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e Background The flowers of core eudicots and monocots are generally determined by the number of floral organs
they produce, and their developmental set-up tolerates little change from the bauplan once the floral primordium is
initiated. Many species outside the core eudicots and monocots are more plastic in the number of floral organs they
produce. For example, the Nymphaeales (water lilies), within the basal angiosperms, arrange their floral organs spi-
rally and show smooth transitions between floral organs, and many Ranunculales (buttercups) produce variable
numbers of stamens by adjusting the number of stamen whorls generated from a specialized ring meristem.
However, the interactions of regulatory genes governing those processes are unknown.

e Scope and Conclusions This review provides an overview of the functional analyses of floral homeotic genes car-
ried out in Ranunculales, summarizing knockdown and mutant phenotypes, and protein interactions to identify simi-
larities and differences within the Ranunculales and in comparison with core eudicots. Floral gene regulatory net-
works in Ranunculales are identified showing intensive re-wiring amongst the floral homeotic genes to allow some
degree of plasticity. The ‘fading-border’ model of floral organ identity evolution is extended by a hypothesis on
how developmental plasticity can be achieved by interdependent regulation of floral homeotic genes. One aspect of
floral plasticity may be achieved by regulation of the activity of a stamen-generating ring meristem and first ideas
on its control are presented. While the amazing conservation of the major floral organ identity programme is being
unravelled by analysing floral homeotic gene function and expression, we are only just beginning to understand the
evolution of the gene network governing the organ identity genes, e.g. how plasticity can be achieved, and which
aspects foster the robustness of the core eudicot floral bauplan.
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A primer on the evolution of labile and fixed floral traits between
species

Angiosperms produce flowers of amazing diversity in terms of
colour, size, shape and merosity. By observing and comparing
well-known flowers growing in many gardens and fields, e.g.
lily (Lilium marthagon), snapdragon (Antirrhinum majus),
poppy (Meconopsis horridula), wheat (Triticum aestivum),
water lily (Nymphaea colorata) and roses (Rosa sp.) (Fig. 1)
one can already obtain a glimpse of the floral diversity that has
evolved since the time of angiosperm origin in the Early
Cretaceous. Despite the enormous differences in appearance,
all these flowers follow the same blueprint of floral organ type
and arrangement, with only a few notable exceptions. Four
types of floral organs, the sepals, petals, stamens and carpels,
are arranged spirally or in whorls with sepals on the outside
safeguarding the more delicate inner floral organs. Next come
the petals, which play a major role in the attraction of pollina-
tors, further inward the stamens and innermost the carpels. The
array of flowers in Fig. 1 includes a range of only distantly
related species such as basal angiosperms (water lily) monocots
(lily and wheat), core eudicots (snapdragon and rose) and a
basal eudicot (poppy). These six species also produce flowers

distinct in their planes of symmetry: zygomorphic flowers
(wheat and snapdragon) and radially symmetric flowers (lily,
rose and poppy), and also flowers with labile (water lily, rose,
and poppy) versus fixed number of floral organs (lily, wheat
and snapdragon). This short excursion into fields and gardens
indicates that several floral traits have evolved multiple times
independently during the evolution of flowering plants and may
occur convergently in very divergent groups of plants.
Whenever evolutionary changes lead to different morpholo-
gies, they are enabled by the patterning and morphogenesis
potential of the species’ genetics. However, these changes are
constricted by ecological limitations and functional constraints,
which serve as ‘stabilizing’ forces (Endress, 2011). However,
in some directions, more flexibility for change is apparent; for
example, organ size or floral symmetry seem overly flexible
(e.g. in the Ranunculales alone monosymmetric corollas
evolved three times independently; Damerval and Nadot,
2007). In contrast, other traits barely change over time, such as
thecal anther and ovule organization, such that the ancestral
state of bitegmic (surrounded by two integuments) ovules and a
thick nucellus (crassinucellar) has been maintained in the ANA
grade plants, magnoliids, most monocots, basal eudicots and
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TaBLE 1. Evolutionary stability versus lability in early-branching (ANA grade) angiosperms versus derived angiosperms (core eudi-
cots and monocots)

Evolutionarily stable early-branching angiosperm groups Evolutionarily labile in derived groups Reference(s)

Polysymmetric flowers Polysymmetric, mono- and asymmetric flowers Endress (2001)

Unfused floral organs Fusion and non-fusion of organs Endress (2010b)

Few pollination syndromes (only insects) Large number of diverse pollination syndromes Endress (2010b)
(insects plus birds, bats and other mammals)

Flower colour limited to yellowish and white Flower colour includes red and blue Endress (2010b)

Protogynous flowers Protogynous and protandrous flowers Endress (2010b)

Evolutionary labile in early-branching groups
Phyllotaxy whorled or spiral

Anther dehiscence longitudinal, flaps, H-shaped
Floral organ number variable

Ovule curvature and integument thickness

Evolutionary stable in derived groups
Phyllotaxy whorled in monocots and core eudicots
Anther dehiscence only longitudinal
3-merous in monocots, 4- and 5-merous in core eudicots
Orthotropous ovule curvature (vs. various types of
curvature in more basal lineages) and stable integument thickness

Endress and Hufford (1989)

Endress and Hufford (1989)

Endress and Hufford (1989)

Endress and Igersheim (2000),
Endress (2010a)

Fic. 1. Photos of flowers from plants of diverse orders with a simplified phylogeny above, sketching their relationships. From left to right: Nymphaea colorata (water
lily, basal angiosperms); Lilium marthagon (lily, monocot); Triticum aestivum (bread wheat, monocot); Meconopsis horridula (prickly blue poppy, basal eudicot);
Antirrhinum majus (snapdragon, fabid); Rosa sp. (rose, malvid).

most core eudicots (Endress, 2011). However, the molecular
networks allowing vs. restraining flexibility in flower morphol-
ogy within and between species are unknown.

Within angiosperms, major evolutionary trends are clear
when major plant groups are compared (Table 1), but only a
few of them can be tracked genetically, as the molecular mech-
anisms resulting in morphological changes are, to a large
extent, unknown.

This review focuses on the molecular regulation of flower
development in the early branching eudicot order
Ranunculales. This plant group is of particular interest not only
for its phylogenetic position but also for its striking diversity of
floral architecture. The Ranunculales are characterized by
diversity in the number of floral organs and phyllotaxy, includ-
ing species with open and others with a closed ground plan,
wind-pollinated and animal-pollinated species, and include spe-
cies that developed novel organs such as nectar spurs and stami-
nodia (Endress, 1999; Ronse De Craene et al., 2003; Kramer
et al., 2007; Damerval and Nadot, 2007; Soza et al., 2012). The
Ranunculales consist of seven families (Fig. 2): the earliest
diverging lineage is that of the monogeneric family
Eupteleaceae; the Papaveraceae (including Eschscholzia cali-
fornica and Papaver somniferum) are the second-diverging
clade and are sister to the core Ranunculales. These comprise
the two sister families Ciceaeasteraceae and Lardizabalaceae,
the Menispermaceae and the two sister families Berberidaceae

(including Epimedium) and Ranunculaceae (including the
genera Aquilegia and Thalictrum) (Wang et al., 2009).

