Nature 360,
273-2717.

Martin C., Bhatt K., Baumann K., Jin H., Zachgo S., Roberts K., Schwar z-Sommer
Z., Glover B., and Perez-Rodrigues M. (2002). The mechanics of cell fate
determination in petals. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 357, 809-813.

Masiero S, Imbriano C., Ravasio F., Favaro R., Pelucchi N., Gorla M.S., M antovani
R., Colombo L., and Kater M.M. (2002). Ternary complex formation between
MADS-box transcription factors and the histone fold protein NF-YB. J. Biol. Chem.
277, 26429-26435.

Melzer R., Kaufmann K., and Theissen G. (2006). Missing Links: DNA-Binding and
Target Gene Specificity of Floral Homeotic Proteins In Advances in Botanical
Research; Developmental Genetics of the FlowerVol. 44, D. E. Soltis, J. H. Leebens-
Mack and P. S. Soltis, eds (: Elsevier) pp. 210-236.

Meyerowitz E.M., Bowman J.L., Brockman L.L., Drews G.N., Jack T., Sieburth
L.E., and Weigd D. (1991). A genetic and molecular model for flower development
in Arabidopsis thaliana. Development Supplement 1, 157-167.

Mitchison, G.J. (1977). Phyllotaxis and the fibonacci series. Science 196, 270-275.

Mondragon-Palomino M. and Theissen G. (2008). MADS about the evolution of orchid
flowers. Trends Plant Sci. 13, 51-59.

Moon Y.H., Jung J.Y., Kang H.G., and An G. (1999). ldentification of a rice
APETALA3 homologue by yeast two-hybrid screening. Plant Mol. Biol. 40, 167-
177.

Nagasawa N., Miyoshi M., Sano Y., Satoh H., Hirano H., Sakai H., and Nagato Y.
(2003). SUPERWOMAN1 and DROOPING LEAF genes control floral organ
identity inrice. Development 130, 705-718.

Nath U., Crawford B.C., Carpenter R., and Coen E. (2003). Genetic control of surface
curvature. Science 299, 1404-1407.

Navaud O., Dabos P., Carnus E., Tremousaygue D., and Herve C. (2007). TCP
transcription factors predate the emergence of land plants. J. Mal. Eval. 65, 23-33.

Nes N., Debeaujon |., Jond C., Stewart A.J., Jenkins G.1., Caboche M., and L epiniec
L. (2002). The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS
BSISTER MADS domain protein and is required for proper development and
pigmentation of the seed coat. Plant Cell 14, 2463-2479.

Newel, A.C., Shipman, P. D. and Sun, Z. (2008). Phyllotaxis: Cooperation and
competition between mechanical and biochemical processes. J.Theor. Biol. 251,
421-439.

Ori N., Cohen A.R., Etzioni A., Brand A., Yanai O., Shleizer S., Menda N., Amsellem
Z., Efroni |., Pekker |., Alvarez J.P., Blum E., Zamir D., and Eshed Y. (2007).
Regulation of LANCEOLATE by miR319 is required for compound-leaf
development in tomato. Nat. Genet. 39, 787-791.

Palatnik J.F., Allen E., Wu X., Schommer C., Schwab R., Carrington J.C., and
Weigd D. (2003). Control of leaf morphogenesis by microRNAs. Nature 425, 257-
263.

53



Palmer J.H. and Marc J. (1982). Wound-Induced Initiation of Involucral Bracts and
Florets in the Developing Sunflower Inflorescence. Plant Cell Physiol. 23, 1401-
1400.

Parenicova L., de Folter S., Kieffer M., Horner D.S, Favalli C., Busscher J., Cook
H.E., Ingram R.M., Kater M.M., Davies B., Angenent G.C., and Colombo L.
(2003). Molecular and phylogenetic analyses of the complete MADS-box
transcription factor family in Arabidopsis. new openings to the MADS world. Plant
Cell 15, 1538-1551.

