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Abstract Undoubted lines of evidence point out that mem-
bers of CYCLOIDEA (CYC) 2 clade are essential players to
control flower symmetry and, amusingly, also are determi-
nants of capitula architecture (pseudanthium). In several
species, CYC-like genes influence the androecium patterning,
but to date, the function of these genes in the development of
gynoecium organs is less clear. In this review, we first reported
details about floral symmetry and an overview of genes and
molecular mechanisms regulating the development of
zygomorphism in different angiosperm lineages (e.g., basal
and core eudicots and monocots). Then, we paid emphasis
on the role of CYC-like genes in the development of heterog-
amous inflorescence of sunflower as well as other Asteraceae
and some species within the Dipsacaceae family. Helianthus
annuus 1s particularly attractive because it represents a useful
model to study the role of CYC-like genes on shaping floral
corolla as well as the differentiation of reproductive organs in
different flowers of pseudanthia. A special attention was re-
served to inflorescence morphology mutants of sunflower
(i.e., Chrysanthemoids2 and tubular ray flower) because they
provide useful information on the role of CYC-like genes in
the radiate capitulum evolution. Finally, we discuss data from
literature to suggest that CYC-like genes are also co-opted to
regulate stamen and carpel differentiation likely throughout
their interaction with the cell cycle and flower organ identity
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genes. The recruitment of reproductive organs in ray flowers
also supports the phylogenetic origin of a radiate inflorescence
of sunflower from a discoid capitulum and suggests that in
sterile zygomorphic ray flower primordia the latent identity to
differentiate both microsporangium and macrosporangium
was conserved.
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Floral Symmetry Genes in the Origin
of Zygomorphism

In the Cretaceous, one key evolutionary novelty that appeared
in some major angiosperm lineages was a change in floral
symmetry, from radially symmetrical actinomorphic flowers
to bilaterally symmetrical zygomorphic flowers (Friedman
2009). The morphological diversity of zygomorphic flowers
allows more specific interactions with pollinators with
bilateral vision, such as insects. Accordingly, some of the most
speciose taxa harbor monosymmetric flowers, in core eudicots
(e.g., Fabaceae, Asteraceae) or monocots (e.g., Zingiberales,
Orchidaceae) (Damerval and Nadot 2007).

Symmetry is generally defined for the perianth, reflecting hu-
man eye perception. The conventional terms of floral symmetry
according to the number of symmetry planes are “asymmetric”
(without any symmetry plane); “monosymmetric,”
“zygomorphic” (with one symmetry plane); “disymmetric” (with
two symmetry planes); and “polysymmetric,” “actinomorphic”
(with several symmetry planes) (Endress 1999, 2001).

In zygomorphic flowers, in contrast to actinomorphic
flowers, the organs within a whorl are not identical.
Typically, organs in the dorsal (upper, adaxial) region of the
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flower, which are nearer to the stem, are structurally different
from the organs in the ventral (lower, abaxial) region of the
flower (Carpenter and Coen 1990; Coen and Nugent 1994;
Coen et al. 1995). Moreover, lateral organs can often be distin-
guished structurally from the dorsal- and ventral-most organs.
In comparative developmental studies, it appears that floral
monosymmetry is expressed at different stages depending on
the systematic group (Tucker 1999), and that even in
polysymmetric flowers, there may be transient monosymmetric
stages (Endress 1999; Buzgo and Endress 2000).

Early progresses in the molecular network operating in flow-
er symmetry have been reached in the asterid Antirrhinum
majus (Lamiales) and rosid Lotus japonicus (Fabaceae). In
snapdragon, floral symmetry is controlled by the interaction
between genes that regulate flower development within the
dorsal region, CYCLOIDEA (CYC), RADIALIS (RAD), and
DICHOTOMA (DICH), and the ventral region, DIVARICATA
(DIV) (Coen 1996; Luo et al. 1996, 1999; Almeida et al. 1997,
Galego and Almeida 2002; Almeida and Galego 2005; Corley
et al. 2005). CYC and the paralog DICH code for transcription
factors (TFs) of the TCP family, a group of genes that have
been associated to the control of growth and development such
as cell cycle, axillary shoot outgrowth, and leaf development
(Luo etal. 1996, 1999; Doebley et al. 1997; Cubas et al. 1999a;
Theissen 2000; Nath et al. 2003; Krizek and Fletcher 2005).
The TCP acronym stands for the first three identified members:
TEOSINTE BRANCHEDI1 (TB1) in Zea mays, CYCLOIDEA
(CYC) in A. majus, and PROLIFERATING CELL FACTOR
(PCF) 1 and 2 in Oryza sativa (Cubas et al. 1999a). These TFs
are characterized by a noncanonical basal helix-loop-helix
(bHLH) domain of circa 60 residues, called the TCP domain
(Cubas et al. 1999a; Aggarwal et al. 2010; Martin-Trillo and
Cubas 2010; Uberti Manassero et al. 2013; Hileman 2014a, b).
Based on the TCP motif, members of this TF family have been
classified into PCF (TCP-P or class I) and CYC/TB1 (TCP-C
or class IT) subfamilies (Cubas et al. 1999a). Class I TCP TFs
have an additional domain, called R domain, which is circa 20
residues long motif rich in arginine (Cubas et al. 1999a).
Phylogenetic and sequence analysis allows class II to be split
into two clades, the CYC/TB1-like and the CINCINNATA
(CIN)-like clades. The first clade, called the “ECE” clade, is
further divided into CYCI1, 2, and 3 subclades, which have
evolved due to two duplication events (Howarth and
Donoghue 2006; Preston and Hileman 2009; Martin-Trillo
and Cubas 2010; Uberti Manassero et al. 2013; Hileman
2014b). ECE refers to a conserved short motif (glutamic acid-
cysteine-glutamic acid) between the TCP and R domains that
have been found in many members of this clade (Howarth and
Donoghue 2006).

