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Summary

Asteraceae represent one of the largest and most diverse families of plants. The evolutionary
success of this family has largely been contributed to their unique inflorescences, capitula that
mimic solitary flowers but are typically aggregates of multiple florets. Here, we summarize the
recent molecular and genetic level studies that have promoted our understanding of
development and evolution of capitula. We focus on new results on patterning of the enlarged
meristem resulting in the iconic phyllotactic arrangement of florets in Fibonacci numbers of
spirals. We also summarize the current understanding of the genetic networks regulating the
characteristic reproductive traits in the family such as floral dimorphism and differentiation of
highly specialized floral organs. So far, developmental studies in Asteraceae are still limited to
a very narrow selection of model species. Along the recent advancements in genomics and
phylogenomics, Asteraceae and its relatives provide an outstanding model clade for extended
evo-devo studies to exploit the morphological diversity and the underlying molecular networks

and to translate this knowledge to breeding of the key crops in the family.
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l. Introduction

Asteraceae, also known as Compositae or sunflower plant family, with an estimated number of
25 000-35 000 species account for approximately 10% of all flowering plants (Funk et al.,
2009; Mandel et al., 2019). Together with orchids (Orchidaceae) and legumes (Fabaceae),
Asteraceae represents the most species rich family with 16 subfamilies and 50 tribes (Panero
and Crozier, 2016; Mandel et al., 2019; Susanna et al., 2020). It extends all over the world to
distinct habitats from arctic to tropics, in wide range of altitudes, and shows enormous variation
in developmental traits, secondary metabolites, life histories and growth forms spanning from
large trees to shrubs and herbs and even aquatic species (Palazzesi et al., 2022, and references
therein). The family includes economically important crops, ornamentals, medicinal plants as
well as weeds and invasive species, many of which have been targeted to genome-level studies
to develop resources and strategies e.g. for crop improvement. Moreover, a handful of these
species are also used as models to achieve fundamental understanding of the genetic
mechanisms that drive the enormous developmental variation in the family. In this review, we
aim to summarize the most recent work, in the light of key historical discoveries, to understand

the development of reproductive traits in Asteraceae.

Understanding the evolutionary history and phylogenetic relationships in Asteraceae have
greatly been facilitated by recent developments in genomics and transcriptomics by providing
means to reconstruct a well-resolved backbone phylogeny in Asteraceae (Mandel et al., 2014,
2019; Zhang et al., 2021b). Combined with data of available fossil records, the evolutionary
age of Asteraceae has been re-estimated to be much older than earlier thought and is now placed
to the late Cretaceous appr. 83 MYA (Huang et al., 2016a; Mandel et al., 2019; Zhang et al.,
2021b; Palazzesi et al., 2022). The origin of the family is positioned to southern South America
from where the family dispersed to Asia and Africa during middle Eocene likely through North
America. By the end of Eocene, further colonization associated with greatest diversification of
the family occurred from Africa to all continents (except Antarctica), and most recently to
North America leading to emergence of most of the present-day tribes (Huang et al., 2016a;
Mandel et al., 2019).

What makes Asteraceae so successful? The proposed key innovation is the capitulum

(Cronquist, 1977; Jeffrey, 2009), a highly compressed head-like inflorescence that may consist



of a single flower but is generally formed of multiple (tens, hundreds) florets that emerge on
an enlarged receptacle (Fig. 1). By layman, this aggregated structure is commonly considered
as a single flower and is thus called a pseudanthium or a false flower. The showy capitulum
contributes to the economic value of many commercially cultivated ornamentals such as
gerbera (Gerbera hybrida) and chrysanthemum (Chrysanthemum morifolium) while it also
provides an efficient pollinator target with selective advantage in promoting reproductive
fitness (Stuessy et al., 1986; Sun and Ganders, 1990; Andersson, 2008; Cerca et al., 2019).
Additionally, specific organs such as the protective involucral bracts around the entire head as
well as the pappus bristles surrounding and protecting each of the florets are considered to have
contributed to the evolutionary success of the family (Panero and Crozier, 2016). Apart from
developmental traits, it is worth mentioning that the richness of specific secondary metabolites
is also a likely reason to the wide ecological distribution of Asteraceae (Panero and Crozier,
2016).

Genomic and genetic studies propose that many key developmental gene families have
expanded in Asteraceae and acquired novel functions through neo- and sub-functionalization
and/or alterations in gene expression (reviewed in Broholm et al., 2014; Elomaa et al., 2018).
The recent studies based on 1087 nuclear genes from 243 Asteraceae species have placed
multiple whole genome duplication (WGD) events phylogenetically and proposed altogether
nine WGDs and 32 candidate WGDs in the history of the family (Zhang et al., 2021b). The
results support the earlier results based on sampling of much smaller number of Asteraceae
species (Barker et al., 2008, 2016; Huang et al., 2016a; Song et al., 2018; Zhang et al., 2020)
but also revealed many independent WGDs in several tribes. One of the current challenges is
to understand, how these duplications associate with emergence of novel traits and
developmental complexity in the family and how they have shaped gene functions and gene
regulatory networks. Moreover, we lack understanding whether these events may act as drives
of increases in diversification rates during the evolutionary history of Asteraceae (Palazzesi et
al., 2022).

I1.  Phenotypic diversity in Asteraceae — large playground for discoveries
Being one the largest plant families, the phenotypic diversity in Asteraceae is huge, yet poorly

understood (Palazzesi et al., 2022; Fu et al., 2023). The capitulum-like organization of the

inflorescences is characteristic for the whole family (Fig. 1). More generally, a capitulum



represents a type of pseudanthia that refers to flower-like inflorescences that function as single
reproductive units. Capitula can also be found in a few other families outside the Asteraceae
(e.g. in Dipsacaceae and Proteaceae; reviewed by Baczynski and Clallen-Bockhoff, 2023). In
an Asteraceae capitulum, the individual florets emerge on the surface of a receptacle in an
iconic spiral arrangement (phyllotaxis, see below). The variability among capitulum
architectures stems from the diversity of receptacle shapes, the presence or absence of
individual floret types, the variability in morphologies of individual florets as well as
aggregation of capitula to form higher order structures (Fig. 1; Fig. 2; Fu et al., 2023; Zhang et
al., 2021b).

A basic heterogamous capitulum consists of at least two distinct types of florets; the ray florets
that occupy the outer margin of the head and the disc florets in the center (Fig. 1a—e; Fig. 2b)
while a homogamous capitulum consists of a single floret type (Fig. 1f,g). In heterogamous
capitula, the distinction between the floret types is clear-cut as they show differences in their
sex and often also in their size and symmetry (Fig. 1b—e). Typically, the outer ray florets are
showy, bilaterally symmetrical (zygomorphic), neutral or pistillate (female) while the inner
disc florets are much smaller, more radially symmetrical (actinomorphic), often tubular and
hermaphrodite (bisexual). The capitula are defined as radiate (Fig. 2b) if they have true ray
florets or other type of marginal florets that are morphologically different from the central ones
(Bremer, 1994). True ray floret is characterized by a three-lobed lamina (3:0) and is the most
common marginal floret type in Asteraceae (Fig. 2b). In addition, some species develop a four-
lobed lamina (4:0) (Bremer, 1994). In ray florets of sunflower all five lobes fuse together to
form the showy ligule (5:0). As common in Mutisieae tribe, the ray florets in gerbera are
bilabiate with three fused abaxial lobes and two tiny adaxial lobes (3:2), and consequently, the
capitula are called as bilabiate or radiate-like deviating them from the true radiate capitula (Fig.
2b; Zhang et al., 2021b). In pseudobilabiate capitula the abaxial and adaxial lobes form in 4:1
configuration, respectively (Bremer, 1994). A radiant heterogamous capitula is a specific type
found in Centaurea species. The ray florets in Centaurea are five lobed and their corollas are
significantly longer than those in disc florets, yet they are radially symmetrical (Fig. 1d; Fig.
2b). In disciform capitula, the marginal florets are pistillate like the ‘standard’ rays but they
lack the large ligule (Fig. 1e; Fig. 2b). If the capitulum is homogamous, and formed of only
morphologically ray-like florets, it is called ligulate (Fig. 1f, Fig. 2b). The homogamous discoid
heads instead are fully lacking the ray florets and are composed of only disc florets (Fig. 19,

Fig. 2b; Zhang et al., 2021b). This variation in flower heads is further extended by



syncephalious species that develop second order capitula, i.e. “capitula of capitula” (Fig. 1h—j;
Fig. 2c). This kind of aggregation may further increase the size of the inflorescence for

pollination (Harris, 1999) while its developmental basis is not fully understood.

Recently, reconstruction of ancestral states of key morphological characters in Asteraceae by
Zhang et al. (2021b) indicates a transition in the capitulum architecture during evolution.
Homogamous, discoid capitulum consisting of only bisexual and isomorphic disc florets is
considered ancestral at the root of the Asteraceae. The transition to radiate-like and true radiate,
i.e. to flower-like architecture, was found to have occurred several times independently. This
transition is considered to have enhanced the attractiveness of capitula to pollinators and
consequently, their reproductive success. Also, opposite transitions, from radiate to discoid or
disciform capitula, were estimated to have occurred several times independently. Interestingly,
the clades with radiate capitula show much larger numbers of species than their sister clades
with discoid capitula giving support for the importance of the transition on their evolutionary
success (Zhang et al., 2021b).