A primer on plasticity

Observing and categorizing morphologies in phylogeneti-
cally informative species provides the base for generalizing
evolutionary trends on a grander scale (Table 1, Fig. 1). This
section focuses on within-species variation of development
resulting in different morphologies. Phenotypic plasticity is
defined as a condition-dependent form of development allow-
ing an organism to transform morphological traits in response
to changes in environmental conditions (Debat and David,
2001). In animals, phenotypic plasticity has been described in
many classical examples, such as altered gill structure in fish as
a response to changes in oxygen level, salinity or temperature
(Sollid and Nilsson, 2006). In plants, an obvious case of pheno-
typic plasticity is skotomorphogenesis of seedlings that grow in
near-darkness, and the responsible molecular mechanisms have
been elucidated (for a review, see Alabadi and Blazquez,
2009). An intricate network including multiple photoreceptors,
phytohormones and transcription factors is involved in the regu-
lation of morphological alterations, such as hypocotyl, petiole
and stem elongation, arrest of leaf growth and branching, and
promotion of flowering to enable the shade-avoidance growth



Becker — Regulatory networks in floral robustness

Ranunculaceae (Aquilegia,
Thalictrum)

Berberidaceae

Menispermaceae

sefe|nounuey 8109

Lardizabalaceae

Circaeasteraceae

Papaveraceae (Papaver,
Eschscholzia)

Eupteleaceae

Outgroup

Fic. 2. Simplified phylogeny of the Ranunculales with species mentioned here
indicated in parentheses. The phylogeny is based on Wang ez al. (2009).

mode of plants (for a review, see Alabadi and Blazquez, 2009).
However, this is an extraordinary case of plasticity, as generally
the genetic base of plasticity in plants is unknown.

Developmental plasticity of flowers is more difficult to link
to changes in the environment. For example, variation of floral
organ numbers has been identified in many taxa, especially in
non-core eudicots, such as Ranunculales, and in the core eudi-
cots Caryophyllales, and Oleaceae (Ren et al., 2010; Kitazawa
and Fujimoto, 2014), but their ecological significance and
molecular regulation remain unclear.

Within the early-diverging eudicots, intra-individual varia-
tion was identified in Gunneraceae flowers along the inflores-
cence axis with various degrees of stamen and petal reduction,
with bisexual flowers bearing a perianth being the ancestral
condition (Gonzalez and Bello, 2009). Also, instabilities in the
number of perianth parts, observed in a few Ranunculales spe-
cies, such as Anemonella, Trautvetteria, Adonis, Cimicifuga
and Ranunculus, is a form of phenotypic plasticity that evolved
at least four times independently (Damerval and Nadot, 2007).

Floral homeotic genes in basal eudicots — California poppy as a
reference system: (I) the participating genes and their expression

In the core eudicot model species Arabidopsis thaliana (thale
cress, Brassicaceae), observation and analysis of floral home-
otic mutants led to the classical ‘ABC’ model of flower devel-
opment which explains how the combinatorial action of genes
results in floral organ specification. The A function alone speci-
fies sepal organ identity, A together with the B function speci-
fies petal organ identity, B together with the C function
specifies stamen organ identity and C alone specifies carpel
identity. APETALAI (API) and APETALA2 (AP2) are required
for the A function, PISTILLATA [PI, the orthologue of
GLOBOSA (GLO) of A. majus] and APETALA3 [AP3, the
orthologue of DEFICIENS (DEF) of A. majus] for the B func-
tion and AGAMOUS (AG) for the C function. AP1, PI, AP3
and AG are MADS-box transcription factors, and AP2 is an
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AP2/EREB family transcription factor (for a recent review, see
Irish, 2010, and the references cited therein). Four
SEPALLATAI-4 (SEPI-4) genes, also MADS-box gene family
members, act together with the other MADS-box genes and
their products form higher order complexes which specify
organ identity (Theissen and Saedler, 2001). MADS-box pro-
teins bind to DNA with their MADS domains and require the K
(for keratin-like) domain which forms three amphipatic helices
(K1, K2, and K3) for dimeric interaction and the C domain for
forming higher order complexes selectively (Jack, 2001; Lange
etal., 2013).

California poppy (E. californica) is a member of the
Papaveraceae, an early-diverging lineage within the
Ranunculales (Fig. 2) and an emerging model plant, not only
for evo-devo studies, but also for research on the biosynthesis
and regulation of alkaloid metabolism and invasive plants
(Schiitz et al., 2014; Anic et al., 2015). Virus-induced-gene-
silencing (VIGS) has been used as the method of choice in sev-
eral studies to knock-down individual genes and observe the
resulting phenotype mainly in flowers (Wege et al., 2007,
Orashakova et al., 2009; Yellina et al., 2010; Pabén-Mora
et al., 2012; Tekleyohans et al., 2013; Lange et al., 2013;
Stammler et al., 2013; Fourquin and Ferrandiz, 2014). Taking
these studies together, they provide a comparatively detailed
picture of the molecular control of flower development in this
basal eudicot, which differs in several important aspects from
what is known in Arabidopsis, possibly allowing more flexibil-
ity in floral architecture.

The Ranunculales lineage leading to E. californica experi-
enced a genome duplication independent of that from
Arabidopsis (Cui et al., 2006) and another one was detected in
Aquilegia formosa (Vanneste et al., 2014) resulting in gene
numbers for different developmental gene lineages that deviate
from those of Arabidopsis. However, it remains unclear if the
two Ranunculales genome duplications occurred in the ancestor
of all Ranunculales or are lineage specific. As many MADS-
box genes of diverse Ranunculales have been characterized,
this section is mainly limited to E. californica genes. Figure 3
and Table 2 provide overviews on phylogeny and expression
patterns of additional Ranuculales MADS box genes.

Two homologues of the Arabidopsis C function gene AG,
EScaAG1 and EScaAG2, are present in E. californica (Fig. 2A)
as well as three genes (EcDEF1, EcDEF2, EcDEF3) that are
homologous to the B function gene AP3 of Arabidopsis, and
SEIRENE (SEI) is the orthologue of PI from Arabidopsis (Fig.
2B; Zahn et al., 2006; Yellina et al., 2010; Lange et al., 2013).

EScaAGI and EScaAG2 (Fig. 2A) are mainly expressed in
reproductive organs and are most strongly expressed in carpels,
fruits and developing buds. EScaAG2 shows its strongest
expression in stamens and in the carpels, young fruits and
developing buds. It is expressed 40-80 % lower than EScaAG1,
suggesting notable differences in the cis-regulatory elements of
the two genes. Simultaneous in situ hybridization for EScaAG1
and EScaAG2, which are highly similar in sequence, shows that
their expression is restricted to the reproductive organs in
developing flowers from their inception and during develop-
ment. Within the gynoecium, expression remains restricted to
the developing ovules. Interestingly, the EScaAG paralogues
are not uniformly expressed throughout the multiple stamen
whorls of E. californica; rather, their expression in the inner
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Fic. 3. Simplified phylogenies of the AP//FUL (A), AP3/GLO (B) and AG (C) subfamilies of MADS-box genes emphasizing the Ranunculales sequences for which
functional analyses have been carried out. The phylogeny is based on Litt and Kramer (2010), Pabon-Mora et al. (2012, 2013a), Lange et al. (2013), and Galimba
and Di Stilio (2015).

stamen whorls is stronger than in the outer stamen whorls
(Yellina et al., 2010; Lange et al., 2013). This expression dif-
ference between AG paralogues in terms of transcript abun-
dance, and lower expression of one of the paralogues in outer
stamens was also observed in Aquilegia coerulea (Sharma and
Kramer, 2013), but as the two respective genes are not ortho-
logues, this feature of the expression pattern may have arisen
independently in the two lineages. Alternatively, the ancestor of
Ranunculales may have already had differential C gene expres-
sion across the stamen primordia and this may have been lost in
some lineages.