In Antirrhinum, together with DICH, CYC was expressed
in the dorsal domain of young floral meristem, resulting in
retarded growth of petals and stamens. At later stage, CYC
expression persisted throughout the dorsal domain where it

promoted petal lobe growth while it repressed stamen devel-
opment (Luo et al. 1996). DICH expression was restricted to
the dorsal-most part of the dorsal petals, participating in their
internal symmetry (Luo et al. 1999). DIVand RAD encode for
MYB-type TFs (Almeida et al. 1997; Galego and Almeida
2002; Corley et al. 2005). The RAD gene was activated by
CYC and DICH in the dorsal region of flowers where it antag-
onized the DIV protein (Corley et al. 2005). RAD is a small
protein with 93 amino acids and a single MYB domain that is
52 % identical to the N-terminal MYB domain of DIV (Corley
et al. 2005). Thus, rather than acting as a DNA-binding TF,
RAD operated through a mechanism involving protein-
protein interactions (Raimundo et al. 2013). RAD negatively
regulated DIV function in dorsal parts of the flower by com-
peting with DIV proteins to form heterodimers with common
target MYB proteins, termed DRIF1 and DRIF2 (DIV- and
RAD-interacting factors) (Raimundo et al. 2013). div mutants
have a ventral petal with lateral identity (Almeida et al. 1997,
Galego and Almeida 2002). In Antirrhinum, cyc mutants have
partially ventralized flowers, with dorsal and lateral petals and
stamens resembling their more ventral counterparts. dich mu-
tants have dorsal petals with reduced internal symmetry. The
phenotype of the cyc;dich double mutant is more extreme:
radially symmetrical flowers with extra floral organs and fully
ventralized petals and stamens (Luo et al. 1996, 1999). Thus,
the functions of CYC and DICH were to establish the dorsal
fate of petals and stamens also controlling the activity of both
DIV and RAD genes (Luo et al. 1996, 1999). In this context,
the zygomorphic flowers of Antirrhinum required an interplay
between TCP and MYB TFs (Corley et al. 2005).

Genes homologous to the CYC2 clade and involved in the
evolution of floral symmetry have been amply recognized in
many angiosperm families (Cubas et al. 1999b; Citerne et al.
2000, 2003, 2013; Smith et al. 2004; Costa et al. 2005;
Howarth and Donoghue 2005; Howarth et al. 2011; Feng
et al. 2006; Damerval et al. 2007; Chapman et al. 2008,
2012; Wang et al. 2008; Fambrini et al. 2011, 2014a, b;
Tahtiharju et al. 2012; Yang et al. 2012, 2015; Hileman
2014a). However, in some monocot and dicot species, it has
been proven that also CYC1 and/or CIN clade genes played a
role in the development of flower zygomorphy (Yuan et al.
2009; Bartlett and Specht 2011; Preston and Hileman 2012;
Bartlett et al. 2015; De Paolo et al. 2015). Analogous to
Antirrhinum, most of the CYC2 clade genes were specifically
expressed in dorsal or dorsal plus lateral regions of developing
flowers (Costa et al. 2005; Damerval et al. 2007; Preston and
Hileman 2009; Citerne et al. 2013); however, in Asteraceae
and monocot, some exceptions in the expression pattern of
CYC-like genes have been observed (e.g., expression in ven-
tral region of floral organs) (Bartlett and Specht 2011;
Broholm et al. 2014; Juntheikki-Palovaara et al. 2014;
Garcés et al. 2016). Therefore, the origin and evolution of
zygomorphism have been correlated to asymmetric CYC2-like
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gene expression. Gene expression can be influenced by the
following mechanisms: (i) cis-regulatory changes due to
variations in enhancer or promoter sequences; (ii) changes in
the transcribed region, or changes in chromatin structure or
trans-regulatory elements; and (iii) changes generated by
genetic and epigenetic modifications affecting the activity or
availability of proteins and RNAs (Wittkopp et al. 2008). In
particular, changes in cis-regulatory elements of CYC2 genes
arose multiple times in angiosperms, which could explain the
independent origin of floral zygomorphy (Yang et al. 2012;
Della Pina et al. 2014). Additionally, segmental chromosome
duplication is a leading mechanism for acquiring new genes
that can be co-expressed, or shift in functional divergence (i.e.,
neofunctionalization or subfunctionalization) creating genetic
novelty in organisms. In various organisms, many new gene
functions have evolved through these mechanisms that have
contributed tremendously to the evolution of developmental
programs (Van De Peer et al. 2009). In plants, further genes
originated by whole-genome duplication (polyploidy), a ubig-
uitous mechanism among angiosperm that has played a major
role in plant evolution (Comai 2005). The tendency for gene
and whole-genome duplication in plants gives raw genetic
material that after their subsequent divergence plays an
important function in organismal complexity and radiative
divergence. There are lines of evidence, from both MADS-
box and TCP gene families, that extensive gene duplication,
and subsequent modification in various lineages, have result-
ed in diversified gene expression and protein functions asso-
ciated with the development of new floral shape as well as
inflorescence morphologies (Giibitz et al. 2003; Reeves and
Olmstead 2003; Howarth and Donoghue 2005, 2006; Irish
and Litt 2005; Chapman et al. 2008; Carlson et al. 2011;
Howarth et al. 2011; Heijmans et al. 2012; Yang et al. 2012,
2015; Specht and Howarth 2015).