The adaptive radiations of Asteraceae have also been associated with highly specialized floral
structures. The capitulum in all Asteraceae species is surrounded by involucral bracts that
perform a protective function for the whole structure (Fig. 1a, Fig. 2d; Fu et al., 2023; Panero
and Crozier, 2016). Thinking of the analogy of the capitulum to a single flower, they thus
correspond to the sepals in solitary flowers. This analogy is also reflected in patterning of the
bract primordia during early meristem development that is tightly regulated with patterning of
floret primordia (see below, Zhang et al., 2021a). In some taxa, also the individual florets are
subtended by a bract or a palea (Fig. 2d) that together with the modified calyx consisting of
pappi give further protection for the developing fruit (cypsela). Pappus morphology may vary
from hair/bristle- or feather-like to scaly or awn-like structures, but they are also absent in some
taxa. A classic example is the parachute-like arrangement of bristly pappus hairs in dandelion
(Taraxacum officinale) that aid fruit dispersal. In addition to the general organization of florets
to form a capitulum, these important functional roles of pappi are also seen as key innovations
in promoting the evolutionary success of Asteraceae (Panero and Crozier, 2016). Interestingly,
pappus evolved early in the evolution of Asteraceae and have considered to have contributed
to the transoceanic dispersal of Asteraceae seeds in the history of its radiation (Carlquist, 1976;
Panero and Crozier, 2016). Regarding the key floral traits, the ancestral state reconstruction

suggests that the ancestor of Asteraceae most likely lacked the floral subtending bracts (palea)



and developed hair- or feather-like (capillary or plumose) pappi (Zhang et al., 2021b).
Furthermore, Zhang et al. (2021b) proposes that the change from ancestral woody to

herbaceous habit has played a central role in diversification of Asteraceae.

Due to the enormous morphological variation across the family, Asteraceae provides a
promising model clade for evo-devo studies (Fu et al., 2023; Elomaa et al., 2018). So far
molecular level understanding of capitulum development is limited by the number of species
with existing mutant collections as well as routine protocols for gene functional studies through
genetic transformation. Nevertheless, the existing models such as sunflower (Helianthus
annuus), gerbera, Chrysanthemum sp., Senecio sp. and lettuce (Lactuca sativa) represent
distinct types of capitula and show diversification in various key floral traits. Here, we
summarize selected, recent work focusing on genetic basis of meristem patterning, flower type

differentiation and organ diversity.

I11.  Patterning and maturation of florets — Fibonacci spirals and pseudowhorls

1. Meristem expansion growth drives the phyllotactic patterning

Capitulum development in Asteraceae is fundamentally different from branched
inflorescences, involving key differences already during early ontogeny and patterning of the
inflorescence meristem (IM). The major differences relate to meristem size and configuration
(Fig. 3). After transition from vegetative to reproductive phase, the IM is rapidly expanding.
In sunflower, this expansion has been shown to coincide with activation of the central zone of
the meristem resulting in changes in its histological organization (Steeves et al., 1969; Marc
and Palmer, 1982). Subsequently, the meristem transforms into a mantle-core configuration
consisting of a meristematic surface forming a mantle with five to seven layers of mitotically
active cells, and a less active interior core composed of highly vacuolated cells (Harris, 1995;
Kwiatkowska, 2008; ClalRen-Bockhoff and Bull-Herefiu, 2013; Zhang and Elomaa, 2021).
Although this organization resembles a single flower meristem, the size of the final
undifferentiated IM e.g., in gerbera and sunflower is extremely large, more than one millimeter
in diameter which is approximately ten times larger than the Arabidopsis IM (Fig. 3a—c). Some
species in Asteraceae (e.g. Chrysanthemum morifolium) show a distinguishable transition apex
that is larger than the vegetative shoot apical meristem but fails to initiate bract and floret

primordia until exposed to additional cues for flowering (Harris, 1995).



The individual bracts and florets emerge on the expanding IM (Fig. 3d). Their phyllotactic
arrangement in spirals, called parastichies, is characteristic for the Asteraceae family. The
geometric regularity of this pattern is intriguing; the numbers of intersecting, clock- and
counterclockwise spirals are typically consecutive numbers in the Fibonacci sequence (1, 1, 2,
3, 5, 8, 13, 21, 34, 55 etc.). In contrast to Arabidopsis inflorescences, where flowers are
arranged in 3 and 5 spirals in each direction, many Asteraceae species exhibit high spiral
numbers, e.g., gerbera with 34 and 55 spirals, sunflower with 55 and 89 spirals (Elomaa et al.,
2018; Fig. 3a-c). Theoretical studies have suggested that the transition from low to high spiral
numbers is linked to changes in the meristematic area and primordium size (van Iterson, 1907,
Douady and Couder, 1996). Experimentally, alterations in photoperiodic conditions or
gibberellic acid treatments have been shown to affect meristem size, leading to transitions in
phyllotaxis from (2,3) to (3,5) spirals in Xanthium (Heliantheae, Asteraceae) (Maksymowych
and Erickson, 1977; Erickson and Meicenheimer, 1977). So far, little is known how such

dynamic changes in meristem size and configuration are genetically regulated.

Meristem expansion growth has been shown to drive phyllotactic patterning in the model plant
gerbera (Zhang et al., 2021a; Fig. 3d,e). Versatile microscopic studies indicated that the
patterning process can be divided into three major phases (Zhang et al., 2021a). During
meristem expansion stage, patterning starts with an increasing number of bract primordia piling
along the rim of the meristem (Fig. 3d,e). As the expansion growth ceases, the patterning or
generative front (a morphogenetically active zone where the new primordia emerge) moves
towards the meristem center with newly formed bract primordia initiating a template for lattice
of florets. During the final phase, the central meristematic region gradually decreases in size,
the spiral numbers are reduced in reverse Fibonacci numbers, and eventually the IM becomes
consumed by the floret primordia (Zhang et al., 2021a; Fig. 3d). The position of the active ring
was shown to associate with gerbera CLAVATA3 (GhCLV3) expression domain that is highly
dynamic and defines the undifferentiated meristematic area (Zhang et al., 2021a). Considering
the resemblance of IM to single flower meristems, the components of the
WUSCHEL/CLAVATA signalling network are strong candidates that putatively have evolved

to regulate IM expansion growth and active ring dynamics.

2. How do the Fibonacci spirals emerge?



For more detailed analysis of pattern initiation and progression, Zhang et al. (2021a) generated
transgenic gerbera plants expressing the DR5rev:3xVENUS-N7 auxin reporter (Heisler et al.,
2005) that marks the incipient bract and floret primordia (initia). During the bract initiation
phase, the number of auxin maxima along the rim of the expanding IM increased in preference
to Fibonacci numbers (Fig. 3e). The emergence of Fibonacci numbers was found to result from
an asymmetry in the space between the neighbouring initia; these gaps are not uniform in size
but follow a bimodal distribution being either large (L) or small (S) (Fig. 3e). As the new initia
were found to always be inserted in the larger gaps, their total numbers increased according to
Fibonacci numbers. The only exception is the second initium whose position is random. Further
live-imaging indicated that the asymmetry between the adjacent initia emerged through
movement of auxin maxima (inset at Fig. 3e). While an auxin maximum first emerged in the
middle between its closest two neighbours, it then moved both radially outwards and laterally
towards its older neighbour. Such lateral displacement results in subdivision of gaps into long
and short segments (Zhang et al., 2021a; Fig. 3e). By integrating positional information
extracted from the micro-CT scanning data, a 3D computational model was further generated
to recapitulate the patterning process observed in a real gerbera capitulum (Zhang et al., 20213;

see comparison between Fig. 3d and f).

Conventionally, a key measure for robustness of spiral phyllotaxis is the sequential initiation
of individual initia in a fixed divergence angle of 137,5°, the golden angle (Mirabet et al.,
2012). In Arabidopsis, such robustness is disturbed by the increased size of meristem or loss
of inhibitory field caused by cytokinin signalling (Landrein et al., 2015; Besnard et al., 2014).
The findings from gerbera capitulum emphasizes that the robustness of spiral phyllotaxis is
controlled by precise positioning of the new initia in relation to their neighbouring ones,
resulting in Fibonacci numbers of primordia and spirals along an expanding meristem
(Reinhardt and Gola, 2022, Godin et al., 2020). Interestingly, regular Fibonacci spirals are often
found in non-circular, elliptic or fasciated capitula, where the divergence angle cannot be
measured (reviewed in Prusinkiewicz et al., 2022). The computational model developed for
circular IM of gerbera (Zhang et al., 2021a) was further extended to these cases emphasizing
the role of local interactions in patterning (Prusinkiewicz et al., 2022). What if the local
interactions are interfered? Both mechanical wounding as well as laser ablation of the IM
results in de novo patterning of auxin in the wound margin, but the initiation of new bracts and
florets does not occur in Fibonacci spirals (Palmer and Marc, 1982; Hernandez and Palmer,

1988; Zhang et al., 2021c). These results indicate that spiral phyllotaxis requires continuous



and undisrupted propagation of positional information from earlier formed primordia.
Although phyllotactic patterns in gerbera emerge de novo in IMs located in the axillary
positions in the shoot rosette (Zhang et al., 2021a), in sunflower Fibonacci numbers of spirals
result from continuous progression of the pattern from cotyledons to leaves and further to bracts
and florets in the capitulum (Douady and Couder, 1996; Couder, 1998). Considering the
diversity of plant architectures in Asteraceae, understanding of early capitulum ontogeny may
help to clarify how spiral phyllotaxis is established at mechanistic level in terms of continuity

from earlier formed organs.

Similarly, physical treatments to constrain meristem expansion in one direction (resulting in
oval meristems) in sunflower disrupted the spiral organization of florets (Hernandez and Green,
1993). Moreover, the subdivision of the florets failed, and only large bracts were formed
suggesting that mechanical forces also affect organ identities. According to the ‘buckling
theory’ proposed by Hernandez and Green (1993) floret patterning emerges from “nothing”
and progresses continuously through repeated folding (buckling) of the epidermis, initially on
the boundary condition but also over the large meristematic surface. By microsurgical
manipulations (cuts and fractures) as well as computer simulations, Dumais and Steele (2000)
proposed differences in stress distribution between the meristematic regions. They indicate that
the meristem is under radial tension while a zone of circumferential compressive stress is
localizing to the generative front to control initiation (buckling) of new primordia. So far, we
lack understanding of the factors that define the highly dynamic generative front — could they
be physical in nature (as proposed by the buckling theory), and how they potentially affect
hormone responses and gene expression or vice versa? What is the potential role of internal
tissues, and changes in meristem geometry along the development on patterning processes

occurring on the surface?

