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Summary

The floral ground plan is a map of where and when floral organ primordia arise. New results

combining the defined phylogeny of flowering plants with extensive character mapping have

predicted that the angiosperm ancestor had whorls rather than spirals of floral organs in large

numbers, and was bisexual. More confidently, the monocot ancestor likely had three organs in

each whorl, whereas the rosid and asterid ancestor (Pentapetalae) had five, with the perianth

now divided into sepals and petals. Genetic mechanisms underlying the establishment of the

floral ground plan are being deduced using model species, the rosid Arabidopsis, the asterid

Antirrhinum, and in grasses such as rice. In this review, evolutionary and genetic conclusions are

drawn together, especially consideringhowknowngenesmaycontrol individual processes in the

development and evolution of ground plans. These components include organ phyllotaxis,

boundary formation, organ identity, merism (the number or organs per whorl), variation in the

form of primordia, organ fusion, intercalary growth, floral symmetry, determinacy and, finally,

cases where the distinction between flowers and inflorescences is blurred. It seems likely that

new pathways of ground plan evolution, and new signalling mechanisms, will soon be

uncovered by integrating morphological and genetic approaches.

I. Introduction

Flowers occur in a spectacular variety of forms (Weberling,
1989; Endress, 1994; Leins & Erbar, 2010; Ronse De Craene,
2010; Soltis et al., 2018). Flowers of all 300 000 or so species
of angiosperms have their own morphology. Even so, a layman
can readily recognize groups such as orchids, peas and daisies,
and we know that related species tend to have similar flowers.
We also know that flower form reflects the mechanism of

fertilization – showy tubular red flowers are often bird-
pollinated, but blue or yellow flowers with specially formed
‘landing platforms’ are usually insect-pollinated. However,
flowers without visual cues, such as those of grasses and many
temperate trees, are wind-pollinated. Despite this diversity, the
basic organization of flowers is strongly conserved. All have
male and/or female organs, and most have outer vegetative
organs that protect the sexual organs when in bud. But how
do flowers develop?

70 New Phytologist (2018) 220: 70–86 � 2018 The Authors

New Phytologist� 2018 New Phytologist Trustwww.newphytologist.com

Review

http://orcid.org/0000-0003-0455-9699
http://orcid.org/0000-0003-0455-9699


In plants, primary vegetative growth is generated from shoot
apical meristems (SAMs) present at the growing tips of stems.
Leaves (lateral organs) arise around the periphery of SAMs in a
stereotypical serial order (phyllotaxy). Additional SAMs may arise
in the axils of the leaves, resulting in the formation of branches.
Following floral induction, shoot meristems change their nature to
become inflorescence meristems (IMs). In many cases these
generate leaf-like bracts, and new axillary meristems arising in the
axils of bracts may develop as flower meristems (FMs), or new IMs.
In some cases, the main inflorescence shoot itself develops into a
flower.

As with SAMs, FMs arise as domes of undifferentiated cells. But
the lateral organs that develop around their edges differ from leaves.
At first they develop protective, or sometimes showy, perianth
organs. Sexual organs are then initiated internally that differentiate
into stamens and carpels. At this point the FM ceases further
organogenesis, and its indefinite growth ends.

Organs arise as small domes of undifferentiated cells, primordia,
which then develop their characteristic properties through growth
and differentiation. The arrangement of organ primordia on the
FM is called the floral ground plan. Also known as the Bauplan or
blueprint, it describes the location, time of initiation andnumber of
floral organ primordia that arise within a flower. These properties
are usually relatively stable within related species, indicating that
they are determined genetically.Our current understanding of how
such genes act has come from molecular genetic studies of flower
development in model species, especially the rosid Arabidopsis
thaliana, asterids including the snapdragon Antirrhinum majus,
and several cereal grasses.

Historically, the number and location of floral organs has played
amajor role in plant systematics since the time of Carolus Linnaeus
who used these as key properties to classify and identify plants
(Smyth, 2005). Later, their early development was described by
Jean-Baptiste Payer in a classic treatise (Payer, 1857), andprinciples
underlying their initial patterning in the flower analysed by
Wilhelm Hofmeister (Hofmeister, 1868). Currently, the origin
and evolution of the floral blueprint is an area of active research,
with the recently confirmed phylogeny of flowering plants
providing an essential foundation (APG IV, 2016).

In this review, I will first outline the general nature of the
floral blueprint. I will then consider comparative development
of the floral ground plan across the full spectrum of flowering
plants, summarizing what has been deduced about its evolution.
Specific aspects will then be dissected for further analysis, and
in each case relevant findings from molecular developmental
studies that may point to underlying mechanisms will be
discussed. The review does not cover how floral organs gain
their identity, ovule development, nor the development of
specialized structures such as nectaries. Overall, the aim has
been to help draw together knowledge and perspectives from
those who study morphology and diversity (Endress, 2011)
together with those whose focus is developmental genetics
(Irish, 2010; Yoshida & Nagato, 2011). These two historically
independent approaches are making rapid progress (Moyroud
& Glover, 2017), and their intersection is leading to new
perspectives in each.

II. What is the floral ground plan?

The location, timing and number of floral organ primordia of each
type that arise from the FM defines the floral ground plan (Sattler,
1973; Ronse De Craene, 2010) (see diagrams in Fig. 1; the ground
plan is illustrated by developmental images in Fig. 2). The ground
plan is imposed on a dome of undifferentiated cells that is the FM.
FMs themselves mostly arise in the axils of bracts (Fig. 2a,b), and
often become wider and flatter than SAMs or IMs. Typically, two
small vegetative organs, prophylls, are first generated laterally
(Fig. 2b,c), and then floral organs arise from the outer edge to the
centre (i.e. centripetally) (Fig. 2a,c), although variant patterns
occur (Fig. 2b). Mostly, the first primordia to arise develop as the
vegetative perianth organs. These may be of one type (tepals), or
they may occur as outer sepals (the calyx) and inner petals (the
corolla) (Fig. 2a–c). The stamen primordia (androecium) usually
arise next (Fig. 2a–c), with the carpels (gynoecium) the last to
appear, consuming the determinate meristem (Fig. 2a).

The location and timing of successively arising primordia is
known as their phyllotaxy (Endress & Doyle, 2007) (Fig. 1a). This
can be defined by the angle between successive initiation events (the
divergence angle), and by the time interval between them (the
plastochron). The two main phyllotactic patterns are spiral and
whorled (Table 1). On the one hand, in spiral phyllotaxis, the time
interval between the origin of successive organs is relatively long, and
is the same for all organs. The divergence angle also is constant, and
inmany cases it averages 137.5° around the central axis (e.g. Fig. 2c,
d). On the other hand, in whorled phyllotaxis, organs of one type
arise in a single circumference around the floral axis relatively close
together in time, or even simultaneously (Fig. 1a). Their divergence
angles are the same within a whorl, but differ from the organs that
arise in the next whorl. These are usually offset so that each arises in
the gap between already existing organs (alternate orientation)
(Fig. 2c,e,f). Also the plastochron varies at this point, as there is a
relatively long time interval before organs in the newwhorl arise. If a
third whorl arises, it can be seen that organs in whorls 1 and 3 (and
further odd-numbered whorls) line up radially on the floral axis
(orthostichies), as they do in the even-numbered whorls (Fig. 2d).
This contrasts with their absence in spiral phyllotaxy, and provides
one criterion to identify whorled vs spiral development (Endress &
Doyle, 2007; Leins & Erbar, 2010) (Table 1).