Recent studies of phylogeny of CYC2-like genes across the
Lamiales have suggested that at the base of Lamiales, there
was a single ancestral CYC-like gene subjected to extensive
duplication and functional divergence, no less than six times
in core Lamiales nearly the Cretaceous-Paleogene boundary,
and seven more in early diverging clades relatively more re-
cently (Zhong and Kellogg 2015a, b). Duplications and losses
of CYC2-like paralogs are prevalent, but Zhong and
Kellogg (2015b) pointed the attention to changes in both
cis-regulatory elements and coding domains of CYC2-like
genes as key events for the evolution of zygomorphism in
Oleaceae and Tetrachondraceae (Lamiales). Actually, it has
been shown that cis-regulatory changes in the CYC/TBI
locus that participate in the regulation of asymmetric peri-
anth protein activities arose in both eudicot (Luo et al. 1999;
Feng et al. 2006; Busch and Zachgo 2007; Damerval et al.
2007; Wang et al. 2008; Jabbour et al. 2014) and monocot
(Bartlett and Specht 2011; Preston and Hileman 2012)
lineages.
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Within Lamiales, Gesneriaceae have diverse forms of
zygomorphic flowers (Cubas 2004). Several studies have
shown that the spatial-temporal expression alterations of
CYC-like genes are highly correlated with the different
morphologies of zygomorphic flowers in Gesneriaceae (Du
and Wang 2008; Gao et al. 2008; Song et al. 2009; Yang
et al. 2012). In Petrocosmea glabristoma and Petrocosmea
sinensis, it was demonstrated that the dorsal specific expres-
sion level of both CYCIC and CYCI1D is negatively correlated
with the dorsal petal size (Yang et al. 2015). Notably, a differ-
ential expression of CINCINNATA1-(CINI)-like genes in all
petals of the two species with distinct petal morphology was
also shown (Yang et al. 2015). The results suggested that
CYCIC, CYCID, and CINI coordinately promoted the
morphological shape of the dorsal petals, characterizing the
different types of zygomorphic flowers of P. glabristoma and
P, sinensis. Additionally, through allele-specific expression
analyses, Yang et al. (2015) showed that the expression
differentiation of CYC1C was mainly caused by cis-regulatory
changes, while that of CYC1D was largely under the control of
trans-acting factors.

As previously reported, in angiosperms, especially in
eudicots, the CYC2 clade genes have undergone recurrent
duplications that gave rise to multiple copies of CYC2 genes
in most members of zygomorphic clades (Howarth and
Donoghue 2006). Of these, a pair of CYC2 genes are usually
involved in controlling the dorsal petals redundantly in zygo-
morphic flowers, with others having no or transient expression
signals (Luo et al. 1996, 1999; Feng et al. 2006; Gao et al.
2008; Wang et al. 2008; Song et al. 2009; Yang et al. 2012). In
Primulina heterotricha (Gesneriaceae), Yang et al. (2012)
revealed that a double positive autoregulatory feedback loop
evolved for a pair of CYC2 genes to maintain their expression
in developing flowers.

Yang et al. (2012) also suggested that the required CYC
DNA-binding sites are absent from the promoter sequences of
CYC homologues in species with radially symmetrical
flowers (e.g., Arabidopsis and tomato), but present in soybean
(Fabaceae), characterized by bilateral flower symmetry.
However, as reviewed by Hileman (2014a), this intriguing
theory is not universally valid.

A key role of CYC and/or DIV homologues on floral sym-
metry has been recognized for other eudicots, such as Fabales
(Citerne et al. 2003; Fukuda et al. 2003; Feng et al. 2006; Wang
et al. 2008; Weng et al. 2011), Ranunculales (Damerval and
Nadot 2007; Citerne et al. 2013; Jabbour et al. 2014), and
Asterales (Abbott et al. 2003; Broholm et al. 2008; Fambrini
etal. 2011; Chapman et al. 2012; Garcés et al. 2016), suggest-
ing that the function of CYC-like genes has been widely con-
served. CYC-like genes have been isolated from several spe-
cies of Fabales (Rosids) and phylogenetic analyses have re-
vealed that, as in the Lamiales, repeated duplication events of
a single ancestral CYC-like gene (LEGCYC) have taken place.
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In particular, before the evolution of the Papilionoideae (a sub-
family of Leguminosae with flower weakly to strongly zygo-
morphic), an early duplication of LEGCYC gave rise to
LEGCYC I and LEGCYC II genes (Citerne et al. 2003;
Fukuda et al. 2003). Later, early in the diversification of
the Papilionoideae, a duplication of LEGCYC I generated
LEGCYC IA and LEGCYC IB suggesting that they might
have assumed divergent functions. Most of the analyzed
papilionoid species had these three types of genes
(Citerne et al. 2003). In L. japonicus, Feng et al. (2006)
demonstrated a role for LjCYC2 in establishing dorsal
identity in zygomorphic flowers by altering both its
expression in transgenic plants and analyzing its mutant
allele squared standard 1 (squl). Further work suggested
that KEELED WINGS IN LOTUS 1 (KEWI) was a specific
factor that controlled lateral petal identity and interacted
with LjCYC?2 in determining floral bilateral symmetry
(Feng et al. 2006). SQU and KEW activities were precisely
modulated at both transcription and posttranscriptional
levels, which might link the dorsal-ventral asymmetric
flower development to different physiological status and/
or signaling pathways (Xu et al. 2016). In particular, SQU
possessed both activation and repression activities,
while KEW, which encoded for TCP TF (Wang et al.
2008), acted only as an activator. They formed homo-
and heterodimers and then collaboratively regulated
their expression at the transcriptional level (Xu et al.
2016). Furthermore, two types of posttranscriptional
modifications (phosphorylation and ATP/GTP binding)
that could affect their transcriptional activities were
identified (Xu et al. 2016).