3. Floret maturation follows pseudowhorls

In Asteraceae, efficient reproduction relies on secondary pollen presentation that is a
characteristic and ancestral feature of the whole family (Jeffrey, 2009), and strictly coordinated
by the daily rhythm to prevent selfing (Baroncelli et al, 1990; Marshall et al., 2023). Pollen
presentation occurs through a plunger-style mechanism that separates pollen release and stigma
presentation temporally and spatially. During anthesis, and under natural photoperiodic

conditions, ovaries first elongate during the night and lift the corolla tubes above the surface
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of the capitulum. Next, the anther filaments extend, and pollen is released. After the dawn, the
rapidly elongating style pushes the pollen from the anther tube, and at last, stigmas become
receptive to pollen on the following morning. In sunflower, anther filament elongation is
strongly affected by the photoperiod, and controlled by the phytochrome photoequilibrium
(Baroncelli et al., 1990). Continuous white light was shown to suppress filament elongation.
In vitro treatments by auxin reversed this inhibition while high gibberellic acid concentrations

reproduced the continuous white light response (Lobello et al., 2000).

Interestingly, while the initiation of florets in a capitulum occurs in Fibonacci spirals, the final
stages of their maturation i.e., timing of anthesis occurs in discrete, ring-like pseudowhorls
(Marshall et al., 2023). Recent study by Marshall et al. (2023) in sunflower show how timing
of floret opening is controlled by the circadian clock with each whorl of florets undergoing
anthesis on successive days. When the circadian oscillator was disrupted under constant light
conditions or distinct temperature cycles, the coordination of floret maturation in pseudowhorls
was lost and in fact, the florets aged continuously along the spirals (Marshall et al. 2023). Fast
and synchronous maturation in pseudowhorls, rather than spirals, was shown to increase
pollinator visits showing the importance of the phenomenon for efficient reproduction
(Marshall et al. 2023). Interestingly, expansion of individual organs (ovaries, anther filaments,
styles) have been shown to respond differently to diverse light and temperature treatments
suggesting involvement of distinct regulatory mechanisms (Creux et al. 2021; Marshall et al.
2023). Marshall et al. (2023) also proposed a presence of unknown, local signals between
adjacent pseudowhorls that together with developmental and environmental cues as well as the
circadian clock are needed to synchronize the onset of anthesis. How are these signaling
cascades integrated? What are the molecular components that trigger floret maturation in
whorls and not in spirals? It is also not known, how widely a clock-regulated floret

development is observed within Asteraceae.

Rays are special

1. Early ontogeny of ray florets

Loss and gain of the marginal ray florets have occurred multiple times independently within

Asteraceae (Panero and Funk, 2008; Chen et al., 2018; Spencer and Kim, 2018). The initiation

of ray florets and consequently, transitions between radiate and discoid capitula, has been
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suggested to be controlled by one or two major genes and an unknown number of modifier
genes (Gillies et al., 2002). Although few of them have been identified, the genetic networks
are still poorly understood.

The early ontogeny of ray florets deviates them from the disc florets. While in almost all
homogamous capitula the florets emerge in an acropetal manner, from the margins towards the
center, a general observation in numerous species with heterogamous capitula is that the
development of ray florets is visibly delayed compared to the adjacent disc florets (Harris,
1995; Harris, 1999; Bello et al., 2013; Broholm et al., 2014; Ren and Guo, 2015). Harris (1995)
interpreted that the ray primordia do initiate but they become suppressed or dormant so that the
subsequently formed disc florets surpass them in development. The ontogenetic studies in
gerbera indicate that ray primordia initiate at the axils of the innermost involucral bracts and
are spatially and temporally separated from the adjacent disc primordia that bulge out earlier
(Zhao et al., 2016; Fig. 4a). Similar initiation is apparent in multiple scanning electron
microscopy (SEM) figures of distinct Asteraceae species published by Harris (1995). Live-
imaging of transgenic gerbera expressing the DR5 auxin reporter show a presence of acommon
auxin maxima that then separates into two marking the positions of future bracts and rays (Fig.
4b). Functional studies in gerbera showed that the early ontogeny of ray florets is regulated by
the meristem identity gene GhLEAFY (GhLFY) whose expression is localizing to the axils of
the bracts (Zhao et al., 2016; see below). Interestingly, in specific cases in Asteraceae the
‘border zone’ between the distinct floret types is not located in the capitulum margin, but in
the midway of the highly convex IM (Harris et al., 1991; Harris, 1995). For example, in
Erigeron philadelphicus, the disc floret primordia are the first to emerge, while the first, and
much smaller, ray primordia are only recognized after one to three disc primordia in each
parastichy. The IM is consumed in a bidirectional manner - ray primordia emerging basipetally
towards the IM margin and disc primordia acropetally towards the center. As in gerbera or
sunflower, the ray and disc primordia in Erigeron form continuous parastichies (Harris et al.,
1991). These findings emerge from relatively late stages of inflorescence development,
observed with SEM. However, it is not known, how auxin patterning occurs in an early IM of
Erigeron — are the florets patterned in continuous parastichies from the margin or is their
patterning temporally separated? Moreover, it is not known if the expression of LFY homolog

of Erigeron is associated with ray primordia.
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The missing flowers (mf) mutant in sunflower completely lacks ray florets but also shows
reduced numbers of disc florets and lack of shoot branching because of defects in axillary
meristem development (Fambrini et al., 2003). The phenotype is caused by a single recessive
mutation in a bHLH transcription factor encoding gene, REGULATOR OF AXILLARY
MERISTEM FORMATION-LIKE (Ha-ROXL) (Fambrini et al., 2017). In the IM, Ha-ROXL is
transiently expressed in an arch-like region that marks the initiating disc primordia. Later, this
primordium is separated into two parts with the adaxial part adopting the fate of a floret and
abaxial a bract (palea) (Fambrini et al., 2017). In mf mutant, only the large floret subtending
bracts develop, leaving an empty space in the place of the floret primordia. The phenotype
suggests that Ha-ROXL defines the competence of these meristematic cells to initiate florets
(Basile et al., 2019). Interestingly, the expression Ha-PIN1, an auxin efflux carrier, was highly
reduced in Ha-ROXL silenced plants (Basile et al., 2019). Further studies are required to define
the role of Ha-ROXL in ray initiation, potentially involving LFY and/or other boundary

specifying genes as part of the early regulatory cascade, downstream of auxin.

In addition to ROXL, additional candidate genes for early ray initiation have been proposed.
Transcriptome profiling in chrysanthemum identified NAM, CUC2/3 and LOB3 genes as
potential hub genes involved in differentiation of ray and disc florets (Wen et al., 2022).
Interestingly, NAM and LOB3 gene expression was detected in species with radiate capitula
(several Chrysanthemum sp., Erigeron brevisca, Helianthus annuus) while they were not
expressed in discoid (Hippolytia alashanensis, Helenium aromaticum) and ligulate (Lactuca
sativa, Taraxacum kok-saghyz) species. Predicted protein interactions revealed LFY as a
potential interactor of NAM/CUC and LOB3 proteins to regulate ray primordia development
(Wen et al., 2022). Detailed in situ hybridization analyses to localize the expression domains

of these genes as well as functional studies to verify their roles are still needed.

2. Regulation of ray floret identity — the role of CYCLOIDEA-like genes

The lack of ray-like, marginal florets in discoid capitula has been associated with CYCLOIDEA
(CYC)-like TCP domain transcription factor gene functions. CYC2-clade proteins are well-
known, conserved regulators of flower symmetry and extensively studied across angiosperms
(for recent reviews see Fambrini and Pugliesi, 2017; Spencer and Kim, 2018; Jiang and
Moubayidin, 2022; Chai et al., 2023; Viola and Gonzalez, 2023). In Asteraceae, it has been

challenging to separate the potential early functions of CYC2-clade genes in defining ray floret
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initiation from their apparent late functions in petal and stamen development in defining floret

identity.

The polymorphism in capitula of Senecio vulgaris (groundsel), a native species in British Isles
with both discoid and radiate variants, is controlled by a single locus (Trow, 1912; Ingram and
Taylor, 1982). The radiate trait in groundsel has resulted from introgression of the RAY locus
from Senecio squalidus (Oxford ragwort), an introduced garden escape on the Isles (Harris,
2002; Marshall and Abbot, 1980). Kim et al. (2008) showed that the RAY locus comprises of
two, tightly linked CYC2-clade genes, RAY1 and RAY2, both of which are specifically
expressed in the marginal ray primordia. Interestingly, although RAY1 and RAY2 segregated
with the capitulum phenotypes, both were also expressed in the periphery of the discoid
capitula, but at higher level (Kim et al., 2008). This suggested that RAY1 and RAY2 might
negatively regulate ray primordia initiation. However, the functional studies in transgenic
Senecio did not reveal clear correlation between the observed phenotypes and gene expression
levels (Kim et al., 2008). The Senecio RAY3 was shown to promote RAY1 and RAY2 expression
in ventral petals indicating their late functions in ligule elongation and establishment of
bilateral symmetry of ray florets (Garcés et al., 2016). In Chrysanthemum lavandulifolium,
overexpression of CICYC2d, an ortholog of RAY1, was shown to suppress the development
ligules and stamens in marginal florets (Chen et al., 2018). However, it is not clear whether the
effect of CICYC2d was restricted to organ growth and whether the ray primordia still initiated

in these lines.