The number of organs of a specific type in a whorl – merism
(Ronse De Craene & Smets, 1994; Ronse De Craene, 2016)
(Fig. 1b) – is relatively fixed for each whorl, and usually occurs as
two, three, four or five organs per whorl, with trimery and
pentamery the most frequent patterns. Within a flower, there is a
tendency for all whorls to have the same organ number (isomery),
although the number of carpels is often fewer (Fig. 2c). For organs
with spiral phyllotaxy, the number of organs of one type in a series
may be more variable in some taxa, especially if many arise.

The orientation of the ground plan is usually dependent on the
position of the central axis from which the FM arises, with organs
closer to it said to be in adaxial positions and those further in abaxial
positions (Fig. 1c). In mature flowers these equate to dorsal and
ventral positions. In plants with a trimerous outer whorl, two of the
outer organs are typically spaced equidistant from the central axis

� 2018 The Authors

New Phytologist� 2018 New Phytologist Trust
New Phytologist (2018) 220: 70–86

www.newphytologist.com

New
Phytologist Tansley review Review 71



with the third in the abaxial position, whereas for other merisms
one outer organ usually occupies the closely adaxial position with
the others evenly spaced around the remaining circumference
(Leins & Erbar, 2010) (Fig. 1b). Overall, these observations imply
that the floral ground plan responds to a signal that establishes the
adaxial-abaxial axis of the FM (Chandler, 2014). This could arise
adaxially from the central shoot axis, or from the abaxial bract that
usually subtends the FM.

As for symmetry, many floral ground plans are radially
symmetrical (also known as polysymmetrical, or actinomorphic),
but others are bilaterally symmetrical (monosymmetrical, or
zygomorphic) (Endress, 1999) (Fig. 1c). In the former case, the
ground plan can be divided into identical halves by vertical planes
drawn in two or more positions, like spokes in a wheel. In the latter
case there is only one plane of symmetry – usually an adaxial–
abaxial plane that bisects the flower into twomirror-imaged halves.
This is apparently associated with the attraction of pollinating
insects with bilateral vision. In cases of bilateral symmetry, the
ground plan may differ in adaxial and abaxial regions based on size
differences (Fig. 1c), and these are later translated into bilateral
symmetry of the mature flower.

The floral ground plan can be illustrated by a floral diagram that
represents a transverse section of the flower at anthesis (Sattler,

1973; Ronse De Craene, 2010). This can also be summarized in a
floral formula (Box 1). Figure 1(d) illustrates floral diagrams of two
model species much used for developmental genetic analysis,
Arabidopsis thaliana (Smyth et al., 1990; Irish, 2010) and rice
(Oryza sativa) (Ikeda et al., 2004; Yoshida & Nagato, 2011).

III. Diversity and evolution of the floral ground plan

In order to accurately predict the ground plan of ancestors of
major angiosperm clades, their exact phylogeny is a prerequisite.
This is now established down to the family level almost without
ambiguity using DNA and amino acid sequence information
(Soltis et al., 2011; APG IV, 2016) (Fig. 3a). When individual
floral characters are mapped on this phylogeny, the ancestral
ground plans of all angiosperms and individual clades can be
predicted (Fig. 3b). A large-scale analysis using 27 floral
characters recorded for nearly 800 species has recently been
reported (Sauquet et al., 2017) extending earlier studies (e.g.
Endress & Doyle, 2009). Eighty-seven percent of families were
included, and tree branches were scaled using fossil evidence
(Magall�on et al., 2015). The study assessed the ancestral ground
plan using three methods – maximum parsimony, maximum-
likelihood and Bayesian analysis. Also, in a new approach the
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Tetramery PentamerySpiral phyllotaxis Whorled phyllotaxis
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(c) (d)

Radial symmetry Bilateral symmetry

Arabidopsis thaliana Oryza sativa

Fig. 1 Properties of the floral ground plan. (a) Phyllotaxy occurs in two categories. In spiral initiation (left), organs arise sequentially at set time intervals
(plastochrons), usually separatedby c. 135–140° (divergence angle). Inwhorled initiation (right), all organs arisemore or less simultaneously (althoughoften in
a rapid spiral), but, importantly, are equally spacedaround thefloral axis. (b)Merism is definedby thenumberof organs in awhorl. Thepositionof the stemfrom
which theflowerhasarisen is shownwitha crossedcircle. (c) Symmetry canbecategorizedas radial if theflowercanbedividedvertically into twoormoreaxesof
symmetry (left), or bilateral if there is only one (right). The early flower primordium can contribute to bilateral symmetry if there is differential radial growth
relative to the floral stem (crossed circle). (d) Floral diagrams ofmodel speciesArabidopsis thaliana (Brassicaceae, Brassicales, K4 C4A2+4G(2)) (left), and rice
(Oryza sativa, Poaceae, Poales, P2+2 A6 G1) right. InArabidopsis, flowers arise in the axil of a cryptic bract (pale green) (Kwiatkowska, 2006). Sepals (green)
and petals (white) occur in tetrameric whorls. Stamens (yellow) arise in two whorls, the lateral dimeric and the medial tetrameric (Endress, 1992), although
considered as one whorl in organ identity studies (Bowman et al., 1989). There are two fused carpels (white, centre). In rice, there are two empty vegetative
glumes (pale green) and two outer perianth organs (green), the palea (adaxial) and lemma (abaxial). Internal to the lemma are two lodicules (white), proposed
to have developmental parallels with petals. There are six stamens (yellow) in one whorl, and a single carpel (white, centre).
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uncertainty of the predicted ancestral characters was assessed
(recorded as 95% credibility intervals). Conclusions for many
characters (although not all) were robust, especially from
Bayesian and maximum-likelihood approaches.

1. Angiospermae

The ancestor of all angiosperms (Angiospermae) was firmly
considered to have bisexual flowers, radial symmetry,

(a) (b) (c)

(d) (e) (f)

Fig. 2 Scanning electron micrographs of early stages of flower development in selected species. All are from California, USA (see Supporting Information
Table S1). (a) Developing inflorescence of Castilleja species (Indian paintbrush, Orobanchaceae, Lamiales, K(5) [C(5) A4] G(2)), showing the inflorescence
meristem and successively older buds, each developing from the axil of a bract (removed for the lower three buds). In the oldest bud, the congenitally fused
sepals surroundfour stamens (petalprimordiaarehidden), and two fusedcarpels arearrangedmedially. (b)Developing inflorescenceofLupinusalbifrons (silver
lupine, Fabaceae, Fabales, K(5) C5 A(5+5) G1). The flowers are developing in the axils of bracts (mostly dissected) in a whorled pattern, although their floral
organs develop in an abaxial–adaxial gradient rather than inwhorls. Sepals are fused at the base (arrows). (c) Developing flower of Penstemon centranthifolius

