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ABSTRACT

Since the late 1980°s/early 1990’s enormous progress had been made in understanding the genetic and molecular regulation of flower
development. The genetic ABCDE model describes five classes of genes that are responsible for the specification of floral organ identity
in a combinatorial manner. The molecular quartet model advances the genetic ABCDE model by describing the presumed interactions
between floral MADS-domain proteins. Although the basic developmental program appears to be quite conserved, in non-core eudicots
modifications such as “sliding-boundary” and “fading borders” models had to be established. The genetic models proposed as yet predict
the organ quality, but do not explain how the number of organs or the spatial pattern in which organ primordia appear (e.g. spiral or
whorled) is regulated. With Apiaceae and Brassicaceae two families are presented which contrary to their uniform flower construction
show fairly diverse patterns in organ initiation. Cleomaceae, sister to Brassicaceae, are even more diverse as regards stamen number as
well as initiation patterns. The other members of the core Brassicales add further diversity to the androecial initiation pattern.
Multistaminate androecia stand for a further interesting aspect as the stamen primordia are initiated either spirally directly on the floral
apex or on so-called primary androecial primordia (fascicle primordia) in centrifugal or centripetal succession. Since the identity of floral
organs is strictly dependent on the activity of the MADS-box genes, duplication and diversification within these genes must have been
key processes in flower evolution. Hence, insights into the phylogeny of the floral homeotic genes may help to better understand the
evolution of flowers (“evo-devo”). The unique nectary organs of the Ranunculaceae are presented as example for duplication and new

functions in the B class genes.
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INTRODUCTION several key questions remain. For example, what is the

Shortly after their “sudden” appearance, the angiosperms
diversified quickly and had an explosive evolutionary
success and it is not surprising that Charles Darwin (in his
letter to Joseph Dalton Hooker, 22 July 1879; edited as
letter 395 by Francis Darwin and Albert C. Seward in 1903)
referred to the origin and rapid radiation of the angiosperms
as an “abominable mystery” (but see on this topic Friedman,
2009, who explicates Darwin’s thoughts as referring to the
possibility that evolution could be both rapid and poten-
tially even saltional). Stuessy (2004) tried to resolve part of
the problems by proposing the “transitional-combinational
theory” for the origin of the angiosperms. This theory sug-
gests that the angiosperms evolved slowly from seed ferns
in the Jurassic beginning first with the carpel, followed later
by double fertilization, and lastly by the appearance of
flowers, a process that may have taken more than 100
million years (Stuessy 2004). Only the final combination of
all three important features provided the opportunity for
explosive evolutionary diversification, especially in res-
ponse to selection from insect pollinators and predators as
well as in compatibility and breeding systems. However,

genetic basis of the different evolutionary innovations?

An extant complete angiosperm flower is composed of
the perianth (undifferentiated or differentiated in sepals and
petals), the microsporangia bearing, pollen producing sta-
mens (androecium) and the carpels (gynoecium) enclosing
the ovules (megasporangia), all arising from the floral axis
of determinate growth. There are about 260,000-300,000
species of extant angiosperms with an enormous diversity
of size, shape, number of organs, contributing to flower
complexity.

Genetic studies of homeotic' mutants in Arabidopsis
thaliana (Brassicaceae; see Fig. 1B) and Antirrhinum majus
(Plantaginaceae, formerly Scrophulariaceae; see Fig. 1C)
have shown that during the formation of the flower the
determination of organ identity is controlled by homeotic
genes. The different analyses have led to the classical ABC
model of Coen and Meyerowitz (1991), in which three
regions in a floral primordium are the domains of action of

! This term is derived from "homeosis". It refers to the wrong position of a
floral organ: A floral organ is found in a place where organs of another
type are normally found, e.g. carpels instead of stamens in the pistillata-2
mutant of Arabidopsis.
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Fig. 1 Genetic model of organ identity. (A) ABCDE model of floral organ identity in core eudicots; (B) flower of Arabidopsis thaliana (Brassicaceae);
(C) flower of Antirrhinum majus (Plantaginaceae); (D) “floral quartet” model of organ specification (in Arabidopsis, modified after Theissen and Saedler
2001; Zahn et al. 2005a); this model directly links floral organ identity to the presumed action of five different tetrameric transcription factor complexes
of MADS-box proteins (termed as a, b, c, d, e); (E+G) modifications of the ABC model: “sliding-boundary-model”; (E) modified ABC model for most
monocots; (F) flower of Tulipa bakeri (Liliaceae); (G) modified ABC model for Rumex acetosa (Polygonaceae); (H) flower of Rumex acetosa (Polygona-
ceae); (I) ABCDE model for basal angiosperms: “fading-borders” model; (J) flower of /llicium anisatum (1lliciaceae). — A, B, C, D, E: domains of action
of the floral homeotic genes; a, b, ¢, d, e: interaction of the proteins (transcription factors); Ca = carpel, P = petal, S = sepal, St = stamen, Ov = ovule.

three classes of homeotic genes, either acting alone or in
combination. Expression of class A genes specifies sepal
formation. The combination of class A and B genes spe-
cifies the formation of petals. Class B and C genes specify
stamen formation and expression of the class C gene alone
determines the formation of carpels. A second major tenet
of the ABC model is that A and C activities are mutually
repressive. In 2001, the classical ABC model was extended
to the ABCDE model (Theissen 2001; Fig. 1A). D function
genes are required for ovule development (e.g. Colombo et
al. 1995, Angenent and Colombo 1996) and at least one of
the E genes is required for the organ identity in all five
organ categories (e.g. Pelaz et al. 2000; Zahn et al. 2005a,
2005b; for further citations see Erbar 2007).

The interaction of these five different gene classes is
shown in the so-called floral quartet model. The genes A, B,
C, D, and E encode transcription factors, i.e. proteins that
recognize specific DNA motifs of other genes and influence
their transcription. Most ABCDE genes are members of a
transcription factor family that has a characteristic con-
served DNA binding domain structure, termed the MADS

box.? The resulting ABCDE proteins bind to the target
genes in complexes larger than a dimer (Egea-Cortines ef al.
1999; Honma and Goto 2001). Thereby, they activate or
repress target gene expression as appropriate for the deve-
lopment of the different floral organ identities. Thus the
“quartet model” of floral organ specification (Fig. 1D)
postulates that five different tetrameric transcription factor
complexes composed of MADS proteins specify floral
organ identities (Theissen 2001; Theissen and Saedler 2001;
Ferrario et al. 2003; Kaufmann et al. 2005; Zahn et al.
2005a). The “quartet model” is a molecular model —
although in some aspects still highly hypothetical — that
advances the genetic ABCDE model and directly links flo-
ral organ identity to the action of MADS-domain proteins.

2 MADS is an acronym derived from the founding four members of this
transcription factor family: MCM1 from yeast, AGAMOUS from Arabi-
dopsis, DEFICIENS from Antirrhinum and SRF from human. Function A
is partially carried out by members of the APETALA?2 transcription factor
family.