Park J.H., Ishikawa Y., Yoshida R., Kanno A., and Kameya T. (2003). Expression of
AODEF, a B-functional MADS-box gene, in stamens and inner tepas of the
dioecious species Asparagus officinalis L. Plant Mol. Biol. 51, 867-875.

Pelaz S, Ditta G.S,, Baumann E., Wisman E., and Yanofsky M.F. (2000). B and C
floral organ identity functions require SEPALLATA MADS-box genes. Nature 405,
200-203.

Perez-Rodriguez M., Jaffe F.W., Butdli E., Glover B.J., and Martin C. (2005).
Development of three different cell types is associated with the activity of a specific
MYB transcription factor in the ventral petal of Antirrhinum maus flowers.
Development 132, 359-370.

Pnudli L., Abu-Abeid M., Zamir D., Nacken W., Schwarz-Sommer Z., and Lifschitz
E. (1991). The MADS box gene family in tomato: temporal expression during floral
development, conserved secondary structures and homology with homeotic genes
from Antirrhinum and Arabidopsis. Plant J. 1, 255-266.

Pnuei L., Hareven D., Broday L., Hurwitz C., and Lifschitz E. (1994). The TM5
MADS Box Gene Mediates Organ Differentiation in the Three Inner Whorls of
Tomato Flowers. Plant Cell 6, 175-186.

Portereiko M.F., Lloyd A., Steffen J.G., Punwani J.A., Otsuga D., and Drews G.N.
(2006). AGL80 is required for central cell and endosperm development in
Arabidopsis. Plant Cell 18, 1862-1872.

Poupin M .J., Federici F., Medina C., Matus J.T., Timmermann T., and Arce-
Johnson P. (2007). Isolation of the three grape sub-lineages of B-class MADS-box
TM6, PISTILLATA and APETALAS3 genes which are differentially expressed
during flower and fruit development. Gene 404, 10-24.

Prusnkiewicz P., Erasmus Y., Lane B., Harder L.D., and Coen E. (2007). Evolution
and development of inflorescence architectures. Science 316, 1452-1456.

Reinhardt, D., Pesce, E. R., Stieger, P., Mandd, T., Baltensperger, K., Bennett, M .,
Traas, J., Friml, J. and Kuhlemeier, C. (2003). Regulation of phyllotaxis by polar
auxin transport. Nature 426, 255-260.

Riechmann J.L., Krizek B.A., and Meyerowitz E.M. (1996d). Dimerization specificity
of Arabidopsis MADS domain homeotic proteins APETALALl, APETALAS,
PISTILLATA, and AGAMOUS. Proc. Natl. Acad. Sci. U. S. A. 93, 4793-4798.

Riechmann J.L., Wang M., and Meyerowitz E.M. (1996b). DNA-binding properties of
Arabidopsis MADS domain homeotic proteins APETALALl, APETALA3,
PISTILLATA and AGAMOUS. Nucleic Acids Res. 24, 3134-3141.

54



Rijpkema A.S., Royaert S., Zethof J., van der Weerden G., Gerats T., and
Vandenbussche M. (2006). Analysis of the Petunia TM6 MADS box gene reveals
functional divergence within the DEF/AP3 lineage. Plant Cell 18, 1819-1832.

Rijpkema A.S., Gerats T., and Vandenbussche M. (2007). Evolutionary complexity of
MADS complexes. Curr. Opin. Plant Biol. 10, 32-38.

Sablowski R.W. and Meyerowitz E.M. (1998). A homolog of NO APICAL MERISTEM
is an immediate target of the floral homeotic genes APETALA3/PISTILLATA. Cell
92, 93-103.

Schommer C., Palatnik J.F., Aggarwal P., Chetelat A., Cubas P., Farmer E.E., Nath
U., and Weigel D. (2008). Control of jasmonate biosynthesis and senescence by
mMiR319 targets. PLoS Biol. 6, €230.

Schwarz-Sommer Z., Huijser P., Nacken W., Saedler H., and Sommer H. (1990).
Genetic Control of Flower Development by Homeotic Genes in Antirrhinum majus.
Science 16, 931-936.