In the Ranunculaceae, two paralogous lineages have also
been found and seem to originate from a duplication event
independent from the one that has occurred in the
Papaveraceae (Citerne et al. 2013). In an extensive phyloge-
netic analysis performed in 48 species of Ranunculaceae, 109
CYC-like sequences were identified (Jabbour et al. 2014). The
phylogenetic tree was consistent with the hypothesis of two
paralogous lineages originating from a duplication predating
the divergence of Lardizabalaceae and Ranunculaceae. In
Ranunculaceae, there was a single evolutionary transition
from actinomorphy to zygomorphy in the stem lineage of
the tribe Delphinieae (Jabbour et al. 2014). Transcription
analyses in two species of Delphinieae, Aconitum
carmichaelii and Consolida regalis, also indicated that
the CYC-like paralogs were transcribed ecarly in floral
buds and that the level of their activity diverged be-
tween species, with differences correlating with their
specific perianth architecture, and paralog class
(Jabbour et al. 2014). The results suggested that within
Ranunculaceae the regulation of CYC-like expression in-
volved gene duplication events and then species
divergence. Therefore, Jabbour et al. (2014) remarked

that the regulation of CYC-like genes among the
Ranunculales demonstrated large flexibility and
evolvability.

A complex case of CYC2 recruitment occurs in members of
the Asteraceae and Dipsacaceae families characterized by
species with radiate inflorescences originated independently
(Abbott et al. 2003; Broholm et al. 2008; Chapman et al.
2008, 2012; Kim et al. 2008; Busch and Zachgo 2009;
Carlson et al. 2011; Fambrini et al. 2011; Garcés et al. 2016).
Asteraceae and Dipsacaceae appear to have the greatest num-
bers of CYC2 genes (Chapman et al. 2008; Carlson et al. 2011;
Juntheikki-Palovaara et al. 2014; Garcés et al. 2016) with dif-
ferential CYC transcription linked to changes in floral symme-
try and inflorescence architecture (Broholm et al. 2008; Carlson
et al. 2011; Garcés et al. 2016). In Asteraceae, the molecular
dissection of radiate inflorescence (e.g., in Senecio, Helianthus,
and Gerbera) has demonstrated that modification of the ances-
tral network of TCP factors has, through gene duplications, led
to the establishment of new expression domains and to func-
tional diversification (Broholm et al. 2008; Chapman et al.
2008, 2012; Kim et al. 2008; Tdhtiharju et al. 2012;
Juntheikki-Palovaara et al. 2014; Garcés et al. 2016). For ex-
ample, the gerbera GhCYC?2 transcription followed the radial
organization of the inflorescence, being upregulated in the mar-
ginal ray flowers, while no expression was detected in the
centermost disc flowers (Broholm et al. 2008). However, with
the exception of GhCYC?2 being absent from dorsal petals, the
other CYC2 clade genes showed largely overlapping gene ex-
pression patterns being redundantly transcribed in all five petals
as well as in carpels of both ray and disc flowers (Juntheikki-
Palovaara et al. 2014). At the level of single flower, their ex-
pression domain in petals showed a spatial shift from the dorsal
pattern known so far in species with bilaterally symmetrical
flowers, suggesting that this change in expression may have
evolved after the Asteraceae origin (Juntheikki-Palovaara
et al. 2014). Functional analysis in transgenic gerbera revealed
that in addition to GhCYC2 (Broholm et al. 2008), GhCYC3
and GhCYC4 exhibited redundant functions in the regulation of
ray flower identity and promoted corolla development until the
final size and shape of the petals are reached (Juntheikki-
Palovaara et al. 2014). Instead, GhCYCS5 operated in regulating
the rate of flower initiation in the inflorescence. Therefore,
modification of the ancestral network of TCP TFs after gene
duplications led to the establishment of new expression do-
mains and to functional diversification (Juntheikki-Palovaara
et al. 2014). In Senecio vulgaris, Garcés et al. (2016) demon-
strated how recruitment of floral symmetry regulators into
dynamic networks between CYC (RAY1, RAY2, and RAY3)
and MYB (SvDIV and SVRAD) TFs was crucial to originate
the complex and elaborate structure of the Senecio capitulum.