The E. californica B genes (Fig. 2B) are expressed, as
expected, in petals and stamens of flowers at anthesis, but also
in this class of MADS-box genes differential expression
between the genes is observed. While EScaDEF] is hardly
expressed in petals and stamens at anthesis, EScaDEF3 is most
strongly expressed there. In developing buds before anthesis,
EscaDEF2 shows low expression levels. The GLO-like gene
SEIRENE (SEI) is expressed at roughly uniform levels during

bud development and is also found in petals and stamens of
flowers at anthesis (Lange et al., 2013).

To identify homologues to the most likely Brassicaceae-
specific A function genes, a closer look into the phylogeny of
the APETALAI/FRUITFUL (AP1/FUL) lineage of eudicots is
necessary (Fig. 2C): in core eudicots, three gene subclades are
present, one including AP/ of Arabidopsis, another one includ-
ing AGL79 and the third one including FUL. However, these
gene clades appear to have arisen in two gene duplications
shortly before the origin of the core eudicots (Shan et al.,
2007). In basal eudicots, a single FUL/AP1/AGL79-like gene,
which is equally distant to all three FUL clades, was duplicated
and gave rise to the lineage leading to EscaFLI and EscaFL2
(Shan et al., 2007; Pabon-Mora et al., 2012, 2013a).

Expression of the two FUL-like genes is rather uniform
throughout flower development and in all floral organs, fruits
and leaves, except that EScaFLI is expressed at a lower level in
petals throughout development. Higher spatial resolution pro-
vided by in situ hybridization shows that EScaFLl and
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TABLE 2. Simplified overview of the expression patterns of Ranunculales GLO- and DEF-like genes, after Kramer et al. (2007), Di
Stilio et al. (2005), Drea et al. (2007), Gongalves et al. (2013 ), Sharma and Kramer (2013), Larue et al. (2013) and Lange et al. (2013)

Subclade Species Gene name Sepals Petals Stamen Staminodia Carpels/ovules
GLO E. californica SEI XX XX n.a.
P. somniferum PapsPI1 X X n.a.
PapsPI2 X XX XX n.a. X
A. coerulea AqPI XX XX XX X
T. thalictroides ThdPI-1 n.a. X n.a. X
ThdPI-2 n.a. X n.a. X
N. damascena NdPI XX XX XX n.a.
DEF E. californica EScaDEF1 X X n.a.
EScaDEF2 XX XX n.a.
EScaDEF3 XX XX n.a.
P. somniferum PapsAP3-1 X XX XX n.a.
PapsAP3-2 X XX XX n.a. X
A. coerulea AgAP3-1 X X X XX
AgAP3-2 X X XX XX
AgAP3-3 X XX X X
T. thalictroides ThdAP3-1 n.a. X n.a. X
ThdAP3-2a X n.a X n.a. X
ThdAP3-2b X n.a. X n.a.
ThdAP3-3 n.a. X n.a. X
N. damascena NdAP3-1 X XX n.a.
NdAP3-2 X X XX n.a. X
NdAP3-3 XXX n.a.

XX, strong expression; X, weak expression; Papaveraceae genes are in light grey; Ranunculaceae genes are in dark grey; n.a., absent organ type.

EScaFL2 have essentially the same expression in all floral
organs during early flower development, but expression in
sepals and petals decreases in later stages. However, expression
remains strong in stamens and gynoecium (Pabon-Mora et al.,
2012).

Only one FUL-like gene, EsFUL was identified in
Epimedium sagittatum and it was shown to be expressed in all
floral organs but most strongly in sepals at anthesis and in pet-
als and carpels before anthesis (Sun et al., 2014).

The partially redundantly acting E-function MADS-box
genes SEPALLATAI-4 of Arabidopsis are also the product of
lineage-specific gene duplications and thus the number of SEP-
like genes in E. californica is different. The SEP-like genes
duplicated and gave rise to two gene lineages: one includes the
Arabidopsis SEP3 (formerly known as AGL9) and the other
includes SEPI, 2 and 4 (formerly known as AGL2, 3 and 4). In
basal eudicots, this duplication resulted in two genes, one for
each lineage, and in E. californica these are called EScaAGL9
(hereafter EScaSEP3) and EScaAGL2. The gene lineage lead-
ing to EScaAGL2 and SEP1, SEP2 and SEP4 duplicated at least
twice after the lineage leading to E. californica separated from
the lineage leading to Arabidopsis (Zahn et al., 2005). Thus,
EScaSEP3 is the orthologue of SEP3 and EScaAGL2 is the
homologue of and equally distant to the genes SEPI, SEP2 and
SEP4 of Arabidopsis (Zahn et al., 2005).

EScaSEP3 is expressed throughout bud development with
higher expression in later stages and its expression can be
observed throughout petal, stamen and carpel development
(Zahn et al., 2005; Lange et al., 2013), but expression data for
EScaAGL2 are lacking.

Expression of SEP-like genes was also analysed in E. sagit-
tatum (Sun et al., 2014). Two SEP-like genes, ESAGL2-1 and
EsAGL2-2, were identified whose floral organ-specific expres-
sion patterns deviate from one another. While EsAGL2-1 is

expressed mainly in the petals and in pre-anthesis carpels,
EsAGL2-2 is expressed in all floral organs, but more strongly
before than at anthesis (Sun ez al., 2014).

Based on the expression patterns and duplication history of
the MADS-box genes described here, extensive sub- and neo-
functionalization can be suggested. A broader analysis compar-
ing Ranunculales genes with each other and in part with model
core eudicot genes will be attempted in the following sections.

Floral homeotic genes in basal eudicots — Ranunculales as a
reference system: protein interactions

Protein interaction analyses are important tools to elucidate
the putative composition of floral homeotic transcription factor
complexes. In Ranunculales, these analyses indicate important
differences in the composition of floral homeotic complexes
between core and basal eudicots, which is in part due to the fact
that lineage-specific gene duplication events lead to gene pairs
that may have undergone sub- and neofunctionalization.

Interactions between putative floral homeotic proteins of E.
californica have been analysed with Y2H and bifluororescence
complementation (BiFC), and, for some interactions also with
electrophoretic mobility shift assays (EMSAs) (Lange et al.,
2013; Table 3). Homodimers of B, C and E class proteins were
detected for EScaDEF1, EScaDEF2, EScaDEF3, and SEI, but
only the SEI homodimer was shown to bind to CArG boxes.
EScaAG1 and EScaAG2 also formed homodimers, but only
EScaAG1 homodimers showed CArG box binding. EcSEP3
does not form homodimers in the absence of CArG boxes, but
in their presence it does.

Heterodimers including B class proteins are formed more
promiscuously than in Arabidopsis, where AP3 and PI form
heterodimers but neither of them dimerizes with other MADS-
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TaBLE 3. Dimeric protein interaction of class B floral homoeotic proteins of Papaveraceae

Subclade Species Protein name Interacting proteins

GLO E. californica SEI SEI*, EScaDEF1*, EScDEF2*, EScaDEF3

DEF E. californica EScaDEF1 SET*, EScaDEF1, EScaDEF3, EScaAG1, EScaAG2, EScaSEP3
EScaDEF2 SEI*, EScaDEF2, EScaDEF3, EScaAG1, EScaAG2, EScaSEP3
EScaDEF3 SEI*, EScaDEF3

GLO P. somniferum PapsAP3-1 PapsPI-1
PapsAP3-2 PapsPI-1

DEF P. somniferum PapsPI-1 PapsAP3-1, PapsAP3-2
PapsPI-2

Asterisks denote CArG-box binding of the protein dimer (which was tested for only a few combinations).

box proteins (Table 3). SEI dimerizes with all three DEF-like
proteins, but not with EScaSEP3. EscaDEF1 dimerizes with
EScaDEF2, EScaAG1, EScaAG2 and EScSEP3. EScaDEF2
dimerizes with EScaDEF3, EScaAGl, EScaAG2 and
EScaSEP3, and EScaAGl1 interacts with SEP3. Of these hetero-
dimers, only a few were tested for DNA interactions, and the
SEI-EScaDEF1 and SEI-EScaDEF2 dimers were able to bind
to CArG boxes in a sequence-specific manner.