(scarlet bugler, Plantaginaceae, Lamiales, K5 [C(5)A4]G(2)). Thefive sepals develop in anunbroken spiral phyllotaxy (all sepals except thefirst dissected). They
are numbered 1–5 in order of development. The petals are fused at their base (arrows), and one of the five third whorl organs is developing as a staminode
(asterisk). (d) Developing flower of Aquilegia formosa (crimson columbine, Ranunculaceae, Ranunculales, P5+5 A5+5+5+5+5. . .G5). The five inner perianth
organs (one dissected) develop in a spiral (numbered in order of appearance), but the stamens arise in multiple centripetal whorls of five organs each. Stamen
primordia in every second whorl are aligned radially down the vertical axis (arrow), a pattern seen in whorled but not spiral phyllotaxy. (e, f) Symphiotrichum

spathulatum (Westernmountain aster, Asteraceae, Asterales, K∞ [C(5) A(5)] G(2)). (e) The developing inflorescence (capitulum) is surrounded by involucral
bracts (some dissected), and individual flower primordia arise on its surface. An outer row of flowers ultimately develop one large petal-like structure that
consists of three congenitally fused petals. (f) Close-up of developing flowers showing a ring primordium (arrow) fromwhich five petals arise, and five stamen
primordia arising internal to and alternate with petal primordia. br, bract; ca, carpel; fm, flower meristem; ib, involucral bract; im, inflorescence meristem; pp,
prophyll; se, sepal; st, stamen. Bars: (a–d) 100 lm; (e) 500 lm; (f) 50 lm. Photos: John Bowman.
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undifferentiated perianth organs (rather than sepals and petals) and
all organs free (not attached to other organs) (Fig. 3b). The number
of each organ typewas relatively high, with>10 tepals,>10 stamens
and more than five carpels (with actual numbers not defined).
However, the phyllotaxy of the perianth organs and stamens was
less surely predicted.Whorled or spiral patterns were about equally
possible, with whorled slightly more probable. If whorled, each
whorlmay have had three organs (trimerous), as shown in Fig. 3(b).
Conversely, Sauquet et al. (2017) predicted that the carpels were
not whorled but occurred in a spiral arrangement. The ancestral
gynoecium was confidently predicted to be superior (extending
above the floral receptacle).

2. ‘ANA’ grade and Magnoliidae

The angiosperm ground plan is not necessarily found in any extant
plant. A common but erroneous assumption is that it will occur in a
few taxa that are sister to the major diversification of angiosperms,

the ‘ANA’ grade (Fig. 3a). This includes the orders Amborellales,
Nymphaeales and Austrobaileyales. It is clear that Amborella
trichopoda, the only livingmember of the Amborellales and sister to
all other angiosperms, has spirally arranged organs and morpho-
logically bisexual (but functionally unisexual) flowers, unlike the
predicted ancestral flower (Endress & Igersheim, 2000). However,
within Nymphaeales, the water lilies have whorled organs and
bisexual flowers, revealing that morphological divergence has
occurred among the ‘ANA’ grade lineages in the long period
(c. 130Myr) since arising from the common ancestor of all
angiosperms (Endress & Doyle, 2007, 2009) (Fig. 3a).

The predicted ground plan of the ancestral Magnoliidae
(136Myr old) was not significantly different from that of the
ancestral angiosperm (Fig. 3b). The traits with least support were
still organ phyllotaxis and the total numbers of organs, although
these were clearly relatively abundant (Erbar & Leins, 1983;
Sauquet et al., 2003; Massioni et al., 2015; Sokoloff et al., 2018).

3. Monocotyledoneae

A major divergence in the ground plan, however, was characteristic
of the monocots (Remizowa et al., 2010) that arose at around the
same time as the Magnoliidae (Sauquet et al., 2017) (Fig. 3a).
Ancestral monocot flowers were confidently predicted to have only
two whorls of free undifferentiated perianth organs, with three
organs in each (trimery), two whorls of stamens with similar
patterning, and three fused carpels (Fig. 3b). Thus, therewas amajor
reduction in organ numbers of all three organ types, and fused rather
than free carpels. Flowers remained radially symmetrical and
bisexual. This patternwas retained when theCommelinidae evolved
around 25Myr later. This subclass includes the majority of
monocots (e.g. Fig. 4a,b), including the species-rich grass family
(Poaceae) with specialized flowers based on this ground plan but
with significant modifications (Tanaka et al., 2013) (Fig. 1d).

4. Eudicotyledoneae

The major clade of living species, the eudicots (Endress, 2009),
diverged somewhat later than magnoliids and monocots
(c. 132Myr ago) (Fig. 3a). The flower of their common ancestor
was difficult to predict (Sauquet et al., 2017), partly because of
diversity in four sister lineages to the major radiation of eudicots
(‘basal eudicots’) (Damerval & Becker, 2017). Again, bisexuality,
radial symmetry, an undifferentiated perianth and free organs were
confidently predicted, but organ phyllotaxy (whorled or spiral),
and merism were not, although a change from trimery to dimery
was considered likely.

5. Pentapetalae

Amajor expansion began at c. 125Myr ago (Ma) with the origin of
the Pentapetalae (Fig. 3a). This super-order was proposed by
Cantino et al. (2007) to include the unofficially named ‘core
eudicots’ (except for Gunnerales). Major changes in the common
ancestor were confidently predicted (Sauquet et al., 2017)
(Fig. 3b). The perianth for the first time included sepals and petals,

Table 1 Properties of spiral and whorled phyllotaxis

Property Spiral Whorled

Plastochron (time
between
primordia)

Relatively long,
constant

Relatively short, or
simultaneous within a
whorl, long gap between
whorls

Emergence angle
(angle between
primordia)

Constant, often 137.5° Constant within a whorl,
varies from one whorl to
next

Location on axis Different levels Same level
Number of
organs

May vary Fixed

Radially aligned
organs
(orthostichies)

Absent May be present if 3+ whorls

Box 1 Floral formula

A simple representation of the floral groundplan canbeprovided in a
floral formula. In these, organ types are abbreviated as follows:

P – perianth of tepals, or

K – calyx of sepals, and
C – corolla of petals
A – androecium of stamens

G – gynoecium of carpels
The number of organs of each type follows the abbreviated name,
and, if inmore than onewhorl, the number in eachwhorl is indicated
with an intervening + symbol.
If organs of the same type are fused, the number is enclosed in
parentheses, and if organs of different types are fused, the entries for
both, including abbreviated names, are enclosed in square paren-
theses. A superior gynoecium is indicated by underlining the G,
whereas it is overlined for an inferior gynoecium.
For example,Arabidopsis thalianaflowers can be represented K4C4
A2+4 G(2).
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and as the name indicates, each whorl had five organs (pentamery).
Stamens and carpels also were whorled, with two whorls of stamens
and one of carpels predicted, probably with five organs per whorl in
each case. Carpels were fused but all other organs were free.Within
several million years (before 120Ma) Pentapetalae split into two
major clades, the Superrosidae and the Superasteridae (Fig. 3b).

6. Superrosidae

One was the Superrosidae (Soltis et al., 2011) that gave rise in turn
to Rosidae and then two super-orders Malvidae and Fabidae soon
after (Fig. 3a). Their ancestral ground plan was closely similar to
that predicted for the Pentapetalae and their Superrosid ancestor.
The Malvidae and Fabidae were further distinguished by subse-
quent divergences (Endress &Matthews, 2006), and independent
reductions in organ number from five to four per whorl occurred as
in the ancestor of the model species Arabidopsis thaliana (Brassi-
cales, Malvales) (Fig. 1d), and in many other taxa (e.g. Fig. 4c,d).

7. Superasteridae

However, the super-asterids (Soltis et al., 2011) underwent
further stable changes somewhat later (c. 100Ma) when the
Asteridae diverged into two super-orders, the Lamiidae and
Campanulidae (Fig. 3a). In each case, sepals and petals were
retained in two pentamerous whorls, but organs in each were
joined laterally (e.g. Fig. 4e). Stamen numbers were reduced to
one pentamerous whorl, likely associated with more efficient
pollination by requiring the pollinator to seek nectar through a
tubular corolla past the anthers. Carpels remained fused, and
although still pentamerous in some Campanulids, were likely
reduced to two in the Lamiid ancestor (Fig. 3b). The latter
includes the model species Antirrhinum (Plantaginaceae, Lami-
ales), and Petunia and tomato (Solanaceae, Solanales). In the
Campanulid ancestor there was some support for the ovary
being inferior (embedded in the receptacle), unlike the superior
position predicted for the ancestor of Lamiids.