In sunflower, HaCYC2c has been identified as the major gene to regulate ray floret identity
(Fambrini et al., 2011; Chapman et al., 2012). Mutations suppressing HaCYC2c expression
resulted in replacement of ray florets by radialized, tubular florets (Chapman et al., 2012;
Fambrini et al., 2011). In multiple cultivars, an insertion of a truncated CACTA transposable
element (TE) in the promoter, instead, resulted in ectopic expression of HaCYC2c across the
capitula converting the central florets into ray-like, with non-functional carpels and anthers
(Chapman et al., 2012). However, Fambrini et al. (2014) discovered that the insertion of the
TE in HaCYC2c promoter does not always lead to ectopic expression and shift towards
zygomorphic florets suggesting that the regulation of flower type identity is much more
complex and genotype specific. In sunflower, discoid capitula are found in Helianthus radula,
a species widespread in southeast of USA (Mason et al., 2015; Fambrini et al., 2020). Although

H. radula occasionally forms ray florets, they are few and tiny, and not comparable to any other
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Helianthus species (Heiser et al. 1969; Fambrini et al., 2020). Fambrini et al. (2020) showed
that a functional allele of HrCYC2c gene is necessary, but not sufficient, for ray initiation. The
homozygous plants with mutated HrCYC2c-m failed to initiate ray florets and formed discoid
heads. In homozygous HrCYC2c/HrCYC2c and heterozygous HrCYC2c/HrCYC2c-m plants
ray florets were initiated but in low frequency and often with developmental abnormalities
indicating that additional genes are needed to form a complete radiate capitula (Fambrini et al.,
2020).

CYC2-clade gene family has expanded in Asteraceae with distinct paralogs recruited to define
ray identity in different species (Chapman et al., 2008; Kim et al., 2008; Téhtiharju et al., 2012;
Garcés et al., 2016; Huang et al., 2016b; Bello et al., 2017; Chen et al., 2018). As in sunflower,
the expression of many (but not all) CYC2-clade homologs in gerbera (Broholm et al., 2008;
Tahtiharju et al., 2012; Juntheikki-Palovaara et al., 2014), chrysanthemum (Huang et al.,
2016b; Chen et al., 2018; Shen et al. 2021) and Anacyclus (Bello et al., 2017) are localized into
marginal floret primordia. Transgenic or mutant lines show variable phenotypes mostly
affecting, either positively or negatively, and in a species-specific manner, the elongation
growth and fusion of ligules as well as differentiation of stamens (reviewed in Fambrini and
Pugliesi, 2017; Elomaa et al., 2018; Spencer and Kim, 2018; Zhang and Elomaa, 2021).
Apparently, silencing of single CYC2-clade genes is not sufficient to abolish ray floret
initiation suggesting potential redundancy among the gene family members or involvement of
additional factors. Moreover, the complex regulatory interactions among and between the
CYC/TB1-like proteins may have hampered the functional studies (Téhtiharju et al., 2012;
Garcés et al., 2016). So far, the functional studies have not led to clear mechanistic
understanding, if and how CYC2-clade gene functions would define the early initiation of ray
primordia apart from their role in establishing bilateral symmetry of rays by affecting late

growth of floral organs.

Very little is known of upstream regulators of CYC2-clade genes. Zhao et al. (2020) applied
yeast one-hybrid screens to identify putative regulators of GhCYC3, a key gene that specifies
ray identity in gerbera. Among the candidate transcription factors, two CINCINNATA-like
TCP proteins (GhCIN1, GhCIN2) were shown to activate the GhCYC3 promoter-reporter
construct. Similarly to GhCYC3, GhCIN1 expression was localizing to the initiating ray
primordia in the axils of involucral bracts. Suppression of GhCIN1/2 expression resulted in

down-regulation of GhCYC3 expression and altered the early ontogeny of ray primordia. The
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emerging ray primordia did not show the typical delay in early organogenesis but in fact, they
developed faster than the adjacent disc primordia (Zhao et al., 2020). GhCYC3 was also shown
to have a late function during ligule elongation downstream of a SEPALLATA-like MADS-
box protein GRCD?5.

Recently, Castricum et al. (2023) identified mutant lines in Chrysanthemum morifolium with
increased disc:ray floret ratio. As the total number of florets in the mutants were not changed,
the phenotypes suggest a change in floret identity resulting in reduced number of ray florets.
Silencing of two candidate genes identified in comparative transcriptome analyses mimicked
the mutant phenotypes. Downregulation of the CmDWF1 (DWARF1), a brassinosteroid (BR)
biosynthetic gene, or a HD-ZIP class IV homeodomain transcription factor gene CmPDF2
(PROTODERMAL FACTOR 2), resulted in increased disc:ray ratio (Castricum et al., 2023).
The role of BR was supported by BR inhibitor (brassinazole) treatments that significantly
increased the percentage of disc florets. Castricum et al. (2023) proposes a gradient of BR
across the capitulum to regulate the identity of the florets. Interestingly, an asymmetrically
expressed CYC2 clade gene TCP1 in Arabidopsis (Cubas et al., 2001) has been shown to
activate BR biosynthesis by directly binding to the promoter of DWARF4 that encodes the rate
limiting enzyme of the pathway (Guo et al., 2010; Gao et al., 2015). Moreover, TCP1
expression itself was shown be activated by BR (Guo et al., 2010). A similar feedback loop
between the ray specific CYC2 clade genes and BRs in Asteraceae could potentially contribute
to regulation of ray floret identity. Also the plant hormone auxin has been shown to form a
temporal gradient across the capitulum in Senecio vulgaris (Zoulias et al., 2019). In Matricaria
inodora, exogenous auxin treatment converted the central disc florets into bracts or ray florets
in a concentration-dependent manner. In Matricaria, auxin was shown to regulate the
expression of LFY and a CYC2 clade gene MiRAY2 known to define ray identity (Zoulias et
al., 2019).

3. Further elaborations on ray floret ligules

The bilateral symmetry and large size of ray florets contribute to the showy appearance of the
capitula. Moreover, ray florets have evolved specialized color patterns that promote the
reproductive fitness of the plants. In nature, color and UV patterns in petals have been shown
to be crucial for pollinator preferences (Reverté et al., 2016). For example, Chrysanthemum

(sl.) species exhibit white ray floret ligules that are different from the yellow disc florets. This
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trait is controlled by ray-specific expression of a gene encoding carotenoid cleavage
dioxygenase (C. morifolium CmCCD4a) that catalyzes degradation of yellow carotenoids
(Ohmiya et al., 2006). Recent studies indicate that CYC2g, a major regulator of ray floret
identity, binds the promoter region of CcCCD4a of C. chanetii and confers its ray-specific
expression. The data indicates evolutionary co-option of two distinct pathways regulating ray

floret development and pigmentation (Zhang et al., 2022).

Not limited to visible light, the ligules of sunflower ray florets display variable patterns under
UV reflection forming classical bullseyes phenotypes visible to pollinators (Wojtaszek and
Maier, 2014). Through genome wide association analysis, Todesco et al. (2022) found out that
variation in UV reflection can be attributed to a conserved gene HaMYB111 that regulates the
biosynthesis of UV-absorbing flavonol glycosides. Consistently with well-known functions of
UV patterns as visual cues, they were shown to affect pollinator attraction in sunflower.
However, the authors further found that variation in UV patterns was associated with
environmental factors such as drought. Interestingly, the large UV patterns prevented water
loss from ligules and helped the plant to prevent drought stress. The work nicely demonstrates
how floral diversity in Asteraceae is shaped by both biotic and abiotic factors (Todesco et al.,
2022).

The ray floret ligules may also show more complex color patterns. In Gorteria diffusa, the
ligules develop special, black-colored spots, typically arranged 137,5° apart from each other,
to functionally mimicry the female Megapalpus flies (Ellis and Johnson, 2009; Thomas et al.,
2009). Recently, Kellenberger et al. (2023) found out that the evolution of petal spots in
Gorteria diffusa originates from a sequential co-option of genes from three distinct regulatory
modules; the ion homeostasis genes for colors, a root hair gene for epidermal cell elaboration,
and miR156-GdSPL1 for spatial coordination of petal positions. Taken together, all these
examples, having evolved independently in distinct tribes of Asteraceae, illustrate how
complex traits pyramid through co-option and interplay of distinct regulatory genes, adding

further selective advantage to the showy ray florets.

V. Pappus bristles — a specialized floral organ type to aid seed dispersal

In many Asteraceae species, the outermost organ whorl of individual florets is occupied by

specialized organs, the pappus bristles (Fig. 5). Their presence across early diverging tribes
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indicates their ancient role associated with Asteraceae evolution (Bremer, 1994). Pappus
bristles form a bundle of bristly filaments that are generally considered as modified calyx (Fig.
5a,b; Small, 1919). Developmentally, up to hundreds of pappus primordia emerge from a ring
meristem in the perianth of a floret primordium (Fig. 5¢,d; c.f. Harris, 1995). Functional studies
in gerbera revealed that overexpression of B-class MADS box genes led to homeotic
transformation of pappi into petals (Yu et al., 1999), whereas loss of function of E-class
SEPALLATA-like genes converted them into bract or leaf-like structures (Zhang et al., 2017).
These results support a sepaloid origin of pappus with E function genes playing a key role in

regulating their highly modified morphology.

Pappus bristles offer unique advantage for long-distance seed dispersal and have even been
proposed to have contributed to the transoceanic dispersal of seeds during radiation of
Asteraceae (Panero and Crozier, 2016). The plumed seeds in dandelion (Taraxacum sp.) may
fly over a few kilometers before landing. Cummins et al. (2018) employed a vertical wind
tunnel and revealed a novel flying mechanism in dandelion seeds mediated by a separated
vortex ring (SVR) forming underneath the circular disk-like structures formed by pappus
bristles (Fig. 5e). The size and shape of SVR, which directly determines the stability and
velocity of flight, is not only affected by the porosity and thickness of pappus (Cummins et al.,
2018; Ledda et al., 2019), but also by the opening angles of them (Seale et al., 2022a).
Interestingly, the opening angles are regulated by coordinated swelling of a group of actuator
cells where pappus bristles are attached (Seale et al., 2022b). The dandelion seeds can thus
adjust their pappus bristles into open, flat (in dry) or closed, cone-shaped (in wet) planes to
fine-tune their flying velocity and their ability to detach from the receptacle to accommodate
surrounding environmental conditions (Seale et al., 2022a).

Evolution of Asteraceae capitula

Within Asterales the so called MGCA-clade consists of families of Menyanthaceae,
Goodeniaceae, Calyceraceae and Asteraceae, of which Calyceraceae, the small South
American family with only 47 species, is sister to Asteraceae (Hansen, 1992; Lundberg, 2009;
Denham et al., 2016). During evolution, the inflorescence architectures in the MGCA-clade
were modified through stepwise condensations leading to emergence of the compressed
capitulum architecture in Asteraceae (Fig. 6a; Jeffrey, 1977; Harris, 1999; Pozner et al., 2012).