B protein interactions were tested for other Papaverales spe-
cies as well (Table 3): in P. somniferum there are two GLO-like
and two DEF-like proteins and both, PapsAP3-1 (the ortho-
logue of EScaDEF1) and PapsAP3-2, are able to dimerize with
PapsPI-1 but not with PapsPI-2. However, these proteins do not
homodimerize in the Y2H system (Drea et al., 2007).
Furthermore, as PapsPI-2 does not even homodimerize, its
interaction partners remain unclear. PapsPI-1 and PapsPI-2 are
paralogous genes and equally distant to SEI, suggesting that at
least for PapsPI-2, changes to the protein sequence occurred
after the gene duplication that led to this inability to dimerize.
However, these results show that the homodimerization
capacity of the E. californica GLO- and DEF-like proteins is
not conserved throughout the Papaveraceae and may be
restricted to the more basal Papaverales such as E. californica.

In Aquilegia vulgaris, all three AP3 homologues are able to
form heterodimers with the PI orthologues. However, neither
the AP3 homologues nor the PI homologue is able to form
homodimers and the AP3 homologues are unable to form heter-
odimers among each other (Kramer et al., 2007).

Dimeric and trimeric protein interactions were also tested for
E. sagittatum proteins showing that EsAG interacts with
EsAGL2-1, but not with ESAGL2-2. Also, ESAGL2-1 and
ESAGL2-2 are both able to form homodimers and heterodimers
with each other. Interactions with DEF- and GLO-like proteins
were not tested (Sun et al., 2014). However, higher-order com-
plexes consisting of EsFUL-EsAP3-2-EsPI and EsAGL2-
EsAP3-2-EsPI were shown to form in Yeast Three-Hybrid
experiments (Sun et al., 2014).

Trimeric interactions in E. californica were tested by yeast
three-hybrid (Y3H) and trifluorescence complementation
(TriFC) analyses. In both techniques two non-dimerizing
tagged proteins and a third, untagged (silent) protein are used.
Complexes SEI and EScaAG1 can be formed with EScaDEF2
and EScaDEF3, but not with EScaDEF1. SEI-EScaDEF1-
EScaSEP3 and SEI-EScaDEF3-EScaSEP3 can be formed, but
not in all combinations, but SEI-EScaDEF2-EScaSEP3 multi-
merize in all possible TriFC combinations. Complexes

including B, C and E proteins that were formed were SEI-
EScaAGl1-EscaSEP3, DEF1-EScaAGl1-EscaSEP3, DEF2-
EScaAG1-EScaSEP3 and EScaDEF2-EScaAG2-EScaSEP3
and it was shown that the C-terminal domain of SEI is required
for the selectivity of the multimeric complexes (Lange et al.,
2013).

These protein interaction analyses show the large number of
protein combinations that may form in E. californica plants.
Apparently, class B floral homeotic proteins in E. californica
are able to form heterodimers with AG orthologues, yet it
remains unclear if these dimers also bind to CArG boxes.
Interestingly, EScaSEP3 is unable to bind to either of the two
AG homologues in Y2H experiments but is able to form homo-
dimers in the presence of CArG boxes in the EMSA analysis.
However, the SEP3-like protein of Thalictrum thalictroides
dimerizes with the AG homologues (Galimba et al., 2012),
indicating that the inability to form EScaSEP3-EScaAGl1 or -2
dimers seems to be E. californica-specific. However, experi-
mental evidence for interaction of putative B and E proteins of
Amborella trichopoda, the most basal angiosperm, shows that
dimeric interactions form between the SEP3 orthologue and
orthologues of each of AP3, PI and AG (Melzer et al., 2014).
This may indicate that earlier in angiosperm evolution AP3-
and PI-like proteins not only formed heterodimers with each
other but may also have directly interacted with SEP3 ortho-
logues. Although this capacity was lost in the lineage leading to
Arabidopsis where the AP3-PI dimer can interact with the
SEP3 dimer, but neither AP3 nor PI can heterodimerize with
SEP3 (Melzer and Theissen, 2009), it remained intact within
the Ranunculales.

Floral homeotic genes in basal eudicots — Ranunculales as a
reference system: (I) knock-down phenotypes

An analysis of knock-down and knock-out mutants of puta-
tive A, B and C floral homeotic genes in Ranunculales was car-
ried out in only a few species. Among these are the two
Papaveraceae species P. somniferum and E. californica, and the
Ranunculaceae A. vulgaris, A. coerulea and T. thalictroides
(Drea et al., 2007; Kramer et al., 2007; Yellina et al., 2010;
Galimba et al., 2012; Lange et al., 2013; Larue et al., 2013).

FUL knock-down in Ranunculales. The function of the P. somni-
ferum, E. californica and A. coerulea homologues of the
Arabidopsis genes FUL, AGL79, CAL and API, for simplicity
termed FUL-homologues, was analysed by VIGS, a technique
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to transiently knock-down target genes by utilizing the cellular
machinery to break down viral RNAs (Becker and Lange,
2010). In both the Papaveraceae and the Ranunculaceae species
a paralogous gene pair exists (Pabon-Mora et al., 2012, 2013b)
and here I focus on the simultaneous knock-down of these two
genes. In the Papaveraceae species, the plants with FUL homo-
logue knock-down show a phenotype in both vegetative and
reproductive organs in agreement with FUL homologue expres-
sion in these organ types. Knocking-down the P. somniferum
FUL homologues resulted in a prolonged vegetative phase and
misshaped cauline leaves. Untreated plants generally develop a
single, terminal flower, but downregulation of the FUL homo-
logs resulted in outgrowth of axillary buds leading to secondary
flowers. Also, the sepals of VIGS plants have a leaf-like shape
and epidermal structure. Carpels elongate asymmetrically and
rupture prematurely, and the fruits show patterning defects with
respect to lignification and placentation. The most striking phe-
notype of FUL homologue downregulation is the partial home-
otic conversion of petals into stretches with carpel-like
epidermis. However, this is not accompanied by an upregula-
tion of the otherwise weakly expressed AG homologues in the
petals, suggesting that FUL homologues do not repress AG
homologue expression in P. somniferum (Pabon-Mora et al.,
2012). Moreover, the phenotype of partial homeotic conversion
into carpel-like organs was limited to only the outer petal
whorls, suggesting that the inner and outer petals may be under
at least slightly different genetic control, possibly including dif-
ferent responses to gene dosages.

The phenotype of E. californica plants treated with FUL-
homologue VIGS was in part similar to what was observed in
P. somniferum (Pabon-Mora et al., 2012): increased branching,
partial transformation of sepals into leaves and patterning
defects in the fruits resulting in premature rupture. However,
the FUL homologue VIGS plants do not show differences in
leaf shape, and organ identity defects of petals, stamens or car-
pels were not observed.