Floral organ determination and ontogeny. Claudia Erbar

asterids
| 8 | [o
" c
*6' E
rosids %
3 B!! g m
eu
L1 Saxifragales e |8
LI 8 ©
“euA” 8
Caryophyllales etc. 14
basal eudicots
(e.g. Ranunculales)
B | |
monocots Liliatae L -
E
| eumagnoliids
(]
Chloranthales 3
S B D
Austrobaileyales w | © A -
“ " E | c E
C D E A “paleoB =6 | O
Ll 11 1 Nymphaeales -
| | 1 yme T @
B CID a2 =
Amborellales £
gymnosperms -ci,-
d

Fig. 2 A generalized phylogenetic tree of seed plants (based on APG II 2003, Stevens 2001 onwards) onto which different extended ABC models as

well as the occurrence of floral homeotic genes and main duplication events in the class B genes are plotted. “cuA” =
= duplication produces paleo AP3 + PI lineages, “euB” =

and euFUL, “paleoB”
2007.

Based on the known genetic and molecular data, this
review will discuss three aspects:

1. Modifications of the classical ABCDE model in
flowers that do not have the typical whorled construction. 2.
Organ quality versus organ position and sequence of organ
initiation. 3. The origin of the flowers and their enormous
diversity.

MODIFICATIONS OF THE CLASSICAL ABCDE
MODEL OF FLORAL ORGAN DETERMINATION

Since in all 1nvest1gated angiosperms homologues of the
ABCDE genes® are present (e.g. Kim ez al. 2004; Zahn et
al. 2005b), we can assume that the determination of the
organ identity is generally conserved (e.g. Ma and Pamphi-
lis 2000; Buzgo et al. 2005), but variation is also expected
particularly with regard to the perianth.

The ABCDE model proposed so far refers to flowers
that can be found in most eudicots (= Rosatae; see Fig. 2).
Nearly 74% of all angiosperms belong to this large clade
that can be further distinguished into the core eudicots and
the basal eudicots. Most eudicots have the floral organs

* So far, class A mutants were not found in other species except for the
model organisms Arabidopsis and Antirrhinum (e.g. Drews et al. 1991;
Ferrario et al. 2004; Litt 2007). The A function remains somewhat ambigu-
ous since it has been shown that the A gene AP1 is implicated in the
specification of sepal and petal identity as well as of floral meristem
identity (see Bowman et al. 1993, Litt and Irish 2003). The exact role and
broad applicability of the A class model in the regulation of sepal develop-
ment remains unclear (Preston and Kellog 2006; Zanis 2007). Consistent
with its two roles, AP1 is expressed throughout the flowers, but becomes
restricted to the A domain during later stages. However, the role of A-genes
in the control of C expression appears to be more universal (Drews et al.
1991; Motte et al. 1998; Theissen et al. 2000). Perhaps, a BC model is
sufficient and a discrete perianth identity gene function is not required
(Schwarz-Sommer et al. 1990; Soltis et al. 2007a).

duplication results in euAP1
duplication produces euAP3 und TM6 lineages; modified after Erbar

arranged in five or four whorls, a fixed number of organs in
each whorl and a perianth of distinct sepals and petals. In
the morphological terminology an androecium is defined as
consisting of two whorls if an outer and an inner whorl of
stamens is formed alternating and sequentially (see e.g.
Leins and Erbar 2008, 2010). In the genetic approaches the
term “whorl” unfortunately is used in a “broad” sense
covering the domain of action of the homeotic genes so that
this operational definition is quite different (and rather
wrong) from the morphological one (see e.g. Bowman ef al.
1989; Coen 1991). It is much better to use the term “organ
category” instead of “whorl” in the genetic models.

DETERMINATION OF ORGAN IDENTITY IN
MONOCOTS

In contrast to the well-differentiated sepal and petal whorls
of eudicots, the two outer floral whorls in many members of
the monocots, which comprise 22% of angiosperm species,
are identical in morphology and called tepals, forming a
perigone. How has the ABCDE model to be modified in
these cases?

In Asparagus (Asparagaceae, Fig. 3A), the develop-
mental pattern in the perigone with almost identical tepals
resembles the classical ABC model for flowers with dif-
ferentiated perianth (Park ef al. 2003, 2004) and thus con-
trasts all other monocots described below.”

In Lilium (Liliaceae, Fig. 3B; see Tzeng and Yang
2001), Tulipa (Liliaceae, Fig. 1F; see Kanno ef al. 2003),
Agapanthus (Alliaceae or Agapanthaceae, Fig. 3C; sce

4 Park et al. (2003) suggest that the class B gene in Asparagus is probably
not required for tepal identity and that the expression of the B gene homo-
logue is involved in sex determination in the unisexual flowers. Alterna-
tively, the contrasting results in Tulipa/Lilium and Asparagus may be due
to the examination of different stages with different techniques (Kramer
and Jaramillo 2005).
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Fig. 3 Diversity in the monocot flowers. (A) Asparagus officinalis (Asparagaceae): the developmental pattern resembles the classical ABC model; (B-
H), monocot flowers in which B class expression is found in both perianth whorls; (B) Lilium bulbiferum (Liliaceae) and (C) Agapanthus praecox
(Alliaceae or Agapanthaceae) represent typical trimerous pentacyclic monocot flowers with undifferentiated perigone; (D) Muscari racemosum (Hyacin-
thaceae) with syntepalous perigone; (E), Echinodorus cordifolius (Alismataceae) with a perianth differentiated in sepals and petals; (F) Oncidium baueri
(Orchidaceae); (G) Coryanthes leferenziorum and (H) Stanhopea connata (Orchidaceae) with a highly elaborated labellum. — L = labellum, P = petalum,

PT = perigone tube, S = sepalum, St = stamen, T = tepalum.

Nakamura et al. 2005) as well as in the syntepalous Mus-
cari (Hyacinthaceae, Fig. 3D; see Nakada et al. 2006) class
B genes are expressed in both tepal whorls as well as in the
stamens. This transference of B function seems also to be
present in Sagittaria (Alismataceae; Kramer and Irish 2000),
although adult flowers of Sagittaria (as well as in Echino-
dorus, Fig. 3E) have a perianth differentiated in sepals and
petals. The expansion of function B genes into the outer
whorl also has been shown in orchids (Oncidium: Hsu and
Yang 2002, Fig. 3F, Dendrobium: Xu et al. 2006). These
results are astonishing since later sepals, petals and the
elaborated lip can be distinguished (Figs. 3G-H). Xu et al.
(2006) suggest that gene duplications followed by diver-
gence in expression patterns or regulatory mechanisms may
be responsible for the unique floral morphology of the
orchid flower (compare Figs. 3F-H). Recently it has been
shown (Mondragén and Theissen 2008, 2009; Mondragén
et al. 2009), that gene duplications indeed occurred during
early orchid evolution and that these gene duplications are
followed by a complex series of sub- and neofunctionaliza-
tion events (see also paragraph on Ranunculaceae further
down as regards gene duplication and subfunctionalization).

Compared to the ABCDE model of the eudicots (Fig.
1A) the B function is extended outwards in most monocots
studied so far (Fig. 1E). It should be mentioned at this point,
that within the eudicots (more precisely within the “basal
core eudicots”) another possibility of organ identity
specification in the perianth has been demonstrated: The
perigone is realized without the B function in Rumex
acetosa (Polygonaceae, see Fig. 1H; see Ainsworth et al.
1995); the B function is confined to the stamens (Fig. 1G).

The modifications mentioned above can be described by
the “sliding-boundary” model (or “shifting-boundary”
model) of the B domain (Bowman 1997; Albert et al. 1998;
Kramer er al. 2003): The (two-whorled) perigone® is
achieved either by outward shift (expansion) or by inward
shift (contraction) of the outer boundary of gene B function
(Figs. 1E-G).