Commelinidae
(4)

ANA
(3) (1)(1) (1) (3) (2)(1)(1)(1)

Rosidae Asteridae

Superrosidae Superasteridae

Pentapetalae

Core eudicots
Monocotyledoneae

Eudicotyledoneae

Mesangiospermae

Angiospermae

Monocotyledoneae Pentapetalae Lamiidae

(a)

(b)

Magnoliidae
(4)

Other monocots
(7)

Basal eudicots
(4)

Malvidae
(8)

Fabidae
(8)

Lamiidae
(8)

Campanulidae
(7)

Angiospermae
Magnoliidae

Fig. 3 Tree of the major groups of flowering plants, showing proposed floral ground plans of selected ancestors. (a) Cladogram showing relationships
between orders listed along the top in the linear classification (APG IV, 2016). The number of orders in the major groups is shown in parentheses.
Un-named branches represent one to three orders. Branch lengths are not to scale, but the position of names of the major groups reflects their
relative order of origin (Magall�on et al., 2015). (b) Floral ground plans of proposed ancestors of major taxonomic groups (Sauquet et al., 2017).
Perianth organs are dark green if undifferentiated, and light green and red if differentiated into sepals and petals. Stamens are coloured yellow and
carpels white. The location of the flowering stem is shown with a crossed circle. (Carpels are shown in a whorl rather than in a spiral in the proposed
ancestor of all angiosperms (see Sokoloff et al., 2018).)
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8. Conclusions

Thus, a firmly established angiosperm phylogeny, combined with
character records across species representing most families and
orders, has newly indicated that the angiosperm ancestor may have

had whorled phyllotaxis rather than spiral, and was definitely
bisexual rather than unisexual. The ancestral monocot was clearly
trimerous with two perianth whorls and two stamen whorls, as in
many extant species. The common ancestor of rosids and asterids
(Pentapetalae) was uniformly pentameric, also with two

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 4 Mature flowers at anthesis, illustrating floral properties characteristic of major angiosperm clades. All species are Australian, mostly from SWWestern
Australia (see Supporting Information Table S1). (a) The petaloid monocot Chamaescilla corymbosa (blue squill, Asphodelaceae, Asparagales) has a trimeric
ground plan characteristic of the proposed ancestral monocot, P3+3 A3+3 G(3). (b) The petaloid monocot Patersonia umbrosa var. xanthina (yellow flags,
Iridaceae, Asparagales, [P3+3 A(3)], G(3)), is also trimerous, but with narrow inner perianth organs and only one whorl of fused stamens. (c) The rosid
Crowea angustifolia var. angustifolia (bush Crowea, Rutaceae, Sapindales, K5 C5 A5+5 G(5)), has pentamerous flowers typical of theMalvidae and is similar
to the proposed ancestor of all Pentapetalae. (d) Boronia gracilipes (karri Boronia, Rutaceae, Sapindales, K4 C4 A4+4 G(4)), is from the same family as (c) but
with derived tetramery. (e) The asterid Eremophila longifolia (berrigan, Scrophulariaceae, Lamiales, K(5) [C(5) A4] G(2)), showing five petals fused in a tube,
characteristic of asterids. (f) The orchid Caladenia macrostylis (leaping spider orchid, Orchidaceae, Asparagales, P3+3 [A1 G(3)]) is trimerous typical of
monocots, with bilateral symmetry typical of most orchids. The basal internal perianth organ is modified into a labellum associated with insect interaction. (g)
The papilionate pea Gompholobium cyaninum (Fabaceae, Fabales, K(5) C5 A5+5 G1), has a bilateral corolla typical of these rosids. (h) The cut-leaved daisy
Brachyscome multifida (Asteraceae, Asterales, K∞ [C(5) A(5)] G(2) (internal flowers)), showing a pseudanthium of many flowers (right), the outer row
developing one large structure made up of three congenitally fused petals, and all surrounded by involucral bracts seen in two buds (left). (a–d) Radially
symmetric flowers. (e–g) Bilaterally symmetric flowers. (h) Both symmetries. Photos: Sonja Chandler except for E. longifolia (author).
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differentiated perianth whorls, and two stamen whorls. Rosids
continued this pattern, but asterid ancestors lost a stamen whorl,
developed fused perianth organs, and in lamiids the gynoeciumwas
mostly reduced to dimery.

IV. Genetic mechanisms

1. Phyllotaxy

The regular arrangement of successively arising organs, phyllotaxy,
has been a special focus of botanists for many years. One hundred
and fifty years ago, Hofmeister (1868) determined that leaves and
floral organs arise in the space between existing organs that is
furthest from themain apex (‘next available space’), suggesting that
an inhibitor of organ initiationwas generated from the apexwith its
concentration decaying as the distance from the apex increased.
Subsequently, it was realized that patterns could be explained if
organ primordia themselves also generated a decaying inhibitor –
the ‘inhibitory field’ hypothesis (Schoute, 1913; Leins & Erbar,
1997) (Fig. 5a).

Recently, experimental and modelling approaches have revealed
that, instead of organ initiation occurring in regions with a low

concentration of inhibitor, the action is positive and dependent on a
threshold concentration of an inducer, the plant hormone auxin
(Reinhardt et al., 2003) (Fig. 5a). Auxin moves up the outer layer of
the stem towards the SAM. Auxin concentrations vary around the
peripheral zone of the meristem, and new primordia arise where
auxin is relatively abundant. This is determined by the location of
already present primordia. Auxin ismoved fromcell to cell in part by
the polar action of the plasma membrane-associated transporter
PIN-FORMED1 (PIN1) (Reinhardt et al., 2003; Heisler et al.,
2005). In a new primodium, PIN1 first concentrates auxin at its
centre as PIN1 polarity responds positively to already present auxin.
This reaches a limit, atwhich point auxin efflux occurs into thenewly
forming vasculature (Reinhardt et al., 2003), and outwards into cells
surrounding the primordium (Heisler et al., 2005). Auxin concen-
trations distant from the primordium become relatively high, and
eventually reach a threshold and a new primordium is initiated.
Exactly where this occurs depends on successive earlier-formed
primordia that are each surrounded by their own decaying negative
auxin gradient (Fig. 5a). Phyllotaxy also is influencedby the actionof
another class of hormones. Cytokinins stimulate cell division, and a
gradient of negative cytokinin signalling extending from newly
arising leaf primordia generates a region where relatively high

Boundaries

(a) (b) (c)

(d)

Alternate initiation

Early intercalary growth

Late intercalary growth

Doubled primordia

Fascicular primordia

Ring primordium

Fig. 5 Mechanismsof establishment of thefloral groundplan. (a) Initiationoforgansusually occurs alternatelywithorgans thathavealreadyarisen. Thiswas thought
to depend on an inhibitory field surrounding existing organs (darker red, stronger inhibition), but is now known to depend on a field of auxin depletion (darker red,
more depletion) so that new primordia (white ovals) arise at sites of auxin maxima distant from the flower meristem centre. (b) Boundaries in flower meristems lie
between newly arising organs and the internal meristem (dark blue shading), and between organ primordia within awhorl (pale blue shading). (c) Variants of organ
primordiamayoccur if twoorgans arise fromone initial primordium (doubling, or d�edoublement), ifmultiple organs arise fromoneprimordium (fascicles), or if organs
arise froma ring primordium. Suchprimordia frequently generate additional stamens (polystemony). (d)Congenitally fused floral organs can arise by early intercalary
growth from a ring meristem as the organ primordia arise, or by late intercalary growth below the primordia after they have arisen.
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cytokinin concentrations reinforce the induction of primordia by
auxin (Besnaud et al., 2014).