The inflorescences in the basal families Menyanthaceae and Goodeniaceae are elongated,
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branched structures that combine a racemose main axis with lateral cymose branches (Fig. 6a).
The inflorescences in Calyceraceae instead form condensed head-like structures, called
cephalioids, that are surrounded by involucral bracts (Pozner et al., 2012; Denham et al., 2016;
Fig. 6a,b). In cephalioids, internode elongation is highly suppressed in the main axis, in lateral
branches as well as in pedicels. Different from the Asteraceae capitula, cephalioids develop a
distal terminal flower that is surrounded by individual florets, each subtended by a bract (Fig.
6b,c). Moreover, cephalioids in the basal Calyceraceae species develop so called peripheral
cymose units formed of 2—7 florets. These units correspond to the extended cymose branches
observed in Menyanthaceae and Goodeniaceae (Pozner et al., 2012; Fig. 6a). Pozner et al.
(2012) thus proposed that, in addition to suppressed internode elongation, Asteraceae capitula
were derived from cephalioids through two additional morphological changes: loss of the
terminal flower and reduction of the cymose units into single (ray) florets (Fig. 6a).

The presence or absence of a terminal flower is considered as a key criterion to differentiate
determinate and indeterminate inflorescences (Weberling, 1989). Due to lack of a terminal
flower, Asteraceae capitula were previously classified as indeterminate (Harris, 1999).
However, the IM of the capitulum follows a determinate growth pattern resulting in production
of relatively fixed number of florets (Teeri et al., 2006). Considering the ontogeny, ClaRen-
Bockhoff and Bull-Herefiu (2013) introduced a concept of a flower unit meristem (FUM) that
are distinct from indeterminate IMs and are proposed to have evolved from single FMs. FUMs
resemble single FMs in lacking apical growth but also by their histological organization in
forming a distinct mantel-core structure (Kwiatkowska, 2008; Marc and Palmer, 1982; Zhang
and Elomaa, 2021). Analogous to single FMs that produce floral organs, FUM grows by
expansion and produces florets by subdivision (fractionation) of the meristem. Molecular
studies in gerbera show that the conserved floral regulators GhLFY (Zhao et al., 2016) and
SEPALLATA-like GRCD2/7 (Zhang et al., 2017) have been recruited to function at the level of
FUM/IM (reviewed in Elomaa et al., 2018; Zhang and Elomaa, 2021). LFY and GRCD genes
are uniformly expressed on the expanding, dome-shaped IM before bulging of the individual
floret primordia (Zhao et al., 2016; Zhang et al., 2017; Li et al., 2019; Castricum et al., 2023).
The transgenic gerbera lines with downregulated GhLFY or GRCD2/7, develop IMs that are
indeterminate and produce infinite number of florets (Uimari et al., 2004; Zhao et al., 2016;
Zhang et al., 2017; Fig. 6d-f). The gerbera homolog of the FM identity gene UNUSUAL
FLORAL ORGAN (UFO) instead is associated with FM identity. Overexpression of GhUFO

converts the capitulum into a single flower that produces floral organs in concentric whorls
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(Zhao et al., 2016). Interestingly, GhUFO overexpression lines with mild phenotypes first
produce a few floret primordia and then a giant terminal flower as in cephalioids in
Calyceraceae (Zhao et al., 2016; Fig. 6g). The absence of GhUFO expression during late IM
development in gerbera (Zhao et al., 2016) suggests that it may cause the lack of terminal
flower development in a FUM. Alternatively, potential candidate regulators are those that
maintain indeterminacy during late IM development such as orthologs of TERMINAL
FLOWER 1.

As discussed in the previous chapter, ray florets in Asteraceae initiate from the axils of
involucral bracts. It has been proposed that the delayed development of ray florets in
Asteraceae can be interpreted as remnants of the cymose peripheral units that are still observed
in some species of Calyceraceae (Pozner et al., 2012). Functional studies in gerbera revealed a
key role for GhLFY in early ontogeny of ray florets (Zhao et al., 2016). Suppression of GhLFY
expression in transgenic gerbera converted the ray primordia into large, oval-shaped structures
that further branched into two or three primordia. These structures develop without any delay
(Zhao et al., 2016), and their ontogeny resembles the peripheral cymose units in Calyceraceae
(Pozner et al., 2012; Harris, 1999). The data suggests that GhLFY has evolved a major role in
defining the floral fate of ray primordia in Asteraceae through suppression of cymose
branching. Interestingly, in Lagascea species of Asteraceae, meristems with similar cymose
branching were observed in their syncephalia (Harris et al., 1994).

So far, the interpretations of the evolutionary origin of Asteraceae capitula by both Pozner et
al. (2012) and ClaRen-Bockhoff and Bull-Herefiu (2013) have been supported by molecular
studies. Future investigations on spatio-temporal changes in the expression of meristem
identity genes and their functions in Calyceraceae, and in Asteraceae species with syncephalia

are required to unravel the details of evolution of capitulum architecture.

VII. Conclusions and perspectives

The phenotypic diversity in Asteraceae is huge. Apparently, many morphological novelties,
and most importantly the showy ray florets with their main role in defining the type of the
capitulum (Fig. 1), have evolved multiple times independently in the family in association with
complex radiation and diversification events. We do not currently understand whether same

genes and/or gene networks are recruited for all these transitions across Asteraceae and how
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they relate to distinct whole genome duplication events in the family. Only a few candidate
genes affecting ray floret initiation and their differentiation have been identified, and those in
a limited number of model species. The recent results in developmental patterning (Fig. 4; Zhao
et al., 2016) indicate that most analyses comparing distinct floret types have focused on
relatively late developmental stages when organ differentiation has already been initiated and
thus, are not likely to reveal the early regulators of floret primordia initiation. Alternative
strategies such as spatial or single cell transcriptomics or laser capture microdissection may
provide more detailed understanding e.g., of the highly localized initiation of ray florets.

The resemblance of Asteraceae IM with single flower meristems is intriguing. Many floral
regulators have been recruited to function at IM level through gene duplications and subsequent
sub- and neofunctionalization (Elomaa et al., 2018). Thereby, it is tempting to consider whether
IMs can be used as models to understand patterning of flower meristems. The large size of the
IM provides several benefits. For example, the gerbera IMs can be grown in tissue culture for
live-imaging (Zhang et al., 2021a) and they can be targeted to laser ablation treatments (Zhang
et al., 2021c). Spiral phyllotactic patterning is driven by the expansion growth the IM but the
regulators are still not known neither are the mechanism for lateral movement of auxin maxima.

Are they universal in all spirally organized systems including individual flowers?

Recent molecular data gives support for the two key hypotheses of the evolutionary origin of
capitula. How do these hypotheses — evolution from branched inflorescences or single flower
meristems — fit together? What are the key genetic changes behind the compression of heads
and their expansion? Are they shared with Calyceraceae? Future evo-devo studies should
discover the potential for much broader scale functional studies. Especially appealing are the
close relatives in Asteraceae e.g., in Calyceraceae that still lack methods for gene functional

studies using transgenic plants.

Acknowledgements

P.E. is supported by grants from the Research Council of Finland (grant 341774) and Jane and
Aatos Erkko Foundation. The authors warmly thank Dr. Lars Gunnar Reinhammar from
Bergius Botanic Garden, Sweden for sharing Acicarpha tribuloides seeds, as well as Dr. Naomi
Nakayama and Prof. Guangyuan Rao for sharing images. We are grateful for all current and

past colleagues for their research contributions and insightful discussions.



21

Author contributions

P.E. and T.Z. designed and wrote the manuscript. T.Z. generated the figures.

Competing interests

None declared.

References

Andersson S. 2008. Pollinator and nonpollinator selection on ray morphology in
Leucanthemum vulgare (oxeye daisy, Asteraceae). American Journal of Botany 95: 1072—
1078.

Baczynski J, ClaRen-Bockhoff R. 2023. Pseudanthia in angiosperms: a review. Annals of
Botany 132: 179-202.

Barker MS, Kane NC, Matvienko M, Kozik A, Michelmore RW, Knapp SJ, Rieseberg
LH. 2008. Multiple paleopolyploidizations during the evolution of the Compositae reveal
paralell patterns of duplicate gene retention after millions of years. Molecular Biology and
Evolution 25: 2445-2455,

Barker MS, Li Z, Kidder TI, Reardon CR, Lai Z, Oliveira LO, Scascitelli M, Rieseberg
LH. 2016. Most Compositae (Asteraceae) are descendants of a paleohexaploid and all share a

paleotetraploid ancestor with the Calyceraceae. American Journal of Botany 103: 1203-1211.

Baroncelli S, Lercari B, Cecconi F, Pugliesi C. 1990. Light cotnrol of elongation of filaments

in sunflower (Helianthus annuus L.). Photochemistry and Photobiology 52: 229-231.

Basile A, Fambrini M, Tani C, Shukla V, Licausi F, Pugliesi C. 2019. The Ha-ROXL gene

is required for initiation of axillary and floral meristems in sunflower. Genesis 57: 1-15.

Bello MA, Alvarez I, Torices R, Fuertes-Aguilar J. 2013. Floral development and evolution
of capitulum structure in Anacyclus (Anthemideae, Asteraceae). Annals of Botany 112: 1597
1612.



22

Bello MA, Cubas P, Alvarez I, Sanjuanbenito G, Fuertes-Aguilar J. 2017. Evolution and
expression patterns of CYC/TB1 genes in Anacyclus: phylogenetic insights for floral symmetry

genes in Asteraceae. Frontiers in Plant Science 8: 589.

Besnard F, Refahi Y, Morin V, Marteaux B, Brunoud G, Chambrier P, Rozier F, Mirabet
V, Legrand J, Lainé S et al. 2014. Cytokinin signalling inhibitory fields provide robustness
to phyllotaxis. Nature 505: 417-421.