Interestingly, the knock-down of the two FUL-like genes of
A. coerulea did not affect flower development, such as meris-
tem identity, organ identity or fruit development. Instead,
inflorescence height, flower number, axillary meristem activity
and, most notably, leaf morphology was modified in the FUL—
VIGS-treated plants, suggesting an extension of function
towards the regulation of vegetative development in
Ranuculaceae (Pabon-Mora er al., 2013b).

These results again raise the central question of the origin
and evolution of A-function as we know it from Arabidopsis.
Do the FUL-homologues of the common ancestor of
Papaveraceae and Brassicaceae have the ability to repress
carpel identity genes, which, in the case of Brassicaceae are
AG-orthologues and in the case of Papaveraceae these carpel
identity genes may be different from or additional to AG-
orthologues? And if not the FUL-like genes, which factors con-
fine C expression to whorls 3 and 4?

B gene knock-down in Ranunculales. Observation of class B flo-
ral homeotic mutants and VIGS knock-down lines have demon-
strated that class B floral homeotic genes of basal eudicots
carry out functions rather similar to their eudicot orthologues.
However, there are important differences: gene numbers and
protein interaction behaviour are different — the Aquilegia B
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class genes specify a novel floral organ type and in E. californ-
ica B class genes are apparently required for regulation of
C-function genes (Kramer et al., 2007; Lange et al., 2013). It is
thus worthwhile analysing the phenotypes of B class knock-
downs more closely.

Aquilegia vulgaris flowers are special with respect to their
organ types. First, the sepals have a petal-like appearance as
they are coloured and display conical cells on their adaxial sur-
face, which is typical for petals. Secondly, the flowers contain
an extra organ type, called staminodium, between the stamen
and the gynoecium whorl (Kramer er al., 2007). These
staminodia generally adopt pollination-related functions
(Walker-Larsen and Harder, 2000), originate from stamens and,
consequently, DEF, GLO and AG homologues are expressed in
staminodia (Kramer ez al., 2007; Sharma and Kramer, 2013).

Interestingly, none of the B class genes is involved in speci-
fying organ identity of the petal-like sepals, but may play a role
later in their development when anthocyanin is accumulated
and the papillate cell types differentiate. Silencing of AgvuPI,
the only GLO homologue in A. vulgaris, resulted in homeotic
conversions of staminodia and stamens into similarly looking
carpeloid organs, which fused only partially, and the second
whorl petals were converted into sepals (Kramer et al., 2007).

More differentiated phenotypes were observed when the
DEF paralogues of A. coerulea were silenced by VIGS:
AqAP3-1 VIGS treatment affected staminodia and innermost
stamens that were transformed into carpel-like structures, some-
times even bearing ovules. In contrast, AgAP3-2 silencing
strictly affected the stamen whorl, in which stamens were not
converted into carpels but instead failed to produce anthers, and
developed into stunted filaments. AGAP3-1 and AgAP3-2 seem
to be partially redundant, as both staminodia and stamens were
fully converted into carpel-like organs which even differenti-
ated into style- and ovule-bearing ovaries in double knock-
down plants. Also, unlike in the single knock-down lines, petal
development was affected (Sharma and Kramer, 2013).
Silencing of the petal-specific expressed gene AgAP3-3 conse-
quently resulted in at least partial conversion of petals into
sepal-like structures (Sharma and Kramer, 2013). Indeed, the
examined AP3-3-like genes of diverse Ranunculales are all
expressed in a petal-specific manner and the loss of AP3-3-like
genes results in loss of petals (Zhang et al., 2013).

One example of the loss of an AP3-3-like gene was studied
in more detail in a naturally occurring homoeotic mutant of
Nigella damascena (Gongalves et al., 2013). This mutant shows
a replacement of petals by several sepal-like and chimeric
sepal/stamen-like organs. Interestingly, this mutant shows that
the AP3-3-like gene whose loss is causative for this phenotype
has a function not only in floral organ identity but also in regu-
lating perianth organ number and is in addition required for ini-
tiating and maintaining the boundary between petal and stamen
organ identity (Gongalves et al., 2013).

The genus Thalictrum encompasses species with monoecius
and dioecius flowers. Thalictrum dioicum develops male and
female plants which develop unisexually from inception (Di
Stilio et al., 2005). When, in the male plants, any of the two
GLO paralogues are silenced, a female flower is formed instead
of a male one. In the hermaphroditic species Thalictrum thalic-
troides, the stamens were converted to carpels while other floral
organs remained largely unaffected. These results suggest that
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the B class gene-based homeosis may account for the change in
sexual systems in Thalictrum (Larue et al., 2013).

Papaver  somniferum encodes two DEF-like genes
(PapsAP3-1 and PapsAP3-2) and two GLO-like genes
(PapsPI-1 and PapsPI-2). When the four genes are down-
regulated by VIGS, subfunctionalization is evident with distinct
phenotypes observed for each silenced gene (Drea et al., 2007).
PapsAP3-1 is involved in specifying petal organ identity and
has a minor role in conferring stamen identity, and PapsAP3-2
is crucial for specifying stamen organ identity but is of no rele-
vance for petal identity. PapsPI-1 is essential for specifying
petal and stamen identity and PapsPI-2 is as well, but to a
lesser extent (Drea et al., 2007).

Seirena (sei), a class B floral homeotic mutant, was identified
in E. californica from a fast neutron-irradiated mutant popula-
tion (Lange et al., 2013). The affected gene is the only GLO-
like gene encoded in the E. californica genome and a large
insertion in the last exon was identified as the causal mutation.
This leads to changes in the protein sequence of the C-terminal
domain and a premature stop codon, resulting in absence of the
conserved PI-motif. The sei mutant shows homeotic conver-
sions of petals into sepals and stamens into single, unfused
carpels and, for the outer stamen whorls, also conversions
into sepal—carpel-like structures. The three DEF-like genes in
E. californica have not been analysed functionally so far but
subfunctionalization can be hypothesized, as expression analy-
sis of floral organs at anthesis shows qualitative and quantita-
tive differences between these genes (Lange ez al., 2013).

Ranunculales B function genes have experienced a plethora
of lineage-specific duplication events, resulting in, for example,
two DEF- and two GLO-like genes in P. somniferum or three
DEF- and one GLO-like gene in Aquilegia. The DEF genes of
P. somniferum are a good example of subfunctionalization as
they may have distributed the function of the ancestral gene to
the two copies after duplication. However, the GLO-like genes
demonstrate how one gene (PapsPI-1) takes over the function
of the ancestral gene, while the other one may be prone to non-
functionalization. Finally, the GLO-like gene of A. vulgaris is
involved in specifying organ identity of staminodia, novel
organs most likely not found in the common ancestor of
Ranunculales, suggesting that this gene underwent neofunction-
alization, a process crucial for the origin of novel structures in
evolution.

Thus, the B genes of the Ranunculales may serve as an inter-
esting system to study the processes leading to sub- and neo-
functionalization after gene duplications on a molecular level.

C gene knock-down in Ranunculales. The analysis of putative
class C floral homeotic gene functions in Ranunculales has not
received as much attention as knock-down of class B genes and
only a few examples have been investigated.