Dipsacaceae (Dipsacales) is one of relatively few families
outside of Asteraceae that contains species with both radiate
and discoid capitula (Carlson et al. 2011). Howarth and
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Donoghue (2005) have verified that gene duplication events
yielded five major copies of CYC-like genes prior to the origin
of Dipsacaceae (DipsCYCI, DipsCYC2A, DipsCYC2B,
DipsCYC3A, and DipsCYC3B), with a subsequent duplication
occurring in the DipsCYC2B gene (2Ba, 2Bb). The number
and activity of CYC-like genes correlated with the corolla
form of Dipsacaceae as well as other Dipsacales (e.g.,
Morinaceae and Adoxaceae) (Howarth and Donoghue
2005). More recently, Carlson et al. (2011) identified several
additional copies in the DpcCYCI (i.e., DipsCYCI) and
DpcCYC2B (i.e., DipsCYC2B) clades. Notably, the pattern
of CYC-like gene diversification appeared also correlated with
the inflorescence morphology. Groups with radiate capitula
are represented in the major clades and subclades of
DpcCYC, while the discoid groups (e.g., Bassecoia and
Dipsacus) appeared to have only one copy of DpcCYCI,
2Ba, and 2Bb (Carlson et al. 2011). In Knautia macedonica,
multiple copies of CYC-like genes were differentially
expressed among petal types and between internal and external
flowers indicating that subtle changes across multiple paralogs
correlated with the change in the degree of zygomorphism
(Berger et al. 2016). Analogously, a shift to bilaterally symmet-
rical flowers at the base of the Caprifoliaceae (Dipsacales) was
accompanied by a duplication of the DipsCYC2 gene, resulting
in DipsCYC2A and DipsCYC2B and by loss of expression of
both of these copies in the ventral petal (Howarth et al. 2011).
In addition, DipsCYC2B persisted to be expressed in the dorsal
and lateral lobes, while DipsCYC2A expression was restricted
to the two dorsal lobes (Howarth et al. 2011). Similar tran-
scription patterns in which one duplicate gene is more
dorsally restricted than the other were detected in sev-
eral eudicots [e.g., A. majus (Luo et al. 1996), Pisum
sativum (Wang et al. 2008), and Malphigiaceae (Zhang
et al. 2010)]. This suggested that an analogous pattern
of differentially restricted expression occurred indepen-
dently in the evolution of zygomorphic flowers from
actinomorphy ancestors (Specht and Howarth 2015).
Twelve CYC/TBI genes (CYCLs) were identified by in
silico analysis or isolated by PCR approach from basal angio-
sperm [Amborella trichopoda (Amborellaceae), Nuphar
advena, Nuphar lutea, and Nymphaea alba (Nymphaeales)]
and within magnoliid families (Horn et al. 2015). In particular,
the CYCL gene identified in the sequenced genome of
Amborella demonstrated that the CYC/TBI clade evolved in
the earliest diverging angiosperms, and it was likely that the
common ancestor of all angiosperms harbored one CYC/TB1
gene (Homn et al. 2015). Flower monosymmetry is uncommon
in the magnoliids, where it has exclusively evolved in the
Aristolochiaceae (Piperales). Expression analyses demonstrat-
ed that in Saruma henryi, during floral organ differentiation,
ShCYCLI expression was stronger in the distal parts of petals
(Horn et al. 2015). This result was according to the observation
that in other species the late petal growth was mainly mediated
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by repeated cell divisions in the petal tip (Reale et al. 2002;
Dinneny et al. 2004), and suggested that ShCYCLI employed a
similar activity (Horn et al. 2015). In Iberis, petal size differ-
ences were mainly realized at later flower stages (Busch and
Zachgo 2007), and strong adaxial laTCP1 expression around
anthesis likely mediated differential petal growth (Busch and
Zachgo 2007). By contrast, in Aristolochia arborea, a dif-
ferential AarCYCL expression in the abaxial perianth was
observed only in later stages, after perianth monosymmetry
had already been established. Therefore, the enhanced
abaxial CYC-like expression might only contribute to the
final growth processes of the mature monosymmetric peri-
anth (Horn et al. 2015). By contrast, a strong CYC-like
expression was detected in epidermal layers of the mush-
room mimicry structure (MMS), a particular Aristolochia
organ evolved to attract flies, indicating a possible function
of the CYC-like gene in the formation of this specific
epidermis (Horn et al. 2015).

In contrast to dicots, few studies are available on the involve-
ment of CYC/TB1-like genes in the evolution and maintenance
of bilateral symmetry for monocots (Yuan et al. 2009; Bartlett
and Specht 2011; Preston and Hileman 2012; Hoshino et al.
2014; Bartlett et al. 2015; De Paolo et al. 2015). Indeed, mono-
cots do not have a strict CYC gene ortholog (Howarth and
Donoghue 2006); however, the description that the class II
TCP gene RETARDED PALEAI (REPI) in Oryza sativa was
expressed only in the dorsally positioned palea suggested
further recruitment of T7CP genes in the evolution of bilateral
symmetric flowers (Yuan et al. 2009). Furthermore,
disymmetric flowers of Costus spicatus (Zingiberales,
Cotaceae) and Heliconia stricta (Heliconiaceae) displayed
asymmetric TCP gene (CsTBla and HsTBL2b, respective-
ly) expression at early to late stages of flower development
(Bartlett and Specht 2011). Notably, analogous to Gerbera
hybrida (Broholm et al. 2008), CsTBla and HsTBL2b ex-
pression was restricted to the ventral side of the flower
(Bartlett and Specht 2011). In Orchis italica, the class 11
CYC/TB1-like gene did not appear to be involved in zygo-
morphic flower evolution. By contrast, one CIN-like group
IT transcript (comp5062) was an excellent candidate gene
for zygomorphism. It was expressed in two different flower
stages and significantly correlated to a microRNA
(miR)319 that in Arabidopsis showed a critical role in petal
and stamen development (De Paolo et al. 2015).