Bremer K. 1994. Asteraceae: Cladistics and Classification. Portland, Oregon, USA: Timber

Press.

Broholm S, Tahtiharju S, Laitinen RA, Albert VA, Teeri TH, Elomaa P. 2008. A TCP
domain transcription factor controls flower type specification along the radial axis of the
Gerbera (Asteraceae) inflorescence. Proceedings of the National Academy of Sciences USA
105: 9117-9122.

Broholm SK, Teeri TH, Elomaa P. 2014. Molecular control of inflorescence development in
Asteraceae. In: Jacquot J-P, Gadal P, Fornara F, eds. Advances in Botanical Research, The
molecular genetics of floral transition and flower development. Academic Press, Elsevier, pp.
297-333.

Carlquist S. 1976. Tribal interrelationships and phylogeny of the Asteraceae. Aliso 8: 465—
492.

Castricum A, Bakker EH, de Vetten NCMH, Weemen M, Angenent GC, Immink RGH,
Bemer M. 2023. HD-ZIP transcription factors and brassinosteroid signaling play a role in
capitulum patterning in Chrysanthemum. International Journal of Molecular Sciences 24:
7655.

Cerca J, Agudo AB, Castro S, Afonso A, Alvarez I, Torices R. 2019. Fitness benefits and
costs of floral advertising traits: insights from rayed and rayless phenotypes of Anacyclus

(Asteraceae). American Journal of Botany 106: 231-243.

Chai Y, Liu H, Chen W, Guo C, Chen H, Cheng X, Chen D, Luo C, Zhou X, Huang C.



23

2023. Advances in research on the regulation of floral development by CYC-like genes. Current
Issues in Molecular Biology 45: 2035-2059.

Chapman MA, Leebens-Mack JH, Burke JM. 2008. Positive selection and expression
divergence following gene duplication in the sunflower CYCLOIDEA gene family. Molecular
Biology and Evolution 25: 1260-1273.

Chapman MA, Tang S, Draeger D, Nambeesan S, Shaffer H, Barb JG, Knapp SJ, Burke
JM. 2012. Genetic analysis of floral symmetry in Van Gogh’s sunflowers reveals independent
recruitment of CYCLOIDEA genes in the Asteraceae. PLoS Genetics 8: €1002628.

Chen J, Shen C, Guo Y, Rao G. 2018. Patterning the Asteraceae capitulum: duplications and
differential expression of the flower symmetry CY C2-like genes. Frontiers in Plant Science 9:

551.

ClalRen-Bockhoff R, Bull-Herefiu K. 2013. Towards an ontogenetic understanding of
inflorescence diversity. Annals of Botany 112: 1523-1542.

Couder Y. 1998. Initial transitions, order and disorder in phyllotactic patterns: the ontogeny
of Helianthus annuus. A case study. Acta Societatis Botanicorum Poloniae 67: 129-150.

Creux NM, Brown EA, Garner AG, Saeed S, Lane Scher C, Holalu SV, Yang D, Maloof
JN, Blackman BK, Harmer SL. 2021. Flower orientation influences floral temperature,
pollinator visits and plant fitness. New Phytologist 232: 868-879.

Cronquist A. 1977. The Compositae Revisited. Brittonia 29: 137-153.

Cubas P, Coen E, Martinez Zapater JM. 2001. Ancient symmetries in the evolution of
flowers. Current Biology 11: 1050-1052.

Cummins C, Seale M, Macente A, Certini D, Mastropaolo E, Viola IM, Nakayama N.
2018. A separated vortex ring underlies the flight of the dandelion. Nature 562: 414-418.

Denham SS, Zavala-Gallo L, Johnson LA, Pozner RE. 2016. Insights into the phylogeny



24

and evolutionary history of Calyceraceae. Taxon 65: 1328-1344.

Douady S, Couder Y. 1996. Phyllotaxis as a dynamical self-organizing iterative process, Parts
I, I, 1. Journal of Theoretical Biology 178: 255-312.

Dumais J. Steele CR. 2000. New evidence for the role of mechanical forces in the shoot apical

meristem. Journal of Plant Growth and Regulation 19: 7-18.

Ellis AG, Johnson SD. 2009. The evolution of floral variation without pollinator shifts in

Gorteria diffusa (Asteraceae). American Journal of Botany 96: 793-801.

Elomaa P, Zhao Y, Zhang T. 2018. Flower heads in Asteraceae — recruitment of conserved
developmental regulators to control the flower-like inflorescence architecture. Horticulture
Research 5: 36.

Erickson RO, Meicenheimer RD. 1977. Photoperiod induced change in phyllotaxis in
Xanthium. Annals of Botany 64: 981-988.

Fambrini M, Cionini G, Bertini D, Michelotti V, Conti A, Pugliesi C. 2003. MISSING
FLOWERS gene controls axillary meristems initiation in sunflower. Genesis 36: 25-33.

Fambrini M, Salvini M, Pugliesi C. 2011. A transposon-mediate inactivation of a
CYCLOIDEA like gene originates polysymmetric and androgynous ray flowers in Helianthus
annuus. Genetica 139: 1521-1529.

Fambrini M, Salvini M, Basile A, Pugliesi C. 2014. Transposon-dependent induction of

Vincent van Gogh’s sunflowers: exceptions revealed. Genesis 52: 315-327.

Fambrini M, Pugliesi C. 2017. CYCLOIDEAZ clade genes: key players in the control of floral
symmetry, inflorescence architecture, and reproductive organ development. Plant Molecular
Biology Reporter 35: 20-36.

Fambrini M, Salvini M, Pugliesi C. 2017. Molecular cloning, phylogenetic analysis, and
expression patterns of LATERAL SUPPRESSOR-LIKE and REGULATOR OF AXILLARY



25

MERISTEM FORMATION-LIKE genes in sunflower (Helianthus annuus L.). Development
Genes and Evolution 227: 159-170.

Fambrini M, Bernardi R, Pugliesi C. 2020. Ray flower initiation in the Helianthus radula

inflorescence is influenced by a functional allele of the HrCYC2c gene. Genesis 58: €23401.

Fu L, Palazzesi L, Pellicer J, Balant M, Christenhusx MJM, Pegoraro L, Pérez-Lorenzo
I, Leitch 17, Hidalgo O. 2023. Let’s plug the daisy: dissection as a tool to explore the diversity

of Asteraceae capitula. Botanical Journal of the Linnean Society 201: 391-399.

Funk VA, Susana A, Stuessy TF, Robinson H. 2009. Classification of Compositae. In: Funk
VA, Susana A, Stuessy TF, Bayer RJ., eds. Systematics, evolution, and biogeography of

Compositae. International Association for Plant Taxonomy, Vienna, Austria, pp. 171-192.

Gao Y, Zhang D, Li J. 2015. TCP1 modulates DWF4 expression via directly interacting with
the GGNCCC motif in the promoter region of DWF4 in Arabidopsis thaliana. Journal of
Genetics and Genomics 42: 383-392.

Garcés HMP, Spencer VMR, Kim M. 2016. Control of floret symmetry by RAY3, SvDIV1B,
and SVRAD in the capitulum of Senecio vulgaris. Plant Physiology 171: 2055-2068.

Gillies ACM, Cubas P, Coen E, Abbott RJ. 2002. Making rays in the Asteraceae: genetics
and evolution of radiate versus discoid flower heads: In: Cronk QCB, Bateman RM, Hawkins
JA, eds. Developmental genetics and plant evolution. Taylor and Francis, London, UK, pp.
233-246.

Godin C, Golé C, Douady S. 2020. Phyllotaxis as geometric canalization during plant
development. Development 147: dev165878.

Guo Z, Fujioka S, Blancaflor EB, Miao S, Gou Z, Li J. 2010. TCP1 modulates
brassinosteroid biosynthesis by regulating the experssion of the key biosynthetic gene

DWARF4 in Arabidopsis thaliana. The Plant Cell 22: 1161-1173.

Hansen HV. 1992. Studies in the Calyceraceae with a discussion of its relationship to



26

Compositae. Nordic Journal of Botany 12: 63-75.

Harris EM, Tucker SC, Urbatsch LE. 1991. Floral initiation and early development in
Erigeron philadelphicus (Asteraceae). American Journal of Botany 78: 108-121.

Harris EM. 1994. Developmental evidence for the derivation of syncephalia in Lagascea

(Heliantheae; Asteraceae). American Journal of Botany 81: 1139-1148.

Harris EM. 1995. Inflorescence and floral ontogeny in Asteraceae: a synthesis of historical

and current concepts. The Botanical Review 61: 93-278.

Harris EM. 1999. Capitula in the Asteridae: a widespread and varied phenomenon. The
Botanical Review 65: 348-3609.

Harris SA. 2002. Introduction of Oxford ragwort, Senecio squalidus L. (Asteraceae), to the
United Kingdom. Watsonia 24: 31-43.

Heiser CB, Smith DM, Clevenger SB, Martin WC. 1969. The North American sunflowers
(Helianthus). Memoirs of the Torrey Botanical Club 22: 1-218.

Hernandez LF, Palmer JH. 1988. Regeneration of the sunflower capitulum after cylindrical

wounding of the receptacle. American Journal of Botany 75: 1253-1261.

Herndndez LF, Green PB. 1993.Transductions for the expression of structural pattern:
analysis in sunflower. The Plant Cell 5: 1725-1738.

Huang C-H, Zhang C, Liu M, Hu Y, Cao T, Qi J, Ma H. 2016a. Multiple polyploidization
events across Asteraceae with two nested events in the early history revealed by nuclear
phylogenomics. Molecular Biology and Evolution 33: 2820-2835.

Huang D, Li X, Sun M, Zhang T, Pan H, Cheng T, Wang J, Zhang Q. 2016b. Identification
and characterization of CYC-like genes in regulation of ray floret development in

Chrysanthemum morifolium. Frontiers in Plant Science 7: 1663.



27

Ingram R, Taylor L. 1982. The genetic control of a non-radiate condition in Senecio squalidus
L. and some observations on the role of ray florets in the Compositae. New Phytologist 91:
749-756.

van Iterson G. 1907. Mathematische und mikroskopisch-anatomische Studien Uber

Blattstellungen. Gustav Fischer Verlag, Jena, Germany.