Schwarz-Sommer Z., Hue I., Huijser P., Flor P.J., Hansen R., Tetens F., L6dnnig
W.E., Saedler H., and Sommer H. (1992). Characterization of the Antirrhinum
floral homeotic MADS-box gene deficiens: evidence for DNA binding and
autoregulation of its persistent expression throughout flower development. EMBO J.
11, 251-263.

Shannon S. and M eeks-Wagner D.R. (1991). A Mutation in the Arabidopsis TFL1 Gene
Affects Inflorescence Meristem Development. Plant Cell 3, 877-892.

Shannon S. and MeeksWagner D.R. (1993). Genetic Interactions That Regulate
Inflorescence Development in Arabidopsis. Plant Cell 5, 639-655.

Shchennikova A.V., Shulga O.A., Immink R., Skryabin K.G., and Angenent G.C.
(2004). ldentification and Characterization of Four Chrysanthemum MADS-Box
Genes, Belonging to the APETALAL/FRUITFULL and SEPALLATAS Subfamilies.
Plant Physiol. 134, 1632-1641.

Sheppard L.A., Brunner A.M., Krutovskii K.V., Rottmann W.H., Skinner J.S,,
Vollmer S.S., and Strauss S.H. (2000). A DEFICIENS homolog from the dioecious
tree black cottonwood is expressed in female and male floral meristems of the two-
whorled, unisexual flowers. Plant Physiol. 124, 627-640.

Shinozuka Y., Kojima S., Shomura A., Ichimura H., Yano M., Yamamoto K., and
Sasaki T. (1999). Isolation and characterization of rice MADS box gene
homologues and their RFLP mapping. DNA Res. 6, 123-129.

Shipman, P.D. and Newell, A. C. (2005). Polygonal planforms and phyllotaxis on plants.
J. Theor. Biol. 236, 154-197.

Smith, R.S, Guyomarc'h, S.,, Mandd, T., Reinhardt, D., Kuhlemeier, C. and
Prusinkiewicz, P. (2006). A plausible model of phyllotaxis. Proc. Natl. Acad. Sci.
U. S A. 103, 1301-1306.

Soltis P.S., Soltis D.E., Kim S., Chanderbali A., and Buzgo M. (2006). Expression of
Floral Regulators in Basal Angiosperms and the Origin and Evolution of ABC-
Function In Advances in Botanical Research; Developmental Genetics of the
FlowerVol. 44, D. E. Soltis, J. H. Leebens-Mack and P. S. Soltis, eds (: Elsevier) pp.
484-506.

55



Sommer H., Beltran J.P., Huijser P., Pape H., Lonnig W.E., Saedler H., and
Schwarz-Sommer Z. (1990). Deficiens, a homeotic gene involved in the control of
flower morphogenesis in Antirrhinum majus. the protein shows homology to
transcription factors. EMBO J. 9, 605-613.

Sridhar V.V., Surendrarao A., and Liu Z. (2006). APETALAL1 and SEPALLATA3
interact with SEUSS to mediate transcription repression during flower development.
Development 133, 3159-3166.

Suzuki T., Sakurai K., Ueguchi C., and Mizuno T. (2001). Two Types of Putative
Nuclear Factors that Physically Interact with Histidine-Containing Phosphotransfer
(Hpt) Domains, Signaling Mediators in His-to-Asp Phosphorelay, in Arabidopsis
thaliana. Plant Cell Physiol. 42, 37-45.

Takeda T., Suwa Y., Suzuki M., Kitano H., Ueguchi-Tanaka M., Ashikari M.,
Matsuoka M., and Ueguchi C. (2003). The OsTB1 gene negatively regulates lateral
branching in rice. Plant J. 33, 513-520.

Tanabe Y., Hasebe M., Sekimoto H., Nishiyama T ., Kitani M., Henschel K., Munster
T., Theissen G., Nozaki H., and Ito M. (2005). Characterization of MADS-box
genes in charophycean green algae and its implication for the evolution of MADS-
box genes. Proc. Natl. Acad. Sci. U. S. A. 102, 2436-2441.