If auxin dynamics control floral organ initiation in the same way
as leaf initiation, then parameters related to auxin transport and
thresholds are presumably important. In support of this, expression
of the DR5 reporter of auxin function closely matches locations
where floral organs will arise (anlagen) in the Arabidopsis FM
peripheral zone (Heisler et al., 2005; Chandler et al., 2011;
Lampugnani et al., 2012, 2013). Also, the number of cells involved
correspondswith the number of founder cells estimated from sector
boundary analysis (Bossinger & Smyth, 1996). Furthermore,
disruption to polar auxin transport in mutants of PIN1 and
PINOID (PID) genes can result in loss of floral organ initiation, and
in cases where organs do arise they occur in abnormal numbers
and locations (Bennett et al., 1995; Brewer et al., 2004). Finally,
auxin has been shown to directly signal the initiation of petal
primordia (Lampugnani et al., 2013). Petals are variably lost
in mutants of the PETAL LOSS (PTL) trihelix transcription
factor gene, but they can be restored if auxin is generated in the
adjacent inter-sepal zone of ptlmutant flowers. Even so, floral organ
anlagen are specifically marked even earlier by expression of the
AP2/ERF transcription factorDORNR€OSCHEN-LIKE1 (DRNL1)
(Chandler et al., 2011; Chandler, 2014; Chandler &Werr, 2014).
This indicates that they are somehow specified before expressing
auxin-responsive genes, although they may have already responded
in some way to an auxin threshold concentration.

Auxin control of spiral organ initiation is well established, and it
seems likely that it extends to whorled initiation as well. For
example, organs in successive floral whorls are usually offset so that
they arise in positions that alternate with (i.e. lie midway between)
two neighbouring primordia of the whorl before (Fig. 5a). This was
already noted by Hofmeister (1868), and generalized as the
‘alternation rule’. We can now interpret it in terms of predicted
auxin gradients generated by the same-aged and evenly-spaced
primordia of the preceding whorl. Even so, variants in such a strict
alternate pattern are sometimes seen in mature flowers with new
organs occurring opposite to (i.e. on the same radius as) the
previous organs, especially in stamen and carpel whorls (ob-
diplostemony; Ronse De Craene, 2010). In at least some cases this
is associated with a second whorl of stamens having smaller
primordia so that the largest ‘available space’ for carpel initiation
lies adjacent to them, rather than alternate with them (Leins &
Erbar, 1997).

But what about situations where phyllotaxy changes within the
flower? This is especially the case in core eudicots where the
individual sepals most often arise in a continuous spiral sequence,
but petals, stamens and carpels arise in whorls (Endress & Doyle,
2007) (Fig. 2c). On the one hand, it may be that the whorled petals
continue the spiral initiation pattern, albeit with a rapid plastochron
that results in their space-fitting assembly around a common
circumference. On the other, phyllotactic changes are very
infrequent between petals and stamens, and stamens and carpels
(Sauquet et al., 2017), indicating that the initial whorled pattern is
imposed on subsequent whorls (Fig. 5a). Sokoloff et al. (2018) used
this stability in extant species to argue that the ancestral flower of all
angiosperms was likely to have carpels in whorls just like the

preceding stamen whorls, whereas Sauquet et al. (2017) had
predicted spiral carpels. Whorled carpels are accepted here as the
more likely ancestral state (Fig. 3b) (but see Sauquet et al., 2018).

More generally, changes to specific floral properties do not occur
in isolation. Sauquet et al. (2017) pointed out that pairs of character
states often showed correlated changes (in 40–48% of possible
pairwise comparisons). Thismeans that floral structure is integrated,
and that if one character changes, certain others are likely to change
in a specific direction as well (Diggle, 2014; O’Meara et al., 2016).

2. Boundaries

Boundaries are important in setting up the floral ground plan
(reviewed by �Z�adnikov�a & Simon, 2014; Hepworth & Pautot,
2015). As each category of organs is initiated, a meristem–organ
boundary is established separating them from internal meristem
tissue (Fig. 5b). The rate of cell division is reduced in boundaries in
the SAM (Reddy et al., 2004) and FM (Breuil-Broyer et al., 2004),
and such boundaries are presumably associated with the relatively
long plastochron of organ initiation between whorls.

TheNO APICALMERISTEM (NAM) gene was the first shown
to control boundary formation, in Petunia flowers (Souer et al.,
1996). Soon after, mutants of orthologous CUP-SHAPED
COTYLEDON1/2 (CUC1/2) transcription factor genes were
described in Arabidopsis with similar function (Aida et al., 1997).
Accumulation of the transcripts of the two genes is negatively
regulated bymicroRNAsmiR164a-c, andmutants of themiR164c
gene, EXTRA EARLY PETALS1 (EEP1), show defects in second
whorl organogenesis (Baker et al., 2005). Auxin also is involved in
the establishment of boundaries in the IM (Vernoux et al., 2010),
apparently through its low concentrations allowing function of
CUC and SHOOT MERISTEMLESS genes that repress cell
division and maintain the undifferentiated state, respectively
(Heisler et al., 2005). Another class of hormones, brassinosteroids
(BRs), is involved in meristem-organ boundary formation through
their interaction with CUC genes (�Z�adnikov�a & Simon, 2014).
BRs induce expression of the transcription factor BRZ1, that in
turn directly represses CUC expression outside the boundaries
(Gendron et al., 2012).

A different category of floral boundary separates organs of the
same type, such as sepal–sepal and stamen–stamen boundaries
(Fig. 5b). These also involve CUC function, and cuc multiple
mutants show fusion between adjacent organs (Aida et al., 1997).
The transcription factor, PETALLOSS (PTL) is strongly expressed
in inter-sepal boundaries (Brewer et al., 2004) where it represses
growth independently of CUC function (Lampugnani et al.,
2012). Another boundary gene, RABBIT EARS (RBE) encodes a
zinc finger transcription factor that acts in the same processes as
PTL (Lampugnani et al., 2013), and directly represses expression of
the EEP1 miRNA gene that in turn negatively regulates CUC1/2
mRNA accumulation (Huang et al., 2012).

3. ABCE organ identity genes

Floral organ identity is conferred on developing primordia by the
well-characterized ABCE genes (for reviews, see Causier et al.,
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2010; Bowman et al., 2012; �O’Maoil�eidigh et al., 2014; Theissen
et al., 2016; Irish, 2017). However, the organ identity functions of
these genes do not play a direct role in defining the floral ground
plan (Leins& Erbar, 1997; Ronse DeCraene, 2010; Sauquet et al.,
2017). In ABCE mutants the pattern of organ initiation and early
growth is usually unaffected and thus independent of their
subsequently disrupted identity. To illustrate this, in Arabidopsis
flowers differences betweenwild-type and homeotic mutant organs
only appear well after the organs have arisen (Bowman et al., 1989,
1991). Furthermore, the number of founder cells varies between
primordia in different whorls, yet it stays constant irrespective of
their later identity (Hill & Lord, 1989; Crone & Lord, 1994;
Bossinger & Smyth, 1996).

This is not to say that some of the genes conferring organ identity
have no functions related to the ground plan. ABCE genes encode
transcription factors (mostlyMADS proteins), and their targets are
not necessarily confined to genes conferring organ identity. For
example, mutants of B function genes in Arabidopsis somehow
disrupt the initiation of organs in positions normally occupied by
stamens (Bowman et al., 1989, 1991), and the C function gene
AGAMOUS (AG) has an additional role in preventing further
growth of the flower meristem (see Determinacy).