Floral Symmetry in the Pseudanthium of Sunflower:
Gene Expression Patterns and Phylogenetic
Relationship

During evolution, zygomorphy has very likely arisen from
actinomorphy many times independently within the flowering
plants, producing several major zygomorphic clades, such as
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Fabales, Lamiales, Asterales, and Orchidales (Donoghue et al.
1998; Cubas et al. 2001; Cubas 2004; Endress 2001; Rudall
and Bateman 2004; Citerne et al. 2010; Hileman 2014b).
Really, the ancestral flower in the Asteraceae family was ac-
tinomorphic, and a deeply five-lobed and zygomorphic one is
considered derived (Harris 1995). This is in contrast with
Asteraceae inflorescences from Eocene Patagonia fossils of
47.5 Ma that showed flowers relatively large, with a developed
ligule or lip, which support the hypothesis of an ancestral
Asteraceae radiate capitulum (Barreda et al. 2010).
Nevertheless, reversal to actinomorphic from zygomorphic an-
cestor flowers also frequently occurred (Donoghue et al. 1998;
Cubas 2004; Citerne et al. 2010; Hileman 2014b; Specht and
Howarth 2015). It is likely that in Asteraceae the radiate capit-
ulum evolved from a discoid inflorescence. The pseudanthium
of sunflower originated after a shift of the more external whorl
of actinomorphic flowers in zygomorphic flowers. The great
evolutionary success of zygomorphy lies probably in the pro-
motion of pollinator specificity and in the efficient control of
pollinator behavior by the plant (Cronk and Méller 1997; Neal
et al. 1998; Sargent 2004). In zygomorphic flowers, pollinators
are restricted in the directionality of approach and movement
within and between flowers to enhance the accurate placement
of pollen on the body of the pollinator, independently by polli-
nator type (Cronk and Moller 1997; Nikkeshi et al. 2015).
However, specialized monosymmetric flowers probably
evolved to make heterogamous heads of sunflower more
conspicuous under pollinator-mediated selection, as evidenced
in Helianthus grosseserratus where a drastic reduction in
pollination efficiency followed removal of ray flowers
(Stuessy et al. 1980).

The sunflower head (capitulum) is a well-known example of
pseudanthium (Fig. 1a). The capitulum is produced by an ex-
panded and flattened meristem which develops into an array of
sessile units (flowers) arranged on a flat surface and bordered
by a protective wrap of involucral bracts (Palmer and Palmer
1982). In Helianthus annuus inflorescence, parastichies of her-
maphrodite flowers with actinomorphic symmetry (disc
flowers) are surrounded by a whorl of zygomorphic sterile
flowers (ray flowers). Several floral zygomorphic patterns have
been described within the Asteridae supertree. For example,
Antirrhinum shows the most common 2:3 pattern, in which
the two adaxial (dorsal) petals differentiate from the other three
petals (two laterals and the medial abaxial petal) (Luo et al.
1996). In Helianthus, the zygomorphic ray flower is made of
three petals [0:3 pattern (adaxial:abaxial)] shifted abaxially,
forming a short and narrow corolla tube confined to the prox-
imal end (Jeffrey 1977). Actinomorphic disc flowers (tubular
flowers) are arrayed in arcs radiating from the center of the head
to form distinct left- and right-turning spiral rows. Each disc
flower is subtended by a sharp-pointed chaffy bract, and it
consists of an inferior ovary carrying a single ovule, two pappus
scales (highly modified sepals), and a five-lobed tubular-like

corolla. The five anthers are joined together to form a tube, with
separate filaments attached to the base of the corolla tube.
Inside the anther tube is the style, terminating in a divided
stigma with receptive surfaces in close contact in the bud stage
before the flower opens (Knowles 1978).

The pseudanthial phenomenon represents a shared evo-
lutionary trait in several eudicot families (Fig. 2a—d)
(ClaBen-Bockhoff 1990; Ronse De Craene 2010). In the
radiate capitulum of Asteraceae, the corolla of ray flowers
is usually strap-shaped with three or fewer teeth (ligule or
perianth lamina) at the apex and a short tube at the base.
The corolla shape of the disc flowers is actinomorphic,
pentamerous, or sometimes tetramerous and characterized
essentially by an elongated tube (Jeffrey 1977; Harris
1995). However, in some pseudanthia species, the strap-
shaped corolla where the ray flower is positioned is re-
placed by a tubular corolla with five prominent apical teeth
(i.e., Cyanus triumfettii; Fig. 2¢). A role of CYC2 gene in
the evolution of pseudanthium is well documented. For
example, duplication events and expression patterns of CYC-
like genes are suggestive for the control of different pseudanthia
of Dipsacaceae (Carlson et al. 2011) as well as in morphology
development of the Actinodium cunninghamii Schau.
(Myrtaceae) inflorescence that represents a novel type of
pseudanthium with proximal branches mimicking ray flowers
(ClaBen-Bockhoff et al. 2013).

In sunflower, ten members of the CYC/TB1 gene family
were identified, and phylogenetic analysis also showed that
these genes occurred in three distinct clades (Chapman et al.
2008). Therefore, in sunflower, gene duplication has been an
outstanding feature in the evolution of the CYC gene family.
Additionally, clear evidence of divergence in expression pat-
terns across duplicates within all three clades of sunflower
CYC-like genes was discovered (Chapman et al. 2008).
Noteworthy, prominent differences in transcription pattern in
the CYC2 lineage were detected, in which three genes were
expressed in all floral tissues, one was mainly transcribed to ray
flowers and, with a lower level also in disc flowers (HaCYC2d)
and one was restricted to ray flowers (HaCYC2c). Additionally,
positive selection had promoted divergence of the HaCYC2a,
HaCYC2b, and HaCYC2c¢ genes (Chapman et al. 2008).
Notably, Ree et al. (2004) found evidence for positive selection
operating on a CYC paralog in the genus Lupinus (Fabaceae)
that corresponded to a shift in floral morphology. A compara-
tive study has been conducted in sunflower and gerbera to
explore CYC/TBI1 gene family evolution and diversification
in Asteraceae (Tahtiharju et al. 2012). In these two species,
marginal flowers (ray and trans flowers) showed a strong
expression level of the six members of the CYC2 clade in
gerbera and the five genes in sunflower. Expression analysis
suggested that these genes early functioned in flower-type
differentiation and late operated in reproductive organ develop-
ment (Tahtiharju et al. 2012). Moreover, the null or very low
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Fig. 1 Characteristics of
sunflower (Helianthus annuus L.)
inflorescences. a The radiate
inflorescence of normal
sunflower. b The mutant
Chrysanthemoides2 (Fambrini