Jeffrey, C. 1977. Corolla forms in Compositae — some evolutionary and taxonomic
speculations Compositae. In: Heywood VH, Harborne JB, Turner BL, eds. The biology and
chemistry of the Compositae. Academic Press, London, UK, pp. 111-118.

Jeffrey C. 2009. Evolution of Compositae flowers. In: Funk VA, Susanna A, Stuessy TF,
Bayer RJ, eds. Systematics, evolution, and biogeography of Compositae. International

Association for Plant Taxonomy, Vienna, Austria, pp. 131-138.

Jiang Y, Moubayidin L. 2022. Floral symmetry: the geometry of plant reproduction.
Emerging Topics in Life Sciences 6: 259-269.

Juntheikki-Palovaara I, Tahtiharju S, Lan T, Broholm SK, Rijpkema AS, Ruonala R,
Kale L, Albert VA, Teeri TH, Elomaa P. 2014. Functional diversification of duplicated
CYC2 clade genes in regulation of inflorescence development in Gerbera hybrida
(Asteraceae). The Plant Journal 79: 783-796.

Kellenberger RT, Ponraj U, Delahaie B, Fattorini R, Balk J, Lopez-Gomollon S, Muller
KH, Ellis AG, Glover BJ. 2023. Multiple gene co-options underlie the rapid evolution of
sexually deceptive flowers in Gorteria diffusa. Current Biology 33: 1502-1512.

Kim M, Cui ML, Cubas P, Gillies A, Lee K, Chapman MA, Abbott RJ, Coen E. 2008.
Regulatory genes control a key morphological and ecological trait transferred between species.
Science 322: 1116-1119.

Kwiatkowska D. 2008. Flowering and apical meristem growth dynamics. Journal of
Experimental Botany 59: 187-201.



28

Landrein B, Refahi Y, Besnard F, Hervieux N, Mirabet V, Boudaoud A, Vernoux T,
Hamant O. 2015. Meristem size contributes to the robustness of phyllotaxis in Arabidopsis.

Journal of Experimental Botany 66: 1317-1324.

Ledda PG, Siconolfi L, Viola F, Camarri S, Gallaire F. 2019. Flow dynamics of a dandelion
pappus: a linear stability approach. Physical Review Fluids 4: 071901(R).

Li F, Lan W, Zhou Q, Liu B, Chen F, Zhang S, Bao M, Liu G. 2019. Reduced expression
of CbUFO is associated with the phenotype of a flower-defective Cosmos bipinnatus.

International Journal of Molecular Sciences 20: 2503.

Lobello G, Fambrini M, Baraldi R, Lercari B, Pugliesi C. 2000. Hormonal influence on
photocontrol of the protandry in the genus Helianthus. Journal of Experimental Botany 51:
1403-1413.

Lundberg J. 2009. Asteraceae and relationships within Asterales. In: Funk VA, Susana A,
Stuessy TF, Bayer FJ, eds. Systematics, evolution, and biogeography of Compositae.

International Association for Plant Taxonomy, Vienna, Austria, pp. 157-169.

Mandel JR, Dikow RB, Funk VA, Masalia RR, Staton SE, Kozik A, Michelmore RW,
Rieseberg LH, Burke JM. 2014. A target enrichment method for gathering phylogenetic
information form hundreds of loci: an example from the Compositae. Applications in Plant
Sciences 2: 1300085.

Mandel JR, Dikow RB, Siniscalchi CM, Thapa R, Watson LE, Funk VA. 2019. A fully
resolved backbone phylogeny reveals numerous dispersals and explosive diversifications
throughout the history of Asteraceae. Proceedings of the National Academy of Sciences USA
116: 14086-14088.

Marc JAN, Palmer JH. 1982. Changes in mitotic activity and cell size in the apical meristem
of Helianthus annuus L. during the transition to flowering. American Journal of Botany 69:

768—775.

Marshall DF, Abbott RJ. 1980. On the frequency of introgression of the radiate (7) allele



29

from Senecio squalidus L. into Senecio vulgaris L. Heredity 45: 133-135.

Marshall CM, Thompson VL, Creux N, Harmer SL. 2023. The circadian clock controls
temporal and spatial patterns of floral development in sunflower. eLife 12: e80984.

Mason CM, Ishibashi CDA, Rea AM, Mandel J, Burke JM, Donovan LA. 2015.
Environmental requirements trump genetic factors in explaining narrow endemism in two

imperiled Florida sunflowers. Conservation Genetics 16: 1277-1293.

Maksymowych R, Erickson RO. 1977. Phyllotactic change induced by gibberellic acid in
Xanthium shoot apices. Annals of Botany 64: 33-44.

Mirabet V, Besnard F, Vernoux T, Boudaoud A. 2012. Noise and robustness in phyllotaxis.
PLoS Computational Biology 8: e1002389.

Ohmiya A, Kishimoto S, Aida R, Yoshioka S, Sumitomo K. 2006. Carotenoid cleavage
dioxygenase (CmCCD4a) contributes to white color formation in chrysanthemum petals. Plant
Physiology 142: 1193-1201.

Palazzesi L, Pellicer J, Barreda VD, Loeuille B, Mandel JR, Porkorny L, Siniscalchi CM,
Telleria MC, Leitch 1J, Hidalgo O. 2022. Asteraceae as a model system for evolutionary

studies: from fossils to genomes. Botanical Journal of the Linnean Society 200: 143-164.

Palmer JH, Marc J. 1982. Wound-induced initiation of involucral bracts and florets in the

developing sunflower inflorescence. Plant and Cell Physiology 23: 1401-14009.

Panero JL, Funk VA. 2008. The value of sampling anomalous taxa in phylogenetic studies:
Major clades of the Asteraceae revealed. Molecular Phylogenetics and Evolution 47: 757-782.

Panero JL, Crozier BS. 2016. Macroevolutionary dynamics in the early diversification of

Asteraceae. Molecular Phylogenetics and Evolution 99: 116-132.

Pozner R, Zanotti C, Johnson LA. 2012. Evolutionary origin of the Asteraceae capitulum:

insights from Calyceraceae. American Journal of Botany 99: 1-13.



30

Prusinkiewicz P, Zhang T, Owens A, Cieslak M, Elomaa P. 2022. Phyllotaxis without
symmetry: what can we learn from flower heads? Journal of Experimental Botany 73: 3319—
3329.

Reinhardt D, Gola EM. 2022. Law and order in plants — the origin and functional relevance
of phyllotaxis. Trends in Plant Science 27: 1017-1032.

Reverté S, Retana J, Gomez JM, Bosch J. 2016. Pollinators show flower colour preferences
but flowers with similar colours do not attract similar pollinators. Annals of Botany 118: 249
257.

Ren J-B, Guo Y-P. 2015. Behind the diversity: ontogenies of radiate, disciform, and discoid

capitula of Chrysanthemum and its allies. Journal of Systematics and Evolution 53: 520-528.

Seale M, Kiss A, Bovio S, Viola IM, Mastropaolo E, Boudaoud A, Nakayama N. 2022a.
Dandelion pappus morphing is actuated by radially patterned material swelling. Nature

Communications 13: 2498.

Seale M, Zhdanov O, Soons MB, Cummins C, Kroll E, Blatt MR, Zare-Behtash H, Busse
A, Mastropaolo E, Bullock JM et al. 2022b. Environmental morphing enables informed

dispersal of the dandelion diaspore. eLife 11: €81962.

Shen C-Z, Chen J, Zhang C-J, Rao G-Y, Guo Y-P. 2021. Dysfunction of CYC2g is
responsible for the evolutionary shift from radiate to disciform flowerheads in the
Chrysanthemum group (Asteraceae: Anthemideae). The Plant Journal 106: 1024-1038.

Small J. 1919. The origin and development of the Compositae. Chapter V. New Phytologist
17: 69-94.

Song C, Liu Y, Song A, Dong G, Zhao H, Sun W, Ramakrishnan S, Wang Y, Wang S, Li
T et al., 2018. The Chrysanthemum nankingense genome provides insights into the evolution
and diversification of chrysanthemum flowers and medicinal traits. Molecular Plant 11: 1482—
1491.



31

Spencer V, Kim M. 2018. Re“CYC”ling molecular regulators in the evolution and
development of flower symmetry. Seminars in Cell & Developmental Biology 79: 16-26.

Steeves TA, Hicks Ma, Naylor JM, Rennie P. 1969. Analytical studies on the shoot apex of
Helianthus annuus. Canadian Journal of Botany 47: 1367-1375.

Stuessy TF, Spooner DM, Evans KA. 1986. Adaptive significance of ray corollas in

Helianthus grosseserratus (Compositae). American Midland Naturalist 115: 191-197.

Sun M, Ganders FR. 1990. Outcrossing rates and allozyme variation in rayed and rayless
morphs of Bidens pilosa. Heredity 64: 139-143.

Susanna A, Baldwin BG, Bayer RJ, Bonifacino JM, Garcia-Jacas N, Keeley SC, Mandel
JR, Ortiz S, Robinson H, Stuessy TF. 2020. The classification of the Compositae: a tribute
to Vicki Ann Funk (1947-2019). Taxon 69: 807-814.

Teeri TH, Uimari A, Kotilainen M, Laitinen R, Help H, Elomaa P, Albert VA. 2006.
Reproductive meristem fates in Gerbera. Journal of Experimental Botany 57: 3445-3455.

Thomas MM, Rudall PJ, Ellis AG, Savolainen V, Glover BJ. 2009. Development of a
complex floral trait: the pollinator-attracting petal spots of the beetle daisy, Gorteria diffusa
(Asteraceae). American Journal of Botany 96: 2184-2196.

Todesco M, Bercovich N, Kim A, Imerovski I, Owens GL, Ruiz OD, Holalu SV, Madilao
LL, Jahani M, Legare JS et al. 2022. Genetic basis and dual adaptive role of floral

pigmentation in sunflowers. eLife 11:72072.