Tatematsu K., Ward S, Leyser O., Kamiya Y., and Nambara E. (2005). Identification
of cis-elements that regulate gene expression during initiation of axillary bud
outgrowth in Arabidopsis. Plant Physiol. 138, 757-766.

Tatematsu K., Nakabayashi K., Kamiya Y., and Nambara E. (2008). Transcription
factor AtTCP14 regulates embryonic growth potential during seed germination in
Arabidopsisthaliana. Plant J. 53, 42-52.

Taylor SA., Hofer J.M.I., Murfet I.C., Sallinger J.D., Singer S.R., Knox M.R., and
Ellis T.H.N. (2002). PROLIFERATING INFLORESCENCE MERISTEM, a
MADS-Box Gene That Regulates Floral Meristem Identity in Pea. Plant Physiol.
129, 1150-1159.

Theissen, G. (2001) Development of floral organ identity: Stories from the MADS house.
Curr. Opin. Plant Biol. 4, 75-85.

Theissen G. and Becker A. (2004). Gymnosperm Orthologues of Class B Floral
Homeotic Genes and Their Impact on Understanding Flower Origin. Critical
Reviews in Plant Sciences 23, 129-148.

Theissen G. and Melzer R. (2007). Molecular Mechanisms Underlying Origin and
Diversification of the Angiosperm Flower. Ann. Bot. 100, 603-619.

Theissen G. and Saedler H. (1995). MADS-box genes in plant ontogeny and phylogeny:
Haeckel's *biogenetic law’ revisited. Curr. Opin. Genetics & Development 5, 628-
639.

Theissen G. and Saedler H. (2001). Plant biology. Floral quartets. Nature 409, 469-471.

Tremousaygue D., Garnier L., Bardet C., DabosP., Herve C., and Lescure B. (2003).
Internal telomeric repeats and TCP domain' protein-binding sites co-operate to
regulate gene expression in Arabidopsis thaliana cycling cells. Plant J. 33, 957-966.

Trébner W., Ramirez L., Motte P., Hue |., Huijser P., Lonnig W.E., Saedler H.,
Sommer H., and Schwarz-Sommer Z. (1992). GLOBOSA: a homeotic gene which

56



interacts with DEFICIENS in the control of Antirrhinum floral organogenesis.
EMBO J. 11, 4693-4704.

Tsai W.C., Kuoh C.S,, Chuang M.H., Chen W.H., and Chen H.H. (2004). Four DEF-
like MADS box genes displayed distinct floral morphogenetic roles in Phalaenopsis
orchid. Plant Cell Physiol. 45, 831-844.

Tsai W.C., Pan Z.J., Hsao Y.Y., Jeng M.F., Wu T.F., Chen W.H., and Chen H.H.
(2008). Interactions of B-class complex proteins involved in tepal development in
Phalaenopsis orchid. Plant Cell Physiol. 49, 814-824.

Tsuchimoto S., van der Krol A.R., and Chua N.H. (1993). Ectopic expression of
PMADSS3 in transgenic petunia phenocopies the petunia blind mutant. Plant Cell 5,
843-853.

Uimari A., Kotilainen M., Elomaa P., Yu D., Albert V.A., and Teeri T.H. (2004).
Integration of reproductive meristem fates by a SEPALLATA-like MADS-box gene.
Proc. Natl. Acad. Sci. U. S, A. 101, 15817-15822.

van der Krol A.R., Brunelle A., Tsuchimoto S., and Chua N.H. (1993). Functional
analysis of petunia floral homeotic MADS box gene pMADSL. Genes Dev. 7, 1214-
1228.

Vandenbussche M., Theissen G., Van de Peer Y., and Gerats T. (2003). Structural
diversification and neo-functionalization during floral MADS-box gene evolution by
C-terminal frameshift mutations. Nucleic Acids Res. 31, 4401-44009.

Vandenbussche M., Zethof J., Royaert S., Weterings K., and Gerats T. (2004). The
Duplicated B-Class Heterodimer Model: Whorl-Specific Effects and Complex
Genetic Interactions in Petunia hybrida Flower Development. Plant Cell 16, 741-
754.