In T. thalictoides, a cultivar exhibiting a double-flower phe-
notype with extra showy petaloid organs called ‘Double White’
or ‘Snowball’ was analysed in detail. Wild-type T. thalictroides
flowers lack petals and the sepals take over the function of pet-
als and differentiate into large non-photosynthetic organs.
Corroborating the concept of apetaloidy in T. thalictroides,
AP3- or Pl-like genes are not expressed in the showy sepals
until very late in their development (Larue et al., 2013). The
double-flowered mutant shows floral homeotic conversions
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reminiscent of a homeotic C mutant as the reproductive organs
are missing. However, unlike in Arabidopsis, where stamens
and carpels are converted into petals and sepals, in the T. thalic-
troides double-flower mutant, the reproductive organs are con-
verted exclusively into sepal-like structures. In addition, the
typical over-proliferation of the floral meristem was observed,
often causing an extra flower to emerge from the innermost flo-
ral whorl (Galimba et al., 2012). The double-flower phenotype
is caused by an insertion of an LTR transposon in the fourth
exon of the ThtAGI gene, causing a premature stop codon and
a cryptic splice-acceptor site. The resulting protein lacks only a
few amino acids but those are located at the end of the K1 and
between the K1 and K2 subdomains, a region important for pro-
tein dimerization. The mutated protein is unable to interact with
ThtSEP3, the T. thalictroides SEP3 orthologue, while the wild-
type ThtAGI heterodimerizes and is thus able to carry out its
function in regulating target genes (Galimba et al., 2012).

The T. thalictroides genome codes for one pair of AG
paralogues, but lacks representatives of the D-lineage MADS-
box genes, such as homologues of STK that participate in speci-
fying the identity of ovule tissue (Galimba and Di Stilio, 2015).
The two AG paralogues are also expressed differentially: in
flowers at anthesis, ThtAG1 is expressed in stamen, carpels and
ovules, but ThtAG2 expression is lacking in sepals and is about
three times as high as ThtAG! expression in ovules. A knock-
down of the second AG paralogue, ThtAG2, by VIGS resulted
in homeotic transformations of ovules into carpels, suggesting
that this gene has acquired the function to specify ovule identity
in T. thalictroides (Galimba and Di Stilio, 2015). These results
indicate a remarkable flexibility in shifting important gene
function between the C and D lineage of MADS-box genes.

When the two AG genes in E. californica are silenced,
stamens are converted into petals and the number of the petal-/
stamen-like organ is increased when compared to the number
of stamens of untreated plants (Yellina er al., 2010). The
gynoecia are transformed into sepal-like flat structures, but
many of these also show petal characteristics, such as orange
coloration and petal surface structure. This suggests that ectopic
B function may act in the organs formed instead of gynoecia.
Within many of these transformed gynoecia, a second flower
develops, with petals, stamens and a gynoecium, indicating that
the meristem termination of the central floral meristem is
impaired.

Interestingly, the only aspect in which the two genes differ in
their silencing phenotype is in the location of the stamens that
show conversion into petaloid organs. When EScaAGI is
silenced, the organs of the outer stamen whorls are converted to
petaloid organs, when EScaAG?2 is silenced, the stamens of the
inner whorls are converted, and when both genes are silenced
together, the outer and inner stamen whorls are converted into
petals, leaving the middle whorls more stamen-like (Yellina
et al., 2010).

In plants where the silencing is weaker, the homeotic conver-
sion of stamens into petals is not completed. However, the
number of petal-/stamen-like organs remains significantly
increased, suggesting a concentration-dependent action of
EScaAG proteins. Even when a small amount of EScaAG pro-
tein is lacking, the generation of stamen primordia is impaired,
but reproductive organ identity remains intact. At a lower
EScaAG protein concentration, reproductive organ identity also
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fails to form properly, and at an even lower concentration, B
genes become activated (Yellina et al., 2010).

Generally, the AG-like genes in Ranunculales are required
for the specification of stamen and carpel organ identity.
However, a unique a shift of functions between C and D class
lineage genes can be observed in T. thalictroides, where an AG-
like gene specifies ovule identity and the D-lineage is lost. In A.
thaliana or Oryza sativa, it is mainly the D-lineage genes that
are crucial for ovule identity with only minor involvement of
other C-lineage genes (Dreni et al., 2013). In E. californica, a
D-lineage gene is present (Zahn et al., 2006) but expression
analysis and a description of the knock-down phenotype is
lacking.

At present, the interesting phenomenon that a reduction of C
function in E. californica does not lead to a conversion of car-
pels into sepal like but rather into petal-like organs has not been
not documented for any other Ranunculales species, as T. tha-
lictroides lacks petals. Thus, it would be interesting to observe
if a reduction in C function in other Ranunculales also results in
an increase in B function in the floral centre. This would pro-
vide a hint towards a regulatory loop between B and C class
genes in Ranunculales in general or indicate if this loop is spe-
cific to E. californica.

MADSes regulate MADSes — towards understanding the
evolution of gene regulatory networks in flower development

VIGS and mutant analyses of plants outside the core eudicot
model organisms allow not only the inference of gene func-
tions, but also evaluations of the degree of conservation of
functions among orthologous genes of diverse species, and
observations on the way related genes subfunctionalize.
However, educated guesses on how gene regulatory networks
are wired require analyses of a broader spectrum of possibly
genetically connected genes in VIGS-treated plants or mutants.
This approach then can contribute to our understanding on how
genetic networks governing flower development have evolved.
Unfortunately, expression analysis without direct evidence for
cis-regulatory element binding are limited such that it cannot be
determined if the regulation of gene expression is direct or indi-
rect. The genetic interaction is described in the next paragraph
without the ability to discriminate whether they are direct or
indirect.

As observed for core eudicot B class genes, also the
P. somniferum B class genes regulate their own expression:
PapsAP3-1 and PapsAP3-2 are required for PapsPII-1 but not
PapsPI-2 expression. When the GLO orthologue of A. vulgaris
is silenced, expression of two of the three DEF-like genes,
AqvuAP3-2 and AqvuAP3-3, is reduced severely, suggesting a
function of GLO in an autoregulatory pathway. However, this
autoregulation excludes AgvuAP3-1, which in terms of expres-
sion is a rather atypical DEF homologue, as it is also expressed
in the petaloid sepals of A. vulgaris (Kramer et al., 2007). In
contrast, in A. coerulea, when AGAP3-1 or AqAP3-2 is silenced,
expression of both AG paralogues increased significantly in
staminodia to the level of carpels of untreated plants. This sug-
gests that in A. coerulea expression of the AG paralogues is
negatively regulated by AgAP3-1 and AgAP3-2 (Sharma and
Kramer, 2013).
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Expression of other putative floral homeotic genes was ana-
lysed in wild-type and sei mutant of E. californica. In the sei
mutant, expression of all three DEF-like genes was almost
completely abolished, during flower development as well as at
anthesis, suggesting that the SEI protein is part of a regulatory
complex, and probably acts in concert with any EScaDEF pro-
teins, required for activation of expression and maintenance of
expression of DEF and the GLO genes (Lange et al., 2013).

The expression of the EScaSEP3 orthologue was unchanged
in the sei mutant, but interestingly expression of one of the two
AG paralogues was significantly reduced. EScaAG2 is
expressed strongly in the inner stamen whorls but to only a
lesser extent in the outer stamen and gynoecium. This suggests
that SEI, probably together with an EScaDEF gene, is also
involved in activating expression of one of the AG paralogues
(Lange et al., 2013).

Taken together, this suggests that the autoactivation loop
shown for core eudicot DEF- and GLO-like genes was present
already in the last common ancestor of core eudicots and basal
eudicots. This also seems to be the case when gene duplications
lead to multiple copies of DEF- or GLO-like genes (Fig. 3B).
With a few notable exceptions, such as PapsPI-2 from P. som-
niferum, and AgvuAP3-1 from A. vulgaris, the autoregulation
mechanism is extended to the multiple copies suggesting that
the cis-regulatory elements driving autoregulation have been
conserved between core and basal eudicots.