An unresolved question is howboundaries of expression between
ABCE organ identity genes match the meristem–organ boundaries
between whorls discussed earlier. For example, the antagonistic
boundary between A and C function in Arabidopsis is established
throughpost-transcriptionalmechanisms (Wollmann et al., 2010),
but it is unclear how this ends up coinciding with a CUC-regulated
boundary between petal and stamen primordia. It may be relevant
that the C function boundary encroaches outwards into whorl 2 in
mutants of Arabidopsis boundary genes such as RABBIT EARS
(RBE) (Krizek et al., 2006), and PTL (in association with ROXY1)
(Quon et al., 2017). However, a recent example of a direct link
between these two boundary types has come from study of the
SUPERMAN (SUP) zinc finger gene. This is expressed in the crease
separating stamen and carpel initiation zones where it may inhibit
cell division (Sakai et al., 1995), as well as somehow preventing
expression of the stamen identity gene AP3 from occurring in the
adjoining carpel zone (Prunet et al., 2017).

Further insight may be forthcoming when we know the basis of
such phenomena as ‘fading borders’ in basal angiosperms where the
edges of B function gene expression are not sharply defined (Kim
et al., 2005; Soltis et al., 2007), and ‘moving boundaries’ of B
function where boundaries may extend to the outer edge of the
flower as in some monocots (Bowman, 1997), or be divided
between different paralogues in subregions of the perianth as in
some basal eudicots (Kramer et al., 2003).

4. Merism

The number of organs perwhorl ismostly constantwithin a species.
Its control depends on auxin function (see the Phyllotaxy
subsection), and it is sensitive to changes in FM size and shape.
In Arabidopsis, mutants of CLAVATA1/2/3 (CLV1/2/3) signal
transduction genes result in taller meristems associated with their
role in limiting the extent of the central zone, and result in

additional floral organs, especially stamens and carpels (Clark et al.,
1993; Kayes &Clark, 1998; Fletcher et al., 1999). FMs inmutants
of ULTRAPETALA (ULT) genes are taller but also wider, and the
merism of all whorls is increased, especially sepals and petals
(Fletcher, 2001; Carles et al., 2005). However, interspecies com-
parisons show that size is not an absolute driver. For example,
flowermeristems differ in size by orders ofmagnitude across taxa in
the family Brassicaceae, and yet the number of floral organs of each
type is relatively fixed (Krizek & Anderson, 2013). Presumably
signalling of organ initiation is fine-tuned over evolutionary time to
match changes in meristem size.

Another mechanism may be in play controlled by the bZIP
transcription factor PERIANTHIA (PAN). In pan mutants
FM size was not detectably increased and yet mutant flowers
were regularly pentamerous (except for unaffected carpels)
(Running & Meyerowitz, 1996; Chuang et al., 1999). Expres-
sion of the DRNL reporter of floral organ anlagen indicates
that it is the abaxial sepal that splits in two (Chandler &
Werr, 2014). It may be that PAN was involved in the
transition to tetramery that occurred in an ancestor of the
Brassicaceae through suppression of abaxial FM growth.

In general, how might the number of organs per whorl increase
or decrease during evolution (Ronse De Craene & Smets, 1994;
Ronse DeCraene, 2010, 2016)? At least three general scenarios can
be proposed. First, the flower meristem could have enlarged, or
shrunk, allowing space for the initiation of more or fewer of the
same sized organ primordia (without changes to auxin signalling
parameters) as discussed above. Second, two successive whorls
could amalgamate, or one separate into two. A third possibility is
that individual primordia in a whorl could be duplicated, or be lost.
Combinations also are possible. Just why the great majority of
extant angiosperms are trimerous or pentamerous is wide open for
speculation.

5. Variant organ primordia

An evolutionary increase in organ number is sometimes observed
for specific primordia, especially stamens (Ronse De Craene,
2010). In these cases, two organs may arise from a single
primordium instead of one, a process called doubling, or
d�edoublement (Fig. 5c). This may have occurred, for example,
for the medial stamens of an ancestor of the Brassicaceae (Endress,
1992) (Fig. 1d), and even been reversed in some Lepidium species
within this family (Bowman&Smyth, 1998). Furthermore, a large
single primordium may generate bundles (fascicles) of organs
(Fig. 5c). Again, this occurs more often for stamens, and the
resultingmature organsmay share fused filaments at their base (e.g.
in Hypericum (Hypericaceae), Melaleuca (Myrtaceae); Weberling,
1989; Endress, 1994; Leins & Erbar, 1997, 2010). These
modifications presumably occur if primordium size increases
sufficiently so thatmultiple foci of auxin signalling arise and lead to
multiple organs, mimicking the behaviour of a flower primordium.
Another variant is the ring primordium (Figs 2f, 5c). As the name
suggests, these encircle the floral axis and multiple organs can arise,
either in a single whorl per ring or in large numbers distributed
throughout the ring.
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However, organ numbers can decrease by loss of specific organs.
This occurs in unisexual flowers, where female flowers lose their
functional stamens, and male flowers their carpels. The stage of
functional loss ranges from the absence of organ initiation, through
abortion at any developmental stage, up to the loss of functional
gametes (Diggle et al., 2011). This diversity varies markedly across
taxa, consistent with multiple independent origins by many
potential mechanisms (Diggle et al., 2011; Sauquet et al., 2017).
The established mechanisms include programmed cell death, and
hormonal disruption of normal development (e.g. Acosta et al.,
2009; Akagi et al., 2018).

6. Organ fusion

Ancestrally organs were not united, but organ fusions have evolved
in ancestors of several major groups. Fusion can be thought of as
occurring during early development (congenital) or during differ-
entiation (post-genital), commonly involving organs of the same
type (connate), or sometimes of different identities (adnate).

Fusion of adjacent sepals and of adjacent petals is characteristic of
the Asteridae, and is predicted for their common ancestor (Sauquet
et al., 2017) (Fig. 3b). Congenitally fused petals may arise from
early or late developmental events (Leins & Erbar, 1997, 2010).
Early fusion occurs if they arise from a ring primordium that
elongates as a whole (Fig. 5d), characteristic of the Campanulids
(Fig. 2f). In late fusion, individual primordia arise but later
intercalary growth occurs below as they elongate (Fig. 5d). This is
typical of the Lamiids (Fig. 2c), and there is recent evidence from
Antirrhinum (Plantaginaceae) that action of aCUC boundary gene
(known as CUPULIFORMIS) is involved (Rebocho et al., 2017).

As far as stamen fusion is concerned, if their primordia are close
to or shared with a ring petal primordium, mature stamens may be
inserted on the inside of the petal tube. Fusion of stamens per se has
not been identified in common ancestors of anymajor clade, but is a
later specialization in several families including the legumes
(Fabaceae) where filament fusion is congenital through late
intercalary growth (Tucker, 2003), and the daisies (Asteraceae)
where anther fusion occurs post-genitally (Weberling, 1989).
Other family-specific fusions include the bisexual stamen–carpel
gynostemium of some of the Orchidaceae (Kurzweil & Kocyan,
2002).

Carpel fusion apparently occurred in the monocot ancestor and
independently in the ancestor of the Pentapetalae (and perhaps
earlier in the Eudicotyledoneae), in each case by congenital fusion
(Sauquet et al., 2017). A whorled arrangement seems a necessary
prerequisite for fusion of adjacent carpels, and indeed all connate
fusions. Also, carpels very rarely occur in more than one whorl
(Endress, 2014).