Trow AH. 1912. On the inheritance of certain characters in the common groundsel — Senecio

vulgaris, Linn. —and its segregates. Journal of Genetics 2: 239-276.

Tahtiharju S, Rijpkema AS, Vetterli A, Albert VA, Teeri TH, Elomaa P. 2012. Evolution
and diversification of the CYC/TB1 gene family in Asteraceae - a comparative study in gerbera

(Mutisieae) and sunflower (Heliantheae). Molecular Biology and Evolution 29: 1155-1166.



32

Uimari A, Kotilainen M, Elomaa P, Yu D, Albert VA, Teeri TH. 2004. Integration of
reproductive meristem fates by a SEPALLATA-like MADS-box gene. Proceedings of the
National Academy of Sciences USA 101: 15817-15822.

Viola IL, Gonzalez DH. 2023. TCP transcription factors in plant reproductive development:

juggling multiple roles. Biomolecules 13: 750.

Weberling F. 1989. Morphology of flowers and inflorescences. Cambridge, UK: Cambridge

University Press.

Wojtaszek JW, Maier C. 2014. A microscopic review of the sunflower and honeybee

mutualistic relationship. International Journal of AgriScience 4: 272-282.

Wen X, LiJ, Wang L, Lu C, Gao Q, Xu P, Pu Y, Zhang Q, Hong Y, Hong L et al. 2022.
The Chrysanthemum lavandulifolium genome and the molecular mechanism underlying

diverse capitulum types. Horticulture Research 9: uhab 022.

Yu D, Kotilainen M, Poéllanen E, Mehto M, Elomaa P, Helariutta Y, Albert VA, Teeri
TH. 1999. Organ identity genes and modified patterns of flower development in Gerbera
hybrida (Asteraceae). The Plant Journal 17: 51-62.

Zhang T, Zhao Y, Juntheikki I, Mouhu K, Broholm SK, Rijpkema AS, Kins L, Lan T,
Albert VA, Teeri TH et al. 2017. Dissecting functions of SEPALLATA-like MADS box genes
in patterning of the pseudanthial inflorescence of Gerbera hybrida. New Phytologist 216: 939—
954,

Zhang CF, Zhang TK, Luebert F, Xiang YZ, Huang CH, Hu Y, Rees M, Frohlich MW,
Qi J, Weigend M et al. 2020. Asterid phylogenomics/phylotranscriptomics uncover
morphological evolutionary histories and support phylogenetic placement for numerous whole

genome duplications. Molecular Biology and Evolution 37: 3188-3210.

Zhang T, Elomaa P. 2021. Don’t be fooled: false flowers in Asteraceae. Current Opinion in
Plant Biology 59: 101972.



33

Zhang T, Cieslak M, Owens A, Wang F, Broholm SK, Teeri TH, Elomaa P, Prusinkiewicz
P. 2021a. Phyllotactic patterning of gerbera flower heads. Proceedings of the National
Academy of Sciences USA 118: e2016304118.

Zhang C, Huang C-H, Liu M, Hu Y, Panero JL, Luebert F, Gao T, Ma H. 2021b.
Phylotranscriptomic insights into Asteraceae diversity, polyploidy, and morphological
innovation. Journal of Integrative Plant Biology 63: 1273-1293.

Zhang T, Wang F, Elomaa P. 2021c. Repatterning of the inflorescence meristem in Gerbera

hybrida after wounding. Journal of Plant Research 134: 431-440.

Zhang CJ, Rong YL, Jiang CK, Guo YP, Rao GY. 2022. Co-option of a carotenoid cleavage
dioxygenase gene (CCD4a) into the floral symmetry gene regulatory network contributes to
the polymorphic floral shape-color combinations in Chrysanthemum sensu lato. New
Phytologist 236: 1197-1211.

Zhao Y, Zhang T, Broholm SK, Tahtiharju S, Mouhu K, Albert V, Teeri TH, Elomaa P.
2016. Evolutionary co-option of floral meristem identity genes for patterning of the flower-like
Asteraceae inflorescence. Plant Physiology 172: 284—-296.

Zhao Y, Broholm SK, Wang F, Rijpkema AS, Lan T, Albert VA, Teeri TH, Elomaa P.
2020. TCP and MADS-box transcription factor networks regulate heteromorphic flower type
identity in Gerbera hybrida. Plant Physiology 184: 1455-1468.

Zoulias N, Duttke SHC, Garcés H, Spencer V, Kim M. 2019. The role of auxin in the pattern
formation of the Asteraceae flower head (capitulum). Plant Physiology 179: 391-401.



34

Figure legends:

Fig. 1 The basic structure and examples of the phenotypic diversity in Asteraceae capitula. (a)
Overall structure of a capitulum of Gerbera hybrida shown by a longitudinal section. (b-e)
Examples of heterogamous capitula with at least two types of florets. Based on the morphology
of the marginal florets, the capitula can be classified as (b) radiate (Bellis perennis), (c)
bilabiate (Gerbera hybrida), (d) radiant (Centaurea cyanus, image source: iNaturalist, Douglas
Goldman), and (e) disciform (Ajania pacifica, image courtesy: Prof. Guangyuan Rao). (f,g)
Homogamous capitula composed of only one floret type: (f) ligulate capitulum of Lactuca
sativa and (g) discoid capitulum of the rayless Helianthus radula (image source: iNaturalist,
Nash Turley). (h—j) Higher order arrangements of capitula. Branches supporting individual
capitula may vary from highly elongated ones in Achillea millefolium (h), to more reduced ones
in Flaveria bidentis (i). A secondary capitulum, syncephalium, in Echinops ritro develops on

a globular receptacle (j).

Fig. 2 Schematic summary of the phenotypic diversity in Asteraceae capitula. (a) Diverse
receptacle shapes of capitula. (b) Classification of Asteraceae capitula based on floret types.
Heterogamous capitula consist of two distinct types of florets that differ in their sex. Ray florets
and bilabiate marginal florets are both bilaterally symmetrical and form a fused, enlarged ligule.
In radiant and disciform capitula, the marginal florets are radially symmetrical but deviate from
each other by the elongation of individual petals. Homogamous capitula are formed of single,
bisexual floret types. Ligulate capitula form only bilaterally symmetrical florets while in
discoid capitula, all florets are radially symmetrical and of disc identity. (c) In syncephalium,
secondary capitula develop in place of individual florets. (d) Classification of capitula based

on absence (ebracteate) or presence (bracteate) of floral subtending bracts (arrow).

Fig. 3 Expansion growth and phyllotactic patterning of Asteraceae inflorescence meristem
(IM). (a-c) Scanning electron micrographs indicating the size difference of Arabidopsis (a),
gerbera (b), and sunflower (c) IMs (yellow circles, scale bars: 50 pm in (a), 1 mm in (b,c)).
Flowers in all species follow regular spiral phyllotaxis with left (red) and right (blue) winding
spirals in consecutive Fibonacci numbers. (d) Gerbera capitulum development reconstructed
from 3D micro-CT scans. The size of the central undifferentiated domain (shaded in yellow)
shows highly dynamic changes during distinct stages of patterning (scale bar: 1 mm). (e)

Pattern progression of the first bract initia marked by the auxin reporter DR5rev:3xVENUS-N7.
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The red circles mark the expansion growth of the meristem. The initia are not equally spaced
but separated by large (L) and small (S) gaps. During patterning, a new initium (white arrows)
is always inserted into the large gap and moves laterally towards its older neighboring initium
(P, inset). Consequently, the number of primordia increases following consecutive Fibonacci
numbers. (f) An integrative model showing changes in receptacle shape and phyllotactic

patterning on a developing gerbera capitulum (modified from Zhang et al., 2021a).

Fig. 4 Initiation of ray florets in gerbera. (a) SEM figure indicating the position of an
emerging ray floret (yellow dashed line) in the axil of an involucral bract (green dashed line).
Note the delayed development of the ray initia compared to the nearby trans florets. (b) Live
imaging of a DR5 auxin reporter line of gerbera indicates a common auxin maximum at the
timepoint TO that then separates into two maxima (timepoints T1 and T2) marking the
emerging bract and ray primordia (marked with green and yellow lines, respectively). Scale

bars: 50 um.

Fig. 5 Specialized pappus bristles occupy the whorl 1 in the florets of Asteraceae. (a) Hairy
pappus bristles in the perianth of a gerbera ray floret. (b) A SEM image of filamentous
pappus bristles as in (a). (c,d) Confocal microscopic images show initiation and elongation of
pappus bristles in transgenic gerbera expressing the DR5 auxin reporter. Pappus bristles arise
from a ring-shaped meristem surrounding the developing petals (c). (e) A vertical wind tunnel
image showing air fluid dynamics surrounding a flying dandelion seed. Image courtesy: Dr.
Naomi Nakayama, under CC-BY-4.0 license. Scale bars: 100 um.

Fig. 6 Development and evolution of inflorescence structures in Asteraceae and its close
relatives Goodeniaceae and Calyceraceae. (a) Based on Pozner et al. (2012), key differences
and proposed morphological changes during evolution of Asteraceae heads. The terminal
flower (TF) and peripheral cymose unit (PU) are highlighted in red and orange, respectively.
(b) An example of inflorescence in Calyceraceae (Acicarpha tribuloides). Different from
Asteraceae, the inflorescence axis ends with a terminal flower (TF). Acicarpha does not
develop peripheral cymose units shown in panel (a). (c) An example of Asteraceae capitulum
(Lactuca sativa) shows that the inflorescence meristem (IM) gets consumed by floret primordia
(FP) and does not develop any terminal flower. (d-f) Developing capitula of wild-type (d) and
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transgenic gerbera lines with down-regulated GhLFY (e) and GRCD2/7 (f). At a similar
developmental stage, the IMs in (e,f) remain undifferentiated while in (d) the IM has been
consumed with floret primordia. (g) The developing capitulum of GhUFO overexpression
gerbera line shows conversion of the central IM into a giant flower meristem (shaded in red)

producing floral organs in whorls. Scale bars: 2 mm.
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