et al. 2003, 2014a). ¢ The mutant
tubular ray flower (turf)
generated by the insertion of a
CACTA transposable element
(TE), named Transposable
element of turfl (Tetul) (Fambrini
etal. 2011). d A normal (upper)
and a tubular-ray flower (under).
e A reversion of furf'to normal
sunflower originated by a perfect
excision of Tetul. f A reversion of
turf'in a phenotype that resembles
hybrid characteristics between ray
and disc flowers (arrows)
(Fambrini et al. 2014b). g Ovule
in ovary of a tubular-ray flower of
turf; ov ovary, o ovule, fit
funiculus, #c tapetum cells. h
Corolla and reproductive
structures in the tubular-ray
flower of turf; ¢ corolla, a anther
with pollen grains, sf stigma, s
style, ffilament. Scale bars are
500 um in g and 900 pum in h

level of expression in disc flowers of one gene in gerbera
(GhCYC3) and two in sunflower (HaCYC2d and HaCYC2c)
could be indicative to their role in controlling ray flower
zygomorphism and evolution of radiate inflorescence
(Chapman et al. 2008; Tahtiharju et al. 2012). However, phy-
logenetic analyses place HaCYC2d and HaCYC2c in separate
clades, suggesting independent canalization or expansion of
expression domains for sunflower CYC2 genes (Chapman
et al. 2008). In S. vulgaris, the role of a CYC2 clade gene
(RAY3) as well as two floral symmetry MYB domain regulators
(SYRAD and SvDIVIB) was recently investigated by Garcés
et al. (2016). The expression analyses demonstrated that after
an initial uniform expression in ray flower primordia, the per-
manent transcription of RAY3 in ventral petals was essential for
the development of the zygomorphic form. Additionally, func-
tional analysis showed that RAY3 promoted and SvDIVIB re-
pressed petal growth, confirming their roles in floral
zygomorphism. Phylogenetic analysis placed a RAY3 TF in
the CYC2 subclade as a HaCYC2b of sunflower and Gerbera
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GhCYC4 and GhCYC9 (see also Fig. 1h in Garcés et al. 2016).
RAY3 expression was consistent with that of GACYC4 and
GhCYC9 (Tahtiharju et al. 2012), but its expression greatly
differed from that of HaCYC2b that was transcribed in all tis-
sues analyzed (e.g., leaf, style, disc, and ray flowers) (Chapman
et al. 2008; Téhtiharju et al. 2012). Instead, RAY3 transcription
was more similar to the sunflower paralogs, HaCYC2c¢ and
HaCYC2d (see also Fig. 5 in Chapman et al. 2008).

Here, a phylogenetic analysis of CYC TFs was conducted
within some species of Lamiales, Brassicales, Asterales,
Ranculales, Fabales, Piperales, and Commellinales (Fig. 3 and
Fig. 1S). The phylogenetic tree clearly resolved the three CYC
subclades (CYCI1, CYC2, and CYC3). According to Garcés
et al. (2016), RAY3 (i.e., SVRAY3) was placed within a CYC2
subclade as GhCYC4 and GhCYC9 and HaCYC2b. Instead,
HaCYC2c that was mainly expressed in ray flowers (Chapman
et al. 2008) was placed within a subclade as GhCYCS5 that
functional analysis showed regulating the flower density of the
gerbera inflorescence (Juntheikki-Palovaara et al. 2014).
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Fig. 2 Pseudanthia of different
species. a Tordylium officinale
(Apiaceae). b Hydrangea
macrophylla (Hydrangeaceae). ¢
Cyanus triumfettii (Asteraceae). d
Astrantia major (Apiaceae)

Therefore, it is likely that different Asteraceae lineages have
independently recruited different CYC paralogs for ray flower
zygomorphism (Garcés et al. 2016). For other CYC genes, our
phylogenetic analysis essentially agreed with the results of
Garcés et al. (2016). In addition, according to Horn et al.
(2015), relationships between the subclades CYC1/2/3 and
Aristolochia arborea CYC-like genes (AaCYCLI and
AaCYCL2) were unclear as there was no suitable resolution in
this tree (Fig. 3). In the basal eudicot C. regalis (Ranunculaceae),
CrCyL2a expression is mainly asymmetric (i.e., dorsal domain
of petals), which is consistent with a role for this gene in deter-
mining zygomorphic flowers (Jabbour et al. 2014). However, in
our phylogenetic tree, CrCyL2a is placed within the CYC1
clade, which enclosed a TCP TF involved in axillary meristem
development (i.e., TCP18 of Arabidopsis) (Aguilar-Martinez
et al. 2007) and HaCYCla and HaCYCI1b of sunflower whose
expression patterns suggested a slight role in flower
zygomorphism (Chapman et al. 2008; Tahtiharju et al. 2012).
This result was not surprising. Although most genes that dem-
onstrated to play a role in zygomorphism belong to the CYC2
clade, these are not all orthologs due to the independent dupli-
cations in various families (Feng et al. 2006; Broholm et al.
2008; Kim et al. 2008; Wang et al. 2008; Jabbour et al. 2014).
Researches in Poaceae, Zingiberales, and Commelinales also
suggest a possible role of 7h/-like genes in the independent
evolution of zygomorphism (Yuan et al. 2009; Bartlett and
Specht 2011; Preston and Hileman 2012). Additionally, a role

of CIN-like genes in the complex regulatory network controlling
monosymmetry in Petrocosmea spp. (Gesneriaceae) (Yang et al.
2015) and O. italica (De Paolo et al. 2015) has been revealed.