Within Poaceae (Figs. 4A-C), in which the floral organs
partly are highly modified especially as regards the outer
(peripheral) parts, some results are available from maize

5 It has to be mentioned, however, that number and arrangement of tepals
(as well as stamens) is quite variable within the Polygonaceae (Galle 1977;
Leins and Erbar 2008).

(Ambrose et al. 2000), rice (Fornara et al. 2003; Nagasawa
et al. 2003) and a basal grass Streptochaeta (Whipple et al.
2007) showing that function B is expressed in the lodicules
(see also Cui et al. 2010). This suggests that these organs
are homologues to the two abaxial members of the inner
perianth whorl. Further data indicate that the (mostly two-
keeled) palea correspond to the outer perianth whorl,
namely to the two adaxial members (Ambrose et al. 2000;
Nagasawa et al. 2003). It is further suggested by Ambrose
et al. (2000) and Nagasawa et al. (2003) that possibly also
the lemma is part of the outer perianth whorl. Lodicules,
palea and lemma are grass-specific organs that have been
variously interpreted. The basic unit of the grass inflores-
cence is a spikelet (Fig. 4A, 4B) comprising one or more
flowers and having (often) two subtending bracts (= glumes).
Each floral axis arises on the spikelet axis (= rachilla) in the
axil of the lemma and usually bears in adaxial position a
two-keeled palea. Two (or three) lodicules, three (or six)
stamens and the pistil complete the spikelet. During anthe-
sis the lodicules swell to open the flower thereby pushing
the lemma and palea aside so that stamens and stigmas can
be presented. Considering the lodicules as modified mem-
bers of the second (inner) perianth whorl and the palea as
those of the first (outer) whorl is conform to earlier inter-
pretations (see, e.g., Schuster 1910; see Fig. 4D). Com-
paring the lemma with part of the outer perianth whorl is
critical from the morphological/ontogenetical point of view.
Firstly, the primordia of the lemma and the palea arise at
different levels on the floral axis, that of the lemma
distinctly further down and somewhat overlapping the palea
(see figures in Sattler 1973; Nagasawa et al. 2003); the
different position contradicts the assumption as members of
one whorl. Secondly, the floral ontogenetical studies in bar-
ley (Hordeum vulgare, Sattler 1973) show that the lemma
primordium girdles the bud and even encloses the rachilla
(Fig. 4E). Since there are within the Poaceae gene duplica-
tions in the A-like gene (Litt and Irish 2003; Preston and
Kellog 2006), there may be other genes or transcription
factors that specify the organ identity of lemma and palea
(Zanis 2007). Summarizing, we can state that interpreting
lodicules and palea as parts of the perianth is congruent
with morphological/ontogenetical data and genetic data.
From the morphological/ontogenetical point of view it is
better interpreting the lemma as the scarious subtending
bract of the flower.
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Fig. 4 Poaceae. (A) Spikelets of Bromus inermis; (B) (three-flowered) spikelet in an extremely schematic vertical section; for a better understanding the
floral axes are drawn as elongated lines; (C) generalized flower (lemma dissected); (D) floral diagram of the majority of Poaceae; (E) floral diagram of
barley (Hordeum vulgare). — iG = inner (upper) glume, Le = lemma, Lo = lodicule, oG = outer (lower) glume, Pa = palea, Ra = rachilla, St = stamen, Sti =

stigma.

DETERMINATION OF ORGAN IDENTITY IN NON-
CORE EUDICOTS

About 4% of angiosperm species belong to basal lineages
(= Magnoliatae; Fig. 2). The basal-most group of Ambo-
rellales, Nymphaeales and Austrobaileyales is followed by
Chloranthales and the large magnoliid clade. Despite the
small number of species, the Magnoliatae exhibit a great
diversity in floral form and structure. The flowers vary in
size, number of floral parts, and arrangement of the floral
organs (spirals or whorls). In the studied representatives
(mainly Amborella, Nuphar, Illicium, Magnolia, Calycan-
thus, Eupomatia; examples see Figs. 1J, SA-H), genes of
the B class are expressed in spiral and whorled perianths as
well as in stamens and, if existing, in staminodes (Kramer
and Irish 2000; Kim et al. 2005a, 2005b). However, the
details of the expression patterns in the perianth vary con-
siderably, spatially and temporally. In contrast, in Asimina
(Annonaceae) with a differentiated perianth (three sepals in
one whorl, six petals in another two whorls, Fig. SD), the
class B genes (AP3 and PI) were expressed in petals and
stamens, but were either not or only weakly expressed in
sepals (Kim et al. 2005b). Quite different is the situation in
Aristolochiaceae (Jaramillo and Kramer 2004). In Saruma
(Fig. 51) with a two-whorled perianth of outer sepals and
inner petals, the expression pattern of B class genes is in
general similar to what is observed in the model species of
eudicots. In the genus Aristolochia (Figs. 5J-L) the perianth
is one-whorled with the organs fused to form a peculiar
tubular structure, functioning as pollinator trap, and a limb,
being coloured and attractive to pollinators. Stamens and
carpels together form a gynostemium (Leins and Erbar
1985; Gonzales and Stevenson 2000a, 2000b). In Aristolo-
chia manshuriensis, class B genes are expressed in a dyna-
mic and unique pattern: The AP3 homologue is not ex-
pressed during early stages of perianth development (but in
the stamens), and the PI homologue is restricted to only a
portion of the developing perianth and during development
the place of expression changes. The role of the class B

genes in the perianth of Aristolochia seems not to be in
determining the organ identity but rather in promoting late
aspects of cell differentiation (for details see Jaramillo and
Kramer 2004).

Despite the peculiarities, the results in general indicate
that most of the homologues of floral genes from basal
angiosperms are expressed in those floral organs that are
functionally and/or morphologically similar to those in the
model organisms of the eudicots: In basal angiosperms, the
class B homologues are expressed in the perianth and sta-
mens, class C homologues in stamens and carpels and the
class E homologues are expressed in all floral organs (Kim
et al. 2005b). However, in the basal angiosperms the
expression pattern of the B class genes seems to be neither
uniform nor constant during the perianth development (in
the eudicots B expression is constant throughout all stages
of petal and stamen development). Likewise, expression of
A and C homologues is broader across the floral apex in
basal angiosperms than in eudicot models studied to present.
These aspects are taken into account in the “fading
borders” model (Buzgo et al. 2004, 2005) that posits that
organ identities in basal angiosperms are regulated by broad
and overlapping expression of floral genes, although with
weaker expression at the limits of their expression (Fig. 11).