Expression analysis of class C genes in E. californica shows
that, as expected, they are expressed in the reproductive organs
of the flowers and in carpels; expression of the two is about
equal. Putative B class genes are, with the exception of
EScaDEF 1, not expressed in carpels. However, when EScaAG 1
and EScaAG?2 are silenced EScaDEF?2 and SEI are expressed at
a much higher level than in mock treated plants but EScaDEF'1
shows no change in expression. In particular, the EScaDEF2
and SEI expression domain now extends into the centre of the
flower, inducing even petal-like organs in the place of gynoecia
(Yellina et al., 2010). This suggests that EScaDEF2 and SEI
are under the transcriptional control of EScaAG! and/or
EScaAG2, but EScaDEF1 is not (Yellina et al., 2010).

While the B gene autoactivation loop was shown for core
eudicots and can also be proposed for Ranunculales, tracing the
evolutionary history of additional feedback loops is more diffi-
cult due to comparatively few data in Ranunculales. Additional
regulatory loops can be proposed based mainly on knock-down
experiments of B and C class genes of E. californica: SEI,
together with at least one EScaDEF gene, activates the expres-
sion of an AG-like gene, specificially in the outer stamen
whorls. In contrast, AG-like genes repress SEI and EScaDEF
expression in the carpel whorl. Interestingly, regulation of AG-
like genes by DEF- and GLO-like genes has also been observed
in A. coerulea, albeit as repression and not, as seen in E. cali-
fornica, as activation. Thus, the regulatory dependence on B
class genes may have been maintained in the Ranunculales, but
lineage-specific activation or repression responses have
evolved.

While maintenance of AP3 expression in Arabidopsis is
dependent on AG, the presence and expression of the Petunia
hybrida B gene TM6 requires the expression of C class genes,
and expression of other B genes is independent of the C func-
tion (Goémez-Mena et al., 2005; Heijmans et al., 2012).
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However, C-function genes in core eudicots activate B gene
expression while C-function genes in E. californica repress B
function activity. Moreover, probably with the help of an
unknown cofactor active in the central floral whorl but not in the
stamen whorls, C-function genes ensure that B-function activity
is excluded from the central floral whorl. In Arabidopsis,
SUPERMAN (SUP) represses B gene expression in the fourth
whorl (Sakai er al., 1995) but orthologues of SUP were not
found in the high-coverage E. californica transcriptome data (K.
Pfannebecker, Justus-Liebig-University Gielen, Germany, pers.
comm.) and thus another, gynoecium-specific co-factor needs to
be hypothesized for B gene repression in the central floral whorl.
Taken together, results from P. hybrida, Arabidopsis and E. cali-
fornica suggest that the binding sites for AG homologues have
been maintained in basal eudicots, malvids and fabids, but the
complexes incorporating C class proteins may have changed:
from repressive in basal eudicots to activating in some, but not
all, TM6- and euAP3-like genes in core eudicots.

Increase of stamen number allows escape from constraints by
canalized architecture — some insights into the genetic regulation
of developmental flexibility

Highly organized flower morphogenesis, as found in
Arabidopsis, where the organs initiate in a fixed sequence and
are all arranged in a fixed pattern to each other leaves little
room for flexibility. Variation in stamen numbers is often found
in Ranunculales, other basal eudicots and basal angiosperms,
but to a lesser extent in core eudicots (Endress, 2006; Damerval
and Nadot, 2007). Interestingly, stamen number in the ancestral
Ranunculales was less than 10 but numerous stamens originated
at least seven times independently throughout the Ranunculales
(Damerval and Nadot, 2007), suggesting that this additional
flexibility in the floral bauplan proved successful in this plant
order. However, the ecological function of this variable stamen
number remains unclear. One aspect that has received little
attention so far is that several Ranunculales representatives do
not produce nectar, such that from the Ranunculales species
analysed by Wang et al. (2009), more than half (53 of 99) did
not develop nectar petals. For those species, pollen is the only
reward for animal-pollinated species (only few Ranunculales
species are wind pollinated; Endress, 2002). This may lead to
significant loss in pollen grains and thus lowers the total num-
ber of male gametes available for cross-fertilization (Vallejo-
Marin et al., 2009).

In several Ranunculaes, especially in the Papaveraceae, such
as E. californica, stamen primordia form centripetally from an
androecial ring meristem that surrounds the gynoecium (Becker
et al., 2005; Endress, 2011). This additional ring meristem pro-
vides a means to decouple the time of stamen initiation such
that the last stamens are initiated after the carpels are far
advanced in their development. This is caused by the ring mer-
istem delimiting early from the zone of the floral apex in late
stage 4 (Fig. 4A) and maintaining its activity throughout stage
5 and 6 (Fig. 4B and C; Endress, 2006). When the earliest
formed stamen primordia already change their shape to accom-
modate microsporangia formation, new stamen primordia are
still formed from the ring meristem (Fig. 4C). While no infor-
mation is available on the ecological reasons or the molecular
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mechanism to terminate the action of the ring meristem, analy-
sis of the E. californica transcription factors suggests that there
are quantitative and qualitative genetic differences in meristem
activity regulation between the ring meristem and the central
floral meristem.

Action of the two EScaAG genes is required for both the ring
and the central floral meristems to terminate. However, a mild
reduction in EScaAG transcripts by VIGS, not affecting organ
identity or central floral meristem activity, is already sufficient
to lead to a prolonged activity of the ring meristem, resulting in
a significant increase in the number of stamens. Only when
silencing of the EScaAG genes is strong enough to affect organ
identity does the central floral meristem fail to terminate. This
suggests a quantitative difference in the regulation of the two
meristem types, such that the termination of the ring meristem
requires a higher concentration of EScaAG proteins than the
termination of the central floral meristem and reproductive
organ identity (Yellina et al., 2010). As the B function genes
enhance EScaAG gene expression, even small stochastic
changes in B or C gene expression may thus lead to changes in
stamen number, but targeted gene regulation is equally well
conceivable.

Additional VIGS experiments support the hypothesis that the
ring and central floral meristem activities in E. californica are
regulated differently: when the YABBY transcription factor
EcCRC is down-regulated, the central floral meristem fails to
terminate and forms gynoecia within gynoecia, reminiscent of a
Russian doll, a process that is stopped only by space con-
straints. However, in EcCRC VIGS-treated plants, stamen num-
ber does not deviate from mock-treated plants, suggesting that
EcCRC is required for terminating the central floral meristem,
but has no role in ring meristem regulation (Orashakova et al.,
2009).

Silencing STM-like KNOX transcription factors resulted in a
more general phenotype: when the silencing was very success-
ful, the flower produced no stamens or carpels, probably
because the floral meristem ceases activity before the ring mer-
istem can be formed or the gynoecium initiated. In weakly
silenced plants, which started to initiate the gynoecium that
then aborted early in development, the number of stamens was
also significantly lower. This indicates that EcSTM gene activ-
ity affects both types of meristems within the E. californica
flower (Stammler et al., 2013).