7. Intercalary growth

An important but often overlooked phenomenon in early flower
development involves growth of subregions of the floral receptacle.
The receptacle is the undifferentiated tissue that underlies newly
arising floral organs and overlies the rib meristem from which the
pedicel arises. I have already discussed intercalary growth at the base

of fused petal tubes (Fig. 5d). Intercalary growth also is associated
with inferior ovaries, characteristic of some monocot Commelin-
idae and the asterid Campanulidae (Sauquet et al., 2017). In this
case, intercalary growth occurs around the sides of newly arising
carpels in an FM that is usually concave rather than convex at this
stage (Leins & Erbar, 2010). However, perigyny, where the ovary
lies inside a floral cup (hypanthium), results from receptacle growth
around the FM perimeter that lifts outer floral organs on the
resulting rim (Endress, 1994; Smyth, 2005). The nature of such
intercalary growth patterns has not been studied in detail (Leins &
Erbar, 2010). Its control may depend on prolonged SHOOT-
MERSTEMLESS (STM) homeobox gene function in preventing
differentiation in the centre of the FM (Lenhard et al., 2002), or it
may depend on modification of genetic pathways active in the
underlying rib zone (Bencivenga et al., 2016). Another possibility is
that it is regulated by a still unknownmechanism. In any case, these
proposals are testable in the immediate future.

8. Bilateral symmetry

The genetic control of bilateral symmetry has been deduced in the
snapdragon (Antirrhinum majus, Plantaginaceae). (A close relative
with the same floral ground plan, Penstemon centranthifolius, is
shown in Fig. 2c.) Two related TCP transcription factors
CYCLOIDEA (CYC) and DICHOTOMA (DICH) are involved
(Luo et al., 1995, 1999). It seems that CYC and DICH normally
repress growth in the adaxial region of the early flower meristem to
distinguish it from the abaxial region, associated with the
generation of a sterile adaxial staminode (Fig. 2c). Overgrowth in
this region in cyc dichmutants allows space for the formation of an
additional sepal and petal and two stamens. Later, adaxial (dorsal)
petals lose their identity in the double mutants and radially
symmetric flowers with abaxial (ventral) petals only develop. CYC
and DICH promote the adaxial expression of a MYB transcription
factor gene, RADIALIS (RAD) that plays a major role in conferring
dorsal petal identity (Corley et al., 2005; Costa et al., 2005).
However, ventral identity is controlled by a different MYB
transcription factor DIVARICATA (DIV), and in div mutants
the identity of the lower lip petal is lost (Galego&Almeida, 2002).

Ancestors of all major clades are predicted to have radially
symmetrical flowers (Fig. 3b) (Sauquet et al., 2017). Phylogenetic
mapping has revealed that bilateral symmetry has arisen indepen-
dently at least 130 times (Reyes et al., 2016). In some large families
such as Orchidaceae, Fabaceae and Asteraceae (Fig. 4f–h) and in
the order Lamiales it is the norm, whereas in others it occurs
sporadically.When looking across all angiosperm orders, a striking
finding is that bilateral symmetry is associated withmodification of
CYC2 gene expression inmost cases investigated to date, just as it is
in Antirrhinum (Hileman, 2014; Reyes et al., 2016). The evidence
includes functional studies in Lotus (Fabaceae) (Feng et al., 2006),
and Iberis (Brassicaeae) (Busch&Zachgo, 2007), bothmembers of
the Rosidae. Inmany composites (Asteraceae), outgrowth of a large
petal-like organ consisting of three or five congenitally fused petals
in a specially differentiated outer flower (Fig. 4h) also depends on
CYC2 gene expression (Chapman et al., 2012). It seems that the
repeated co-option of CYC2 gene function reflects its conserved
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function in regulating differential adaxial-abaxial (dorso-ventral)
growth (Hileman, 2014). Furthermore, reversal of this change also
is frequent (at least 69 times; Reyes et al., 2016), associated in at
least some cases with further changes in the localization of CYC2
gene expression (Zhong et al., 2017).

9. Determinacy

Flower primordia are determinate. Once carpel primordia are
initiated, the primordium is consumed and ceases further
growth (Fig. 2c). This is unlike other apical meristems that
may continue to generate lateral organs indefinitely. In flowers,
the winding down process is governed by the C function gene
AGAMOUS, a flower-specific regulator. AG expression is
directly activated by the FM identity gene LEAFY (Lenhard
et al., 2001; Lohmann et al., 2001), and the floral organ
merism gene PERIANTHIA (Das et al., 2009; Maier et al.,
2009). AG then functions by downregulating WUSCHEL
(WUS) expression. WUS is a homeodomain transcription
factor that ensures maintenance of stem cells in the central
zone of the flower primordium, and in its absence they are
lost and growth ceases (Schoof et al., 2000). At first, AG
protein recruits general repressor proteins to the WUS locus
that limit its expression. In addition, AG promotes expression
of the zinc finger gene KNUCKLES, and this directly represses
WUS expression (Sun et al., 2009). Further players, which
include the stamen–carpel boundary gene SUPERMAN, and
the carpel development gene CRABS CLAW, may be associated
indirectly with WUS downregulation and thus floral determi-
nacy (Sun & Ito, 2015).

10. Flowers or inflorescences?

In some species, it is difficult to deduce if reproductive structures
are flowers or inflorescences. Inflorescences are aggregations of
flowers of common developmental origin that occur in a wide
variety of forms (Weberling, 1989; Endress, 2010; Leins & Erbar,
2010).Onemajor dichotomy lies in the fate of an individual IM. In
some cases it continues indefinite (indeterminate) growth, whereas
in others it is determinate and converts to a FM and further
extension ceases. In either case, further IMs or FMs usually arise
below the apex in the axils of already-formed bracts.

In Arabidopsis, inflorescence development begins when a mobile
light-regulated florigen signal that is generated in leaves moves to
the SAM. The signal is a phosphotidylethanolamine-binding
protein encoded by FLOWERING LOCUS T (FT) (Corbesier
et al., 2007). Once in the SAM it interacts with the bZIP
transcription factor FLOWERING LOCUS D (FD), activates
APETALA1 (AP1) expression (Wigge et al., 2005), and results in its
conversion into an IM. This is associated with increased concen-
trations of a protein closely related to FT, TERMINAL
FLOWER1 (TFL1), which acts to promote IM identity (Bradley
et al., 1997). Mutants of TFL1, and its orthologue
CENTRORADIALIS of Antirrhinum, have reduced inflorescences
as the terminal shoot loses its IM identity and develops as a
determinate flower-like structure (Alvarez et al., 1992; Bradley

et al., 1996). Such a genetic switch may underlie the distinction
between indeterminate and determinate inflorescence meristem
development (Alvarez et al., 1992).

Arabidopsis has a racemose inflorescence, and individual FMs
arise in the axils of cryptic bracts that are generated on the flowering
stem by the IM (Kwiatkowska, 2006, 2008) (Fig. 1d) after several
cauline leaves have arisen. FM identity is controlled by the key
regulator LEAFY (LFY), a novel transcription factor (Weigel et al.,
1992) whose activity is promoted by the FT light-responsive
flowering pathway, as well as the gibberellic acid hormonal
pathway. Direct downstream targets of LFY include APETALA1, a
MADS transcription factor that in turn regulates other floral-
specific MADS targets (Irish, 2010).

Networks of regulatory genes controlling inflorescence archi-
tecture also are being uncovered now in tomato (Park et al., 2014),
Petunia (Castel et al., 2010) (both with cymose inflorescences) and
cereals (Tanaka et al., 2013; Kyozuka et al., 2014; Zhang & Yuan,
2014; Bommert & Whipple, 2017; Whipple, 2017). These are
revealing some differences from the pattern first established in
Arabidopsis and Antirrhinum, including variations in the roles of
orthologues of the Arabidopsis LFY gene and the UNUSUAL
FLORAL ORGANS (UFO) FM identity gene encoding an F-box
regulatory protein.Themeristems involvedmay show a continuum
of identities from fully vegetative to fully floral (Prusinkiewicz et al.,
2007; Park et al., 2014).