Wagner, A. (1999). Redundant gene functions and natural selection. Journal of
Evolutionary Biology 12, 1-16.

Wang Z., Luo Y., Li X.,, Wang L., Xu S, Yang J., Weng L., Sato S,, Tabata S,
Ambrose M., Rameau C., Feng X., Hu X., and Luo D. (2008). Genetic control of
floral zygomorphy in pea (Pisum sativum L.). Proc. Natl. Acad. Sci. U. S. A. 105,
10414-10419.

Weigel D., Alvarez J., Smyth D.R., Yanofsky M.F., and Meyerowitz E.M. (1992).
LEAFY controls floral meristem identity in Arabidopsis. Cell 69, 843-859.

Whipple C.J., Ciceri P., Padilla C.M., Ambrose B.A., Bandong S.L., and Schmidt
R.J. (2004). Conservation of B-class floral homeotic gene function between maize
and Arabidopsis. Development 131, 6083-6091.

Whipple C.J., Zanis M .J., Kellogg E.A., and Schmidt R.J. (2007). Conservation of B
class gene expression in the second whorl of a basal grass and outgroups links the
origin of lodicules and petals. Proc. Natl. Acad. Sci. U. S. A. 104, 1081-1086.

Winter K., Weiser C., Kaufmann K., Bohne A., Kirchner C., Kanno A., Saedler H.,
and Thessen G. (2002). Evolution of Class B Floral Homeotic Proteins: Obligate
Heterodimerization Originated from Homodimerization. Mol. Biol. Evol. 19, 587-
596.

XuY. TeolL.L., Zhou J., Kumar P.P., and Yu H. (2006). Floral organ identity genesin
the orchid Dendrobium crumenatum. Plant J. 46, 54-68.

57



Yadav S.R., Prasad K., and Vijayraghavan U. (2007). Divergent regulatory OsMADS2
functions control size, shape and differentiation of the highly derived rice floret
second-whorl organ. Genetics 176, 283-294.

Yamaguchi T., Lee D.Y., Miyao A., Hirochika H., An G., and Hirano H.Y. (2006).
Functional diversification of the two C-class MADS box genes OSMADS3 and
OSMADSS8 in Oryza sativa. Plant Cell 18, 15-28.

Yanofsky M.F., MaH., Bowman J.L., Drews G.N., Feldmann K.A., and Meyerowitz
E.M. (1990). The protein encoded by the Arabidopsis homeotic gene agamous
resembles transcription factors. Nature 346, 35-39.

Yu D., Kotilainen M., Pdlllanen E., Mehto M., Elomaa P., Helariutta Y., Albert V.A.,
and Teeri T.H. (1999). Organ identity genes and modified patterns of flower
development in Gerbera hybrida (Asteraceae). Plant J. 17, 51-62.

Yuan Z.,Gao S,, XueD.W., LuoD.,Li L.T.,DingS.Y., Yao X., Wilson Z.A., Qian Q.,
and Zhang D.B. (2009) RETARDED PALEA1l (REP1l) Controls Palea
Development and Floral Zygomorphy in Rice. Plant Physiol. 149, 235-244.

Zachgo S., Silva E., Motte P., Trobner W., Saedler H., and Schwarz-Sommer Z.
(1995). Functional analysis of the Antirrhinum floral homeotic DEFICIENS gene in
vivo and in vitro by using a temperature-sensitive mutant. Development 121, 2861-
2875.

Zahn L.M., Kong H., Leebens-Mack J.H., Kim S, Soltis P.S., Landherr L.L., Soltis
D.E., Depamphilis CW., and Ma H. (2005a). The evolution of the SEPALLATA
subfamily of MADS-box genes. a preangiosperm origin with multiple duplications
throughout angiosperm history. Genetics 169, 2209-2223.

Zahn L.M., LeebensMack J., DePamphilis CW., Ma H., and Theissen G. (2005b).
To B or Not to B aflower: the role of DEFICIENS and GLOBOSA orthologs in the
evolution of the angiosperms. J. Hered. 96, 225-240.

58