Within eudicots, the ABCDE model with fixed borders
of gene expression (Fig. 1A) is only applicable in the core
eudicots and seems to be the end point of an evolutionary
series with transitional and overlapping gene domains (Fig.
1I). In other words: The broad pattern of gene expression of
ABC homologues may represent the ancestral and the
pattern with fixed borders of gene expression the derived
condition (see Fig. 2). In the flower whorls of the monocots
(see above) studied so far, the borders of gene expression
also are fixed (Fig. 1E). From a phylogenetic perspective,
broad expression of B-function genes in considered to be
the ancestral condition for angiosperms (e.g. Soltis et al.
2007a).
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Fig. 5 Flowers of basal angiosperms (A-H) with genes of class B expressed in spiral and whorled perianths as well as stamens and staminodes and
Aristolochiaceae (I-L). (A) Amborella trichopoda (Amborellaceae); female flower with staminodes between perianth and carpels; (B) Nuphar lutea
(Nymphaeaceae); between tepals and stamens staminodes are present; (C) Magnolia stellata (Magnoliaceae) with polymery in all organ categories and
with a prevailing spiral; (D) Asimina triloba (Annonaceae); the outer (green coloured) members of the 3+3+3 perianth are reflexed and may be named as
calyx; as usual in the Annonaceae the two inner perianth whorls (here named petals) are of different shape; (E) SEM image of lllicium anisatum
(Illiciaceae) with a regular spiral inception of all floral organs according to the limiting divergence (“golden divergence angle”); the primordia 34-41 are
carpel primordia; (F-H) SEM images of Magnolia denudata (Magnoliaceae); the whorled perianth (3+3+3) shows more or less spiral sequence within a
whorl, but there is a relatively long interval between the subsequent whorls; (I) Saruma henryi (Aristolochiaceae) with a differentiated perianth and
expression pattern of B class genes similar to the classical model; (J-L), Aristolochia grandiflora (Aristolochiaceae) with highly modified perianth (first
whorl); the limb (Li) surrounds the entrance (arrow) to the siphon-like tubular part at which end the gynostemium (Gy) can be found. From Leins and
Erbar 2008; (L), Early ontogeny of the perigone tube. — P = petal, P;= petal of the inner whorl, P,= petal of the outer whorl, St = stamen, Sto =

staminodium, T = tepal, T; = tepal of the inner whorl, T, = tepal of the middle whorl, T, = tepal of the outer whorl.

ORGAN QUALITY VERSUS ORGAN POSITION
AND SEQUENCE OF ORGAN INITIATION

Flower formation is a series of consecutive developmental
steps. The first step, the floral induction, is the switch from
a vegetative to an inflorescence and/or floral meristem
controlled by internal as well as external environmental sig-
nals (such as day length, temperature, etc.). Afterwards,
meristem identity genes that specify floral identity get acti-
vated. The floral meristem then generates by cell divisions
floral organ primordia which appear in an acropetal se-
quence at its flanks and have a distinct structure and func-
tion in the mature flower. Since Payer (1857) the different
patterns of organ sequence have been shown in numerous
ontogenetical studies. Despite their later structure and func-
tion, all different floral organs start their ontogeny as little
bulges, mostly hemispherical, of meristematic cells gene-
rated by periclinal and anticlinal cell divisions. One ques-

tion was how these undifferentiated cells and their derivates
find their position within the developing flower and
differentiate into the appropriate cell types.

The genetic models proposed as yet predict the organ
quality, but they do not explain how the number of organs
or the spatial pattern in which organ primordia appear (e.g.
spiral or whorled) is regulated. Different ontogenetical path-
ways lead to a relatively invariant mature floral morphology
(Erbar and Leins 1997a). Detailed studies have shown that a
floral apex can produce more than one organ category at the
same time and the sequence of whorls must not be strictly
acropetal. Genetic and molecular studies have shown that
MADS-box transcription factors control the identity of the
floral organs. Up to now, however, it is largely unsolved
how number and position of the floral organs are regulated
within the regulatory network at a hierarchy level above
that controlled by the MADS box genes. Perhaps glutare-
doxins (= oxidoreductases) besides others are candidates to
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Fig. 6 Developmental diagrams of some members of the Umbelliferae (Apiaceae). Numbering of the primordia reflects the sequence of initiation;
indices on the numerals indicate a very rapid sequence (at the limit of observation!); in Astrantia major at three sites sepals and stamens develop from a
common primordium, indicated by the connecting lines 1-3. From Erbar and Leins 1985, modified.

play a role in this scenario. Known as a key component of
plant antioxidant defence, they recently came into focus as
they seem to be involved in different processes of floral
development due to their capability to modify protein acti-
vity posttranslationally (Xing et al. 2006). It is further
noteworthy that there is a subgroup of glutaredoxins being
specific for angiosperms. Genetic and molecular studies
have shown that MADS-box transcription factors control
the identity of the floral organs. Although the underlying
developmental mechanisms at present remain largely elu-
sive, there are genetic data suggesting that regulatory fac-
tors contribute to a stable and uniform development of
flowers (see, e.g., Chen ef al. 2003; Prunet et al. 2008). In
Arabidopsis, it has been shown that the number of organs is
affected by the gene PERIANTHIA (Running and Meyero-
witz 1996). This transcription factor acts as a direct regu-
lator of the class C gene AGAMOUS (Maier et al. 2009).

Against this background, two families will be presented
which are characterized by a uniform floral diagram,
namely the crucifers (Brassicaceae, rosids) and the umbel-
lifers (Apiaceae, asterids), but contrary to their uniform
flower construction show fairly diverse patterns in organ
initiation (see Erbar and Leins 1985, 1997; Leins and Erbar
2004).

The flowers of the Apiaceae are tetracyclic, with penta-
merous calyx, corolla and stamen whorl and a dimerous
carpel whorl. The stamens alternate with the petals. Con-
trary to their uniform flower construction the Apiaceae
show fairly diverse patterns in organ initiation (Fig. 6). The
terminal flowers of Eryngium campestre, for example, show
an almost continuous spiral sequence of all organs, with the
restriction though, that sepals, petals, and stamens nearly
alternate. Merely within the corolla the plastochrons (the
time intervals between subsequent organ primordia on the
floral apex) are very short, they even tend towards zero! In
Foeniculum vulgare, the primordia of calyx, corolla and the

first stamen originate simultaneously and in Levisticum
officinale, even three stamens arise simultaneously with the
sepals and petals. In the flowers of Sanicula, after the spiral
inception of five sepal primordia in spiral sequence and of
four petals successively in two pairs, the last petal is formed
simultaneously with the first stamen in front of sepal 1. The
remaining stamen primordia follow in a more or less
distinct spiral sequence.

The flower of Astrantia major (greater masterwort)
exhibits an exceptional developmental pattern (Figs. 6, 7).
The floral development starts with the successive formatlon
(divergence about */s) of three big protuberances (Fig. 7A).
These protuberances then each differentiate in the same
sequence into a sepal primordium and a stamen primordium
(Figs 7B-C). Immediately after the splitting of the three

“stamen- sepal primordia” the five petals are initiated fol-
lowing a '/s-spiral, starting with the first petal between the
first and third sepals (Figs. 7B-E). During the further initia-
tion of the corolla the fourth petal originates almost syn-
chronously with the fourth sepal (Fig. 7D). Finally, the last
petal originates at the same time as the last sepal (Fig. 7E).
It is not until now that the spiral initiation of the androe-
cium continues with the initiation of the last two stamen
primordia (Fig. 7F). Finally, with notable delay, the gynoe-
cium starts its development.

If we transfer the temporal overlaps during the initiation
of the organ whorls in Astrantia onto the ABC gene class
model of organ determination — on condition that the ap-
pearance of the organ primordia temporally coincides with
the expression of the homeotic genes — we may assume that
in three sectors (successively!) the expression of gene A (for
determination of three sepals) and of genes B/C (for deter-
mination of three stamens in front of them) is taking place
simultaneously. After the subsequent expression of genes
A/B determining three petals, once more two sepals are
determined by gene A and simultancously the other two
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Fig. 7 Early flower development in Astrantia major (Apiaceae). (A)
Protrusion of three common stamen-sepalum-primordia (I-III); (B) dif-
ferentiation of each of the three stamen-sepalum-primordia into a sepal
(large numerals 1-3) and a stamen primordium (small numerals 1-3); the
first petal primordium (P;) becomes visible; (C-E) continuation of the
spiral inception of the petals (P,-Ps) in a '/s-spiral and completion of the
sepal whorl (E) according %s; (F) cotinuation of the %s-spiral in the
androecium (stamen primordia labeled with smaller numerals); the spirals
in organ inception run either in clockwise or anticlockwise direction.

petals by genes A/B, followed by the expression of genes
B/C determining the last two stamens (Leins and Erbar
2008, 2010).

The crucifers, to which the model organism Arabidopsis
belongs, are another family that is characterized by a
uniform floral diagram but great variability in the initiation
sequence of the floral organs (Erbar and Leins 1997a). Most
members of the Brassicaceae have four sepals, four petals,
two outer shorter and four inner longer stamens as well as a
pistil composed of two carpels. Different possibilities of ini-
tiation sequence of the floral organs are shown in the floral
developmental diagrams (Fig. 8). In this family, too, the
sequence of the whorls is not strongly acropetal in all spe-
cies (as in lberis and Isatis, for example, Figs. 8, 9A-B),
namely in the pattern shown by Fibigia clypeata and
Arabidopsis thaliana (Figs. 8, 9C-D). In the latter species,
the sequence of the two androecial whorls is reversed: The
four inner stamen primordia are formed before the two
outer ones in transversal position. This sequence (4 sepals
- 4 petals 2 4 inner stamens > 2 outer stamens > 2 car-
pels) can be found in some other members, too (e.g. Arabis,
Barbarea, see Erbar and Leins 1997a). As in some species
of the Apiaceae, members of more than one organ category
can be initiated at the same time: Either the four inner
stamens (as in Brassica napus, Figs. 9E-F) or all six sta-
mens (as in Cardaria, Figs. 9G-H) are initiated simultane-
ously with the petals. It is interesting that in the tribe

Aethionemeae, which is sister to all other Brassicaceae
(Koch and Al Shehbaz 2009), likewise petals and all sta-
mens are formed simultaneously (namely in Aethionema
grandiflorum, Nigrelli 2008). However, this pattern is also
found in other tribes.

We can conclude that organ position and sequence of
organ initiation on the one hand and organ identity on the
other hand are regulated on different genetic levels. The
ABCDE model only predicts the organ quality and does not
explain how floral organs appear in appropriate positions
and appropriate number (see above). Arabidopsis is remar-
kable in this context because the two stamen whorls are
formed basipetally, i.e. the inner stamen whorl is formed
before the outer one. Further genetic investigations should
take into consideration the different temporal patterns of
stamen initiation in Brassicaceae.

The typical 2+4 pattern in the androecium of the Bras-
sicaceae can also be found in flowers of the Cleomaceae,
which are sister to Brassicaceac. Cleome spinosa (Figs.
10A-B) shows the same sequence in the androecium as
some Brassicaceae, for example Iberis (4 sepals = 4 petals
—> 2 transversal stamens = 4 stamens in pairs in front of
the median sepals = 2 carpels). In Cleome violacea (Figs.
10C-D), however, with the same number and position of
stamens, the initiation pattern is quite different. The stamen
inception takes place in a unidirectional order: The initia-
tion of the stamens starts abaxially in front of the (subten-
ding) bract and continues toward the opposite side, namely
the adaxial side.

In this context it should be mentioned that, in Polanisia,
for example, another member of the Cleomaceae, and in
Capparis (Capparaceae; see Figs. 11E-F), a family which is
sister to Cleomaceae and Brassicaceae, the number of
stamens is higher. In Polanisia dodecandra, 9-18 stamen
primordia are initiated sequentially starting on the adaxial
side of the floral apex (Fig. 10E-F). Most stamen primordia
(range between 9 and 16) arise in one row; sometimes a few
additional are formed above the basic row (positioned on a
higher level). In species of the Capparaceae with a multi-
staminate androecium (see next paragraph), the stamens are
initiated in a centrifugal sequence on a primary primordium
(Leins and Metzenauer 1979; further citations see Erbar and
Leins 1997b).

Apart from Brassicaceae, Cleomaceae and Capparaceae,
also Gyrostemonaceae, Resedaceae, Pentadiplandraceae
and Tovariaceae belong to the core Brassicales (Hall ez al.
2002, 2004) and add further diversity to the androecial initi-
ation pattern. In the (6-)8(-9)-merous flowers of Tovaria-
ceac the alternipetalous stamen primordia are initiated
simultaneously in a single whorl (Fisel and Weberling
1990). The male flowers of Gyrostemonaceae differ in num-
ber of stamens and number of stamen whorls. Most mem-
bers of the family have a one-whorled androecium with 7-
12 stamens. Only in a few species the androecium consists
of more whorls (with up to 20-60 stamens; Hufford 1996).
Ontogenetical studies, however, are lacking. Two whorls of
five stamens are formed in a rapid sequence in the Penta-
diplandraceae. Frequently, the number of stamens is higher
(11-12 stamens, sometimes there are also more petals;
Ronse Decraene 2002). Resedaceae show considerable
variation in stamen number. In Reseda luteola, the stamens
originate on four antepetalous primary primordia (Sobick
1983; Fig. 10G) and not in 3-4 whorls as mentioned by
Stevens 2001 onwards). In most cases, however, the
stamens arise in one row on a primordial ring (Reseda alba,
Fig. 10H, Reseda odorata, Caylusea, Sesamoides); in
Oligomeris, only the adaxial part of such a primordial ring
is present on which the three stamens are formed (Sobick
1983).

The families Cleomaceae and Capparaceae lead over to
multistaminate androecia (Fig. 11) that add a further interes-
ting aspect. In Magnoliatae (e.g. Illiciaceae, Magnoliaceae,
Calycanthaceae) and basal eudicots (e.g. Ranunculaceae),
stamens originate directly on the floral apex in a regular
spiral sequence (Fig. 11B). In the core eudicots actually
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Fig. 8 Floral developmental diagrams of some members of Brassicaceae. The numbers refer to the order of initiation in corolla and androecium; in
each case the calyx is initiated first (variations in sepal sequences are not considered) and the gynoecium last. From Erbar and Leins 1997a, modified.

characterized by a canalized floral structure of five or four
whorls, nevertheless, in all major clades except cuasterids
multistaminate androecia occur in a considerable number of
families (e.g. Aizoaceae, Paconiaceae, Myrtaceae, Fabaceae-
Mimosoideae, Capparaceae, Malvaceae, Theaceae; see Fig.
66 in Leins and Erbar 2008, 2010). The stamen primordia
originate on primary primordia in centrifugal (Fig. 11D) or
centripetal (Fig. 11H) succession resulting in fascicled an-
droecia. In other cases, an androecial ring primordium with
centrifugal stamen initiation can be observed (for example

in Capparis spinosa, Leins and Metzenauer 1979, Fig. 11F).

Sometimes, the primary primordia are initiated in a spiral
sequence, namely in Paeonia (Paconiaceae, Leins and Erbar
1991, Fig. 11J) and Stewartia (Theaceae, Erbar 1986, Fig.
11L). What is the genetic basis for these ontogenetical path-
ways? At what hierarchical level of the regulatory network
of gene functions (see, e.g., diagrams of regulatory cascade
of flower development in Theissen 2001; Soltis ez al. 2002;
Kaufmann et al. 2005) happens the switch to the new pat-
tern of organ initiation?

In summary, it is necessary to point out once more that
the ABCDE model of floral development in its actual ver-
sion has neither purpose nor potential to explain all floral
diversities.

THE ORIGIN OF THE ANGIOSPERM FLOWERS
AND THEIR ENORMOUS DIVERSITY

The phylogeny of seed plants seems at least on the family-
level to be well-established (e.g. APG II 2003, APG III
2009, Stevens 2001 onwards). Gymnosperms are sister to
the angiosperms. Within the angiosperms, the monocots (=
Liliatac) are embedded in the Magnoliatae, a group that

simplifying can be divided in the basal angiosperms (ori-
ginally termed the ANITA group with Amborellales, Nym-
phaeales, and Illiciaceae, Trimeniaceaec and Austrobailey-
aceae in Austrobaileyales, the group has recently been
named ANA from Amborellales, Nymphaeales and Austro-
baileyales; Frohlich and Chase 2007) and the magnoliids.
The largest monophyletic clade, the eudicots or Rosatae
(united morphologically by a single synapomorphy: triaper-
turate pollen), can be further distinguished into the basal
eudicots (e.g. Ranunculales) and the core eudicots. Major
clades of the core eudicots are the Saxifragales and Caryo-
phyllales (together with some smaller orders named here as
“basal core eudicots”) as well as the rosids and asterids (Fig.
2). The model organism Arabidopsis (Brassicaceae) belongs
to the rosids and Awntirrhinum (Plantaginaceae, formerly
Scrophulariaceae) to the asterids.

However, the origin of the flower (a recent bisexual
flower is made up of perianth, androecium, gynoecium and
receptacle) could not be clarified even with the actual,
highly accurate phylogeny. As regards morphology (i.e.
homology between reproductive organs), there is a gap
between the angiosperms and their sister group, the extant
gymnosperms. Also data from paleobotany cannot solve the
problem truly satisfying (mainly due to incomplete fossil
record). The oldest unequivocal angiosperm macrofossil is
the genus Archaefructus (125 million years old; Sun et al.
2002), despite the fact that the taxon might be regarded as
more specialized than rather basal (Friis et al. 2003). In
addition, earlier microfossils (mostly pollen) are dated to be
about 140-130 million years old (Crane et al. 2004; Friis et
al. 2005). Molecular data, however, suggest a distinct pre-
Cretaceous origin of the angiosperms. In context of mole-
cular clock hypotheses, the datings have given widely dif-
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Fig. 9 Floral ontogeny in Brassicaceae. The uniform floral phyllotaxis is
brought about by sequences that vary in detail. (A-B) Isatis tinctoria; the
two transversal stamens (St are visible before the four inner stamen
primordia arise in front of the sepals; (C-D) Arabidopsis thaliana;
formation of the four inner stamens in diagonal position earlier than the
initiation of the; (E-F), Brassica napus; petals and the four inner stamen
primordia arise simultaneously but after the transversal stamens (St); (G-
H), Cardaria draba; petals and all six stamens arise simultaneously. — P =
petal, S = sepal, St = stamen, St, = stamen in transversal position; from
Erbar and Leins 1997a, modified.

ferent results, although more recently the datings tend to
converge on similar ages, indicating the crown node of the
angiosperms from 145-208 mya (Sanderson et al. 2004; see
also Kim er al. 2004; Anderson et al. 2005). The key
characters that distinguish angiosperms from gymnosperms
are not primarily the bisexual flowers but also the carpels
(enclosing the ovules) and the double fertilization.

Changes in morphology during evolution and thus also
morphological innovations are due to changes in develop-
mental control genes, since development is largely under
genetic control. Especially changes in the structure and
functions of the MADS-box genes appear to be correlated
with large-scale changes in the morphologies of flowers in
different lineages (Theissen et al. 2000; Irish 2003; Theis-
sen 2005). The “evolutionary developmental genetics”
(“evo-devo”) tries to get insights into the phylogeny of the
floral homeotic genes and thus to help to better understand
the evolution of flowers and how the divergence of the
MADS-box genes contributed to the evolution of new
characters in flowers.

Multiple gene duplications have occurred within floral
MADS-box gene subfamilies. One of the best studied gene
class is the B class which controls petal and stamen identity.
B class genes comprise the homologues of the genes APE-
TALA3 (AP3) and PISTILLATA (PI), forming two sub-
clades. The B genes in basal angiosperms, monocots as well

Fig. 10 Floral ontogeny in core Brassicales with diverse patterns in the
initiation of the androecium. (A-B), Cleome spinosa (Cleomaceae) with
an androecial pattern as some Brassicaceae, e.g. Isatis (compare with Figs.
9A-B); (C-D), Cleome violacea (Cleomaceae) with a unidirectional order
of six stamen primordia; (E-F), Polanisia dodecandra (Cleomaceae) with
numerous stamens initiated unidirectionally in one row; (G), Reseda lute-
ola (Resedaceae); centrifugal inception of stamen primordia on distinct
primary primordia; (H), Reseda alba (Resedaceae); stamens arise in solely
one row on a narrow androecial ring primordium (AR). G+H from Sobick
1983. — G = gynoecium, P = petal, S = sepal, S,, = sepal in abaxial posi-
tion, S,q = sepal in adaxial position, St = stamen, St; = stamen in trans-
versal position.

as basal eudicots (e.g. in Ranunculales which are sister to
all other eudicots; Fig. 2) belong to the so-called “paleo-
lineages” of the different homologous B genes (Kramer and
Irish 1999; Kramer et al. 2003; Stellari et al. 2004; Zahn et
al. 2005a; Kramer et al. 2006). These exhibit, as already
mentioned, a spatial and temporal expression pattern that
implies more complex functions and interactions than those
underlying the more fixed and (presumably) uniform
ABCDE model of the core eudicots. The paleo-lineages
(paleo-AP3 as well as paleo-PI; termed for short “paleoB”
in Fig. 2) result from a gene duplication event after the split
between extant gymnosperms and extant angiosperms well
before the further diversification (Kim et al. 2004; Zahn et
al. 2005a). Also after the duplication that produced the
separate paleo-AP3 and paleo-Pl-lineages gene duplications
providing multiple potential opportunities for functional
divergence occurred at every phylogenetic level.

After gene duplication the copies can have different
fates: 1. maintenance of function in one copy and non-func-
tionalization of the other; 2. neo-functionalization (i.e., one
or both copies adopt a novel function); 3. sub-functionali-
zation (both copies acquire complementary loss-of-function
mutations such that both genes are required to produce the
full functions of the single ancestral gene (Becker and
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Fig. 11 Flowers with polymerous androecia and their formation pattern. (A-B), Magnolia denudata (Magnoliaceae) with spiral inception of the
stamens directly on the floral axis; (C-D), Hypericum hookerianum (Hypericaceae): the individual stamens are part of fascicled androecium; on primary
primordia the stamen primordia arise in centrifugal direction (the oldest stamen primordium at the top of the primary primordium); (E-F), Capparis
spinosa (Capparaceae) with centrifugal stamen initiation on an androecial ring primordium (AR); (G-H) in Melaleuca hypericifolia (Myrtaceae) the
individual stamen primordia originate in centripetal direction on the fascicle primordia (the oldest stamen primordium at the base of the primary
primordium); in adult flowers the primary primordia have elongated stalk-like (arrow points to an individual stamen fascicle; (I-J) Paeonia officinalis
Paeoniaceae) with a prevailing spiral sequence in the flower with limiting divergence; in contrast to the magnolias not the individual stamens but stamen
fascicles, five in number, continue the spiral of the perianth; P = both innermost petals; (K-L), Stewartia pseudocamellia (Theaceae); as in Paeonia, five
stamen fascicles continue the spiral sequence of the petals; the spiral, however, is based on a %s-divergence; consequently, the five spirally initiated
stamen fascicles obtain an antepetalous position. — G = gynoecium, P = petal, St = stamen, T = tepal; from Leins and Erbar 2008, 2010, modified.

Theissen 2003).

One example for duplication and new functions in the B
class genes has been already mentioned in the perianth ela-
boration of the Orchidaceae (see above). A further example
comes from the Ranunculaceae (Kramer and Irish 1999;
Kramer et al. 2003), whose B genes belong to the so-called
paleo-lineage (see above). The unique nectary organs (Fig.
12) are either tube-shaped or flat (petaloid with basal nec-
tary scales) or spurred (Kosuge 1994; Erbar et al. 1999;
Tucker and Hodges 2005). Kramer et al. (2003) outlined a
hypothesis that duplications in the paleo-AP3 (and paleo-
PI) lineages may have contributed to the evolution of sepa-
rate petal identity programs (or more precisely: unique
“nectary organ identity programs”). Differential expression
or functional specialization of particular homologues could

provide the information needed to distinguish between the
different types of nectary organs. In addition, distinct AP3/
PI interaction could occur in the petal identity programs. A
further possibility could be that the nectary organs may
express B class genes alone (Kramer ef al. 2003). However,
in the Ranunculales as well as in the basal angiosperms the
gene expression pattern is neither uniform nor constant
during organ development in contrast to the core eudicots. A
third possibility is that the nectary organs are determined by
overlapping gene functions in a broad range, i.e. genes of
the classes A, B and C are expressed in combination (Erbar
et al. 1999; see also Albert ef al. 1998). A difficult aspect in
this hypothesis is that A and C functions are thought to be
mutually exclusive in the classical ABC model as they
negatively regulate each other, i.c. a concurrent function of
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Fig. 12 Different nectary organs in the Ranunculaceae and their early
ontogenetical stages (SEM images). (A) Helleborus niger with tubular
nectary organs (arrows); (B) nectary organ primordium of Helleborus
foetidus; (C) Ranunculus repens with petal-like nectary organs with the
nectary scale (arrows) at their bases; (D) nectary organ primordium of
Ranunculus ficaria; (E) Aquilegia atrata; five blue corollinic tepals
alternate with five showy blue spurred nectary organs (arrows); (F) nec-
tary organ primordium of Aquilegia vulgaris; (G) in the zygomorphic
flowers of Aconitum napellus, the only two, long-stalked, spurred nectary
organs (arrow points to one of them) are hidden in the hooded adaxial
tepal (perigone partly removed); (H) nectary organ primordium of Aconi-
tum napellus. — In the SEM images the arrows point to the two bulges
which arise laterally at the ventral side of the primordium; the ventral
bulges remain separate in Aquilegia and Aconitum; in other genera, they
become connected and grow up to a tubular part (Helleborus) or a scale
(Ranunculus). — T = tepal.

A and C is excluded (Coen and Meyerowitz 1991). How-
ever, it has been shown in Arabidopsis that the ability of C
genes to suppress the expression of A genes depends on the
concentration: Low amounts of C proteins can provide
organ identity but are not sufficient to repress A function
(Mizukami and Ma 1995; see also Kramer et al. 2003). It is
also imaginable that the antagonistic operation between A
and C function is neutralized through a temporally delayed
C expression. However, our suggestion (Erbar e al. 1999)
that some level of C-genes expression, which normally pro-
motes stamen identity, could contribute to the development
of the organs, is not observed in Aquilegia (Kramer et al.
2007).

From the floral ontogenetical point of view, it is conspi-
cuous that the occurrence of two bulges at the ventral base
of the flat primordium is a shared feature (compare Figs.
12B, 12D, 12F, 12H). Whereas the ventral protuberances
remain more or less separate from each other in the spurred
nectary organs (Aquilegia, Aconitum), they expand towards
the median plane of the primordium and fuse in the tubular

(Helleborus) and petaloid (Ranunculus) ones. In the butter-
cup or crowfoot (Ranunculus), the fusion product grows out
independently from the flat part of the primordium and
forms a scale covering a nectar-secreting pit. In the helle-
bore (Helleborus), the ventral protuberances are continuous
with the margins of the primordium already from the begin-
ning. Further, the growth of the ventral part is very inten-
sive finally resulting in a tubular or cup-like structure. The
nectary tissue lies at the base of this tube. In spurred nectary
organs, the nectar is secreted at the end of the spur. In the
columbine (Aquilegia), there are five of them, which ad-
ditionally contribute to the attraction of the pollinators
through their showiness. In the monkey hood (Aconitum),
there are two spurred organs that lie side by side and are
hidden in the hooded adaxial tepal. The spur itself develops
by locally enhanced surface growth which starts quite early
in the ontogeny (for a more detailed description of the
ontogeny see Erbar et al. 1999).

The nectary organs in the Ranunculaceae are often
regarded as homologous to stamens and usually the tubular
shape of some nectary organs is cited as a homology crite-
rion (e.g. Kosuge 1994). However, the detailed ontogene-
tical investigations revealed that the stamens are by no
means tubular (peltate) structures (see Fig. 12; Leins and
Erbar 2008, 2010). Nevertheless, the two initially free ven-
tral protuberances of the nectary organ primordia, which
can be interpreted as rudimentary (sterile) adaxial pollen
sacs, may be an indication for an ontogenetical (!) con-
nection between nectary organs and stamens (Fig. 58 in
Erbar et al. 1999). However, this presumed relation of
nectary organs and stamens does not compellingly imply
that the nectary organs have phylogenetically developed
directly from initially fertile stamens. They may be just as
well phylogenetically interpreted as new organs that deve-
loped during the early evolution of “nectar-offering
flowers”. The genetic programs of the tepals and the organs,
that succeed within the flower, the stamens, overlap in these
new organs (see above). Our hypothesis does not contradict
a model supposed by Rasmussen et al. (2009) to consider
position, early developmental patterns and presence of nec-
taries as evidence of a commonly inherited syndrome. In
summary, many aspects of nectary organ evolution in
Ranunculaceae are unresolved.

In the context of ranunculaceous nectary organs it is
noteworthy that, unlike in core eudicots, no expression of
CRABS CLAW®, a gene required for nectaries (e.g. in
Arabidopsis7, Cleome, Nicotiana, Petunia) was found in the
nectary spur of Aquilegia (Lee et al. 2005a, 2005b). Nec-
taries are nectar glands that may occur anywhere in the
flower. First results in a limited number of taxa examined
indicate that irrespective of the position within the flower
the CRABS CLAW gene is essential for nectary develop-
ment (Bowman and Smyth 1999; Lee et al. 2005a, 2005b).
Its expression is mostly limited to carpels (here it is in-
volved in suppressing early radial growth of the gynoecium
and in promoting its later elongation) and nectaries (Bow-
man and Smyth 1999; Fourquin et al. 2005).

Another major event of gene duplication (in the AP3
lineage, which yielded the TM6 and euAP3 lineages; for
short termed “euB” in Fig. 2), is proposed to have occurred

¢ CRABS CLAW belonging to the so-called YABBY gene family encodes
a putative transcription factor (Bowman and Smyth 1999).