A developmental perspective can throw light in cases where it is
not obvious whether a mature reproductive structure is a flower or
an inflorescence. For example, in some Euphorbiaceae (Fabidae),
apparent ‘flowers’ are in fact assemblages of several unisexual
flowers that lack perianth organs. In Euphorbia, one female flower
containing three fused carpels is surrounded by severalmale flowers
made up only of stamens (Prenner & Rudall, 2007). These are
condensed on a terminal shoot and surrounded by sepal-like bracts
in a pseudanthial structure called a cyathium.

Difficulties also may arise in cases where organs arise in unusual
positions. For example, in the ‘ANA’ grade aquatic herb Trithuria
(Hydatellaceae, Nymphaeales), reproductive units include several
bracts surrounding multiple unfused carpels lying external to two
stamens (Rudall et al., 2007). Thus, the position ofmale and female
organs is reversed. One possibility is that the unit reflects a
compressed inflorescence with basal female flowers and male
flowers at the apex. Another is that the unit is a flower and there have
been organ identity changes. The latter possibility was tested in
another ‘inside-out’ flower, Lacandonia (Triuridaceae, Pandanales)
(�Alvarez-Buylla et al., 2010). In this species the centre of the flower
is occupied by three stamens and it expresses B and C function
organ identity genes, but only C function is expressed in
surrounding regions populated by carpels. Even so, this does not
show that B and C function controls the position of the organs, but
that the identity of the organs is reflected by B andC function. One
alternative explanation is that the highlymulticarpellate gynoecium
ofLacandonia arises later, and inmature flowers it ismuch folded so
that itmay have looped outside the earlier arising stamens (Endress,
2014).

In daisies (Asteraceae), many individual flowers are aggregated
into an inflorescence cluster on a capitulum that resembles a single
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flower (Figs 2e,f, 4h). Functional studies in Gerbera have revealed
that the ortholog of the LFY gene controls the identity of the
capitulum as a whole, rather than of individual flowers as in
Arabidopsis (Zhao et al., 2016). Thus, the daisy inflorescence has
functional properties equivalent to a single flower that are also
reflected in its genetic determination. Even so, it is known in species
other than Arabidopsis that LFY is involved more broadly in
promoting vegetative meristem growth (Moyroud et al., 2010).

V. What’s next?

In this review an attempt has been made to draw together our
current knowledge of the floral ground plan and how it has evolved,
along with our understanding of how individual properties of the
plan are genetically controlled. This has led to many questions
involving both approaches (Box 2). These range from those
apparently soluble in the shorter term, such as defining the role
of hormones and the basis of intercalary growth, to those that are
much more challenging and longer term, including understanding
the mechanisms of evolutionary change in phyllotaxy and organ
number.

So far, much of the study of morphological evolution has
involved comparisons at deep nodes of the angiosperm phyloge-
netic tree. Although these have revealed the direction of changes in
the floral ground plan, they have not uncovered mechanisms.
However, developmental genetic studies have been focused on a
limited number ofmodel species at the tips of the tree.Mechanisms
of action ofmany regulatory genes have been deduced, but whether
they have been involved in the evolutionary changes is mostly not
established.

One exception is the progress that has been made in under-
standing how bilateral symmetry arises and is genetically controlled
by the conserved function of the TCP transcription factor CYC2
across diverse taxa.However, such conservation in genetic control is
not necessarily universal. For example, the bZIP transcription
factor PERIANTHIA inArabidopsis influences the number of floral
organs (Running&Meyerowitz, 1996;Chuang et al., 1999) as well
as the determinacy of the floral meristem (Das et al., 2009; Maier
et al., 2009), whereas the orthologous protein in maize,
FASCIATED EAR4, is more clearly involved with keeping the
IM size in check (Pautler et al., 2015).

Many of the regulatory genes identified to date encode
transcription factors, and as such their function is to regulate the
expression of downstream genes (Thomson et al., 2017). But our
knowledge of their direct targets is somewhat ad hoc and requires
detailed follow-up of candidates using labour-intensive methods.
Deduction of full regulatory networks is still some way off. As a
complicating factor, transcription factor function can be subject to
relatively rapid evolutionary change (Floyd & Bowman, 2007).

The future will see comparative studies forge ahead.Newmodels
are required (Chang et al., 2016) that need not have facile genetics
or genomics, but should be capable of transformation and
regeneration. Gene function can then be deduced by manipulating
the action of candidate genes using technologies including
CRISPR. At one level, these model species need to be scattered
across the complete phylogeny of extant angiosperms. In this way,

they will be relevant to deep branches of the tree, and thus divergent
but subsequently conserved properties of the ground plan. But, in
addition, a focus on comparison of genetic mechanisms within
orders and within families in which specific changes in the floral
ground plan have occurred may help deduce underlying mecha-
nisms more readily. For example, independent changes from
pentamery to tetramery have occurred in rosid families and orders,
and functional tests of the role of candidate genes may lead to an
understanding of how such fundamental changes can occur. Also
study in the Brassicaceae of the genetic control of transitions
between compound and simple leaf development in Cardamine
and Arabidopsis has revealed that it can occur through changes in
the presence and activity of a homeobox gene REDUCED
COMPLEXITY (Vlad et al., 2014).

Box 2 Some unanswered questions

� Exactly how does floral organ phyllotaxy change between spiral

and whorled, and vice versa, and which was ancestral?
� Is this phyllotaxy primarily controlled by auxin thresholds?Howdo

brassinosteroids and cytokinins fit in? Are boundaries also primarily

controlled by hormones?
� How are ABCE organ identity boundaries synched with physical

boundaries in the ground plan?
� Does the newly identified gene expression boundary in shoot

meristems that ultimately defines the upper and lower polarity of

leaves (Caggiano et al., 2017) also apply to flower meristems?
� How is the size of the flower meristem sensed to determine the

numberof organprimordia that arise (merism)?Andhowcanmerism

change, say from three to twoorgans perwhorl, and from two to five

organs organs per whorl, as likely occurred during early angiosperm

evolution?
� What controls the extension of subregions of the floral receptacle

by intercalary growth that leads to floral cups, fused petals and

inferior ovaries? Is the rib meristem involved?
� How does the flower meristem sense its adaxial–abaxial orienta-
tion relative to the inflorescence axis? And how is this transmitted to

the action of bilateral symmetry genes?
� How is medial-lateral polarity of the flower meristem controlled

(Matsumoto & Okada, 2001)?
� Do mechanical properties vary regionally across the floral dome,

and do they help predetermine where primordia initiate (Sam-

pathkumar et al., 2014)?
� Does the physiological state also vary across subregions of the

dome? Is this sensed by regulatory factors such as energy sensing

kinases TOR and SnRK1 (O’Brien et al., 2015; Baena-Gonzal�ez &

Hanson, 2017), and glutaredoxins that sense oxidative state (Yang

et al., 2015; Quon et al., 2017), to control genes that promote or

repress growth?
� Has polyploidy stimulated morphological change? Is it relevant

that the origin of the Pentapetalae is associated with the gamma

whole genome triplication (Jiao et al., 2012), and later duplications

within orders and families are associated with their species richness

(Lands et al., 2018; Ren et al., 2018)?
� Is there an underlying evolutionary mechanism that ties together

co-occurring changes in different ground plan characters?
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Thus, by combining comparative morphology with the increas-
ing power of genetics new understanding of how flowers are
developmentally assembled, and how their ground plan has
evolved, seems assured.
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