The TCP domain is predicted to form bHLH structure but
shares little sequence similarity with canonical bHLH domain.
Therefore, TCP proteins bind to DNA elements that are
different from those recognized by bHLH proteins (Kosugi
and Ohashi 2002). The TCP domain mediates binding of the
TCP protein to GC-rich DNA sequence motifs (Kosugi and
Ohashi 2002; Aggarwal et al. 2010; Viola et al. 2012). These
motifs have been identified as cis-acting elements in many
plant genes, such as cell cycle- and protein synthesis-related
genes, seed germination- and bud outgrowth-associated
genes, and regulatory genes (Martin-Trillo and Cubas 2010).
In the HaCYC2c¢ sequence, a putative CYC-binding site
(catGACCCTCtgg) was found 1054 bp upstream of the start
codon (GenBank accession number HE604335.1). Putative
CYC-binding sites were found in different zygomorphic line-
ages, and comparative analyses of CYC2 gene expression
and function in the core eudicots provide an interpretation
for CYC2 clade genes to establish a zygomorphic flower
(Yang et al. 2012).

Mutants with altered inflorescence morphology can pro-
vide information on the roles of CYC-like genes in radiate
inflorescence evolution (Coen et al. 1995). An insertion of a
truncated version of CACTA-like transposable element (TE)
upstream of the coding region of HaCYC2c¢ (558 bp before the
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Fig. 3 The consensus tree

showing the relationship between
CYCLOIDEA (CYC)
transcription factors (TFs) was
obtained with the maximum
likelihood method. The species
abbreviations are shown as
follows: Antirrhinum majus (Am),
Arabidopsis thaliana (At),
Aristolochia arborea (Aa),
Commelina communis (Cc),
Consolida regalis (Cr), Gerbera
hybrida (Gh), Helianthus annuus
(Ha), Lotus corniculatus var.
Japonicus (Lcj), Mohavea
confertiflora (Mc), and Senecio
vulgaris (Sv). The Oryza sativa
(Os) PCF1 (OsPCF1) amino acid N
sequence was used as an
outgroup. As support for the tree,

a bootstrap analysis, with 100
replicates, was performed by the
Seqboot program and a consensus
tree was obtained by the
Consense program. Only
bootstrap values higher than 50
are given at the nodes

start codon) causes the ectopic expression of the gene and the
shift from actinomorphic to zygomorphic disc flowers
(Fig. 1b), and the inflorescence looks like a chrysanthemum
(Chapman et al. 2012; Fambrini et al. 2014a). The change of
floral symmetry displayed by the Chrysanthemoides2 (Chry2)
mutant was restricted to disc flowers. The outer whorl of the
Chry2 inflorescence was normally composed of ray flowers
(Fambrini et al. 2003; Berti et al. 2005). In contrast, the corolla
of disc flowers in Chry2 capitula becomes elongated assuming
the dimensions and appearance of ray-like flowers. However,
zygomorphy was pronounced in the ray-like flowers placed at
the periphery (from the second to the fourth whorl) of Chry2
inflorescences, while petal abaxialization decreased in flowers
of more internal whorls, where the joining of petals to form a
near actinomorphy tubular-like corolla increased to about 80—
90 % of the whole corolla length (Fambrini et al. 2003; Berti
etal. 2005). In addition, the presence of individual lobes at the
distal end of modified corollas indicated the conservation of
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some typical traits of tubular disc flowers (Berti et al. 2005).
Therefore, the corolla of ray-like flowers in Chry2 inflores-
cence displayed an abaxialization that gradually decreased
with a centripetal gradient. The zygomorphic abaxialized phe-
notype of Chry2 flowers was consistent with the ventral ex-
pression of CYC2 clade genes discovered in Asteraceae
(Broholm et al. 2008, 2014). Nevertheless, a high level of
HaCYC2c transcription was also detected in flowers placed
in more internal whorls, and characterized by an elongated
corolla with a near actinomorphic shape (Chapman et al.
2012; Fambrini et al. 2014a). Although several hypotheses
have been prospected (Fambrini et al. 2014a), this result sug-
gested that a much more complex regulatory system stays
behind the Chry2 phenotype.

When the coding region of the HaCYC2c gene is, instead,
interrupted by the insertion of a defective CACTA-like TE
(Fambrini et al. 2011) or by the insertion of retrotransposons
(Chapman et al. 2012), ray flowers switch from zygomorphic
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to actinomorphic, resembling disc flowers (Fig. 1c, d); this
trait is peculiar of tubular ray flower (turf) and tubular-rayed
(tub) mutants (Berti et al. 2005; Fambrini et al. 2007, 2011,
2014b; Chapman et al. 2012).

In turf, the origin of androgynous ray flowers as well as the
effect of TE excision on flower phenotype gives this material
as one of the more exciting mutants of flower symmetry in the
Asteraceae family. In the mutant, the TE (5787 bp), named
Transposable element of turfl (Tetul), is inserted in the basic
region of the TCP motif (Fambrini et al. 2011). The Tetul
integration changed the reading frame of turf-HaCYC2c for
the encoded protein and led to a premature stop codon. Tetul
is nonautonomous because it lacks a transposase coding
sequence but still it can be excised thanks to the action of other
trans-active transposases (Fambrini