" In Brassicaceae, the nectaries (various in shape) are receptacular, i.e.
arise from the floral axis. Their position can be described as basal to the
filaments or as around the filament bases (see, e.g., Appel and Al-Shebaz
2003). In Cleomaceae as well the receptacle differentiates the nectaries
(see Leins and Metzenauer 1979; Kers 2003). Hence, it should be avoided
to associate the nectaries of these families with the stamens and this imply-
ing that they are formed by the latter (Lee et al. 2005a, 2005b). Inexact
formulations may lead to misunderstandings and may cause some troubles
since the site and histology of nectary tissue can differ and thus may con-
tribute to our understanding of systematic relationships (see, e¢.g. Berna-
dello 2007; Erbar and Leins 2010).
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just prior to the diversification of the core eudicots (Kramer
et al. 1998; Kramer and Irish 2000; Kim et al. 2004). This
may have contributed to the canalization of the core eudicot
flower structure and the petal-specific function of the B
genes (Zahn et al. 2005a; Kramer et al. 2006; Hileman and
Irish 2009). In general, the paleo-lineages are expressed in
the stamen primordia, but show only little (or no) expres-
sion in the perianth organs. Thus the ancestral function of
paleoAP3 and PI genes was likely restricted to specifying
male reproductive development (Kramer and Irish 2000;
Irish 2003). In other words, the stamen identity program
was established before the radiation of the angiosperms,
whereas the petal identity program remains at first plastic
and becomes fixed only along the lineage leading to the
higher eudicots (Kramer and Irish 2000). Ancestry of B
gene function in specifying male organ identity is also cor-
roborated by studies in gymnosperms (e.g., Winter et al.
1999).

As already mentioned, the MADS-box genes have
undergone a significant amount of gene duplication in
plants, and it is this increase in numbers and diversification
of MADS-box genes, as well as the recruitment of these
genes to new roles, that are likely to have contributed to the
evolution of new plant morphologies. Some functions of the
MADS-box genes also are found in the gymnosperms.
Homologues of the floral homeotic genes of classes B, C
and D are present in diverse gymnosperms (Miinster et al.
1997; Winter et al. 1999; Theissen 2001; Theissen et al.
2002; Jager et al. 2003). Since B homologues are expressed
in male reproductive organs only, we can assume that the
ancestral function of B genes was to distinguish male (B
gene expression “on”) and female (B gene expression “off”)
reproductive organs (Theissen ef al. 2000; Theissen 2001;
Theissen and Becker 2004; Theissen 2005; alternative
theories reviewed in Erbar 2007; see also Scutt et al. 2006;
Soltis et al. 2007b; Melzer et al. 2010). Thus the “ABCDE
system” of floral organ identity can be derived from an
older but functionally related “BC/D system”, already pre-
sent in the last common ancestor of all extant seed plants
(Fig. 2). The B genes might encode transcription factors
that control target genes required for male or female organ
identity. At the molecular level, it is therefore only a rela-
tively simple switch to create a bisexual system. But this
knowledge does not help in understanding the innovation of
the carpel! It is the “invention” of angiospermy and the con-
sequences that follow the enclosure of the ovules (e.g.
stigmatic tissue instead of pollination drop, improved self-
incompatibility systems, possibility of pollen tube compe-
tition in stigma and style, establishing mechanisms that
ensure allogamy and/or reduce autogamy, compitum in the
coenocarpous gynoecium optimizing pollination events)
that are crucial for the great success of the flowering plants.
The enclosure of the ovules, however, seems to be triggered
by the destructive behaviour of the first pollinators (e.g.
Leins and Erbar 1994, 2008, 2010). But what are the under-
lying genetic control mechanisms?

During the angiosperm evolution, the B function must
have undergone substantial changes: primary only control-
ling sex-determination, the B genes acquired a new, ad-
ditional role in that they specify distinct petals. Whereas the
paleoAP3 members play variable, not yet fixed roles in
petal identity, the function was canalized at the base of the
core eudicots where the euAP3 lineages clearly specify
petals in the second whorl of the flowers.

Class C genes of flowering plants specify stamens and
carpels, and we can speculate about the function of homo-
logues of these floral identity genes in taxa that do not form
flowers with stamens and carpels (Theissen et al. 2002).
The ancestral function of class C/class D homologues in
gymnosperms might be to distinguish between reproductive
organs (expression “on” = male sporophylls and ovulifer-
ous scales) and non-reproductive organs (expression “off”),
and to specify ovules as judged from expression studies
(Theissen et al. 2000, 2002). An ancient gene duplication
event (before the radiation of extant angiosperms) might

have resulted in the fixation of two different genes: the
ovule-specific D lineage and the C lineage promoting sta-
men and carpel identity. Possibly, diversification (sub-func-
tionalization in the terms of genetics) between the C and D
lineages decoupled megasporophyll and ovule development
and facilitated evolutionary modifications of both structures
(Theissen et al. 2000; Kramer et al. 2004; Theissen and
Melzer 2007). In addition to the class C genes YABBY
genes (see above) are involved in the carpel morphogenesis
(in the model organism Arabidopsis controlling width and
elongation of the ovary and development of carpel margins
and the tissues that arise from them; their expression has
been also demonstrated in basal angiosperms; Bowman and
Smyth 1999; Fourquin et al. 2005). Further investigations
will show, if these genes are also expressed in the repro-
ductive structures of the gymnosperms as well. In any case,
the results will help to understand carpel evolution (see
Scutt et al. 2006).

Class A as well as class E genes have not been identi-
fied in any gymnosperm investigated so far and seem to
have originated later than the B, C and D genes (Theissen et
al. 2000; Theissen 2005; Zahn et al. 2005a). Class A genes
may be derived from floral meristem identity function dis-
tinguishing floral from vegetative tissue (Theissen et al.
2000, 2002). The ancestral function of A genes in the spe-
cification of floral meristems may be reflected by the broad
expression of A in the perianthless flower of Chloranthus. B
function in Chloranthus, however, is exclusively expressed
in the stamens, providing evidence that B genes have ances-
tral function in differentiation between male and female
reproductive organs (Li et al. 2005). Obviously, the perianth
originated later than the bisexuality of flowers (Theissen
and Melzer 2007). Like the B class genes, the A class genes
have undergone multiple duplication events followed by
sequence divergence. Non-core eudicot species have only
sequences similar to those of the core eudicots (euAP1 and
euFUL; termed for short “euA” in Fig. 2). Thus at the base
of the core eudicots not only the duplication event in the
AP3 lineage (B class) but also a similar event may have
occurred in the AP1/FUL lineage producing the euAPl
genes.

Data support an early duplication of the E genes before
the diversification of the angiosperms (Zahn et al. 2005b).
Since especially the class E genes are required for the iden-
tities of all floral organs and thus are flower-specific, these
E genes seem to have a key function in the origin of
bisexual flowers (Zahn et al. 2005b).

The oracle whether the angiosperms arose via rapid
accumulation of the synapomorphies that characterize
flowering plants (the carpel, double fertilization, flower) or
through gradual accumulation of these traits over longer
time (the “transitional-combinational theory”, Stuessy
2004) remains unanswered although the results from “evo-
devo” research support the possibility of a more or less sud-
den flower origin. The coincidence between the origin and
diversification of the class E genes, the duplication event in
the class B genes, the decoupling of C and D function and
the origin of the angiosperms (Fig. 2) suggests that these
genes are involved in the processes that made possible the
morphological invention of the flower.
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