The gene regulatory network controlling floral meristem
activity of Arabidopsis includes a plethora of interacting tran-
scription factors (Sun and Ito, 2015, and references therein),
and the genes shown to be involved in regulating E. californi-
ca’s meristems are orthologues of the Arabidopsis floral meris-
tem regulators. However, as with most other core eudicots,
Arabidopsis has a highly robust floral architecture, and is thus
not suitable to study aspects of stamen number variation.
However, homologues of other Arabidopsis floral meristem
regulators are probably involved in regulating the ring meristem
activity and may thus provide suitable candidates for further
investigation. As few steps have been undertaken to date to
study the molecular regulation of floral plasticity in E. californ-
ica, the interesting questions remain unanswered, for example:
what is the ecological relevance of this type of developmental
flexibility? What is the cue triggering change in ring meristem
activity? How are the two meristem types partitioned? How do



Becker — Regulatory networks in floral robustness

855

FiG. 4. The ring meristem of E. californica forming stamen primordia. (A) Bud of a late stage 4 flower in which the floral dome separates from the ring meristem

(indicated by a blurred orange line). (B) Stage 5 bud showing the continuous formation of stamen primordia while the gynoecium has already initiated. (C) Stage 6

bud showing the formation of new stamen primordia (white arrow) at the time when the early stamens already form a flat surface for microsporangia initiation. The

sepals were removed in all images, and staging was done according to Becker ez al. (2005). FD, floral dome; G, gynoecium; P, petal; RM, ring meristem; S, stamen;
SP, stamen primordium. Scale bar in A =86 um, in B =100 um, in C = 120 pm.

the surrounding organs expand to provide the space for the mul-
tiplying and expanding stamen primordia? What is the molecu-
lar difference in gene regulatory networks between the two
meristem types? Moreover, as stamen-producing ring meris-
tems have evolved several times independently, what are the
morphogenetic and molecular differences between them?

A hypothesis for the evolutionary trend from plasticity to
robustness in floral development

Basal angiosperms, the only survivors of ancient plants line-
ages, are a species-poor group of plants that represent less than
3 % of all angiosperms and include taxa such as A. trichopoda,
the water lilies (Nymphaeaceae) or star anise (//licium verum).
Although their species number is small, their diversity in floral
structure and organization is extreme (Endress, 2006; Soltis
et al., 2007). The Nymphaeaceae, as an example, develop an
undifferentiated perianth, and spiral phyllotaxy and a smooth
transition between stamens and the perianth can be observed
(Fig. 5A). Expression analysis of homologues of core eudicot
floral homeotic genes has been carried out in this and some
other basal angiosperm species and it turns out that their
domains of expression are not as clearly defined as has been
shown for Arabidopsis for example. AG homologues may be
expressed in reproductive organs but also in perianth organs
and AP3 and Pl homologues may also be expressed throughout
the flower (Kim et al., 2005; Soltis et al., 2007). The ‘fading
border’ model has been proposed which correlates the more dif-
fuse expression pattern of putative floral homeotic genes with
the gradual transitions of floral organs in basal angiosperms.
According to this model, the gradual transitions between neigh-
bouring organs results from a gradient in floral homoeotic gene
expression (Buzgo et al., 2004). This transition can be observed
between the perianth organs and the stamens in many species,
for example within the Nymphaeaceae, in which several species
and horticultural cultivars show this morphology. However,
experimental evidence for the ‘fading border’ model is, except
for MADS gene expression in early-branching angiosperms
(Kim et al., 2005), very weak.

Interestingly, a smooth transition between stamens and the
gynoecium is much rarer and although AP3- and PI-like genes
extend their domain of expression into the floral centre in basal
angiosperms they may not have a function in organ identity in
the flower centre. The presence of a highly conserved genetic
factor needs to be proposed that inhibits the expression of AP3-
and PI-like genes with a homeotic gene function from the floral
centre to ensure a clear distinction between the stamen and the
carpel whorls (Fig. 5A).

In E. californica it was observed that the B function gene
expression extends into the gynoecium whorl when the C func-
tion is silenced, suggesting that in wild-type plants, B class
gene expression is repressed, at least in part by C function in
the central part of the flower. Apparently, another gynoecium-
or floral centre-specific factor is required to act together with
the C function genes for this negative regulation as otherwise
the B class genes would also be repressed in the regions where
stamen primordia arise (Fig. 5B; Yellina et al., 2010). If this
molecular mechanism of B class gene repression were to be
found already in the most recent common ancestor of angio-
sperms, it could provide an explanation for the discrete appear-
ance of the stamen and carpel whorls in flowers of the vast
majority of plants, even those with otherwise smoothly transi-
tioning organs (Fig. SA). Possibly, only late in evolution, within
the core eudicots, SUPERMAN (SUP) homologues limit B
expression independently of the C function from expanding
into the central floral whorl to demarcate the boundary between
whorl 3 and 4. AG, PI and AP3 expression is required for SUP
expression at the stamen/carpel boundary, suggesting a feed-
back loop to maintain this demarcation (Fig. 5C; Sakai et al.,
1995; Nakagawa et al., 2004).

Another such factor may limit C function expression exten-
sion in the first and second whorl of flowers, which show a
clear morphological separation of petals and stamens, as do
most monocots, basal eudicots and core eudicots do. In A. thali-
ana, the A function genes directly and indirectly repress AG
(Gregis et al., 2006), but a classical A function is lacking in
plants outside the Brassicaceae and the genes homologous to
API and AP2 have a function in floral meristem regulation
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FiG. 5. Schematic representation of the ABCE model of flower development in angiosperm lineages and the genetic interaction of the floral homeotic genes in (A)
basal angiosperms (ANA grade) with Nymphaea colorata (Nymphaeales) as a representative, (B) basal eudicots with E. californica as a representative and (C) core
eudicots, malvids, with A. thaliana as a representative. Boxes with a light centre represent putative gene functions based solely on expression data. Boxes with a
lighter side represent changes in organ identity upon gene knock-down different from what is predicted from the ‘classical’ ABC model. Arrows indicate direct or
indirect activation based on gene expression experiments in mutants or knock-down lines. Lines ending in horizontal bars symbolize direct or indirect repression of
at least some gene function in the respective classes based on gene expression experiments in mutants or knock-down lines. Dashed lines represent hypothetical inter-
action. SUP stands for the gene SUPERMAN, which is known to repress the Arabidopsis B class genes in the fourth whorl (Sakai et al., 1995). The drawings are
based on several sources (Kim ez al., 2005; Krizek and Fletcher, 2005; Zahn et al., 2005; Yellina ez al., 2010; Pabon-Mora et al., 2012; Heijmans et al., 2012;
Galimba and Di Stilio, 2015).

(Litt, 2007). Two more genes, RABBIT EARS (RBE) and
UNUSUAL FLORAL ORGANS (UFO), promote petal develop-
ment by inhibiting AG expression in the second whorl (Fig. 5C;
Durfee et al., 2003; Krizek et al., 2006). However, a genetic
factor repressing AG function analogous to the A function
genes/RBE/UFO in Arabidopsis nonetheless needs to be postu-
lated for the non-Brassicaceae angiosperms. The regulation of
genes directing flowering has been elucidated to a large extent
for Arabidopsis, but as a core eudicot, Arabidopsis and its
Brassicaceae relatives are unsuited to serve as models for, for
example, developmental plasticity and many other morphologi-
cal traits found in diverse species outside the Brassicaceae.
Ranunculales are a morphologically diverse plant order and
lack the o and B genome and segmental duplications specific to
the lineage leading to Brassicaceae and may therefore regulate
their reproductive development with a more diverse set of genes
only loosely related to their A. thaliana homologues. They are
certainly more difficult experimental systems than Arabidopsis,
as species such as the poppies are obligate outcrossers, and the
columbines include novel organ types. However, with their
phylogenetic position as early-branching eudicots, the
Ranunculales floral developmental programme may represent a
more generally applicable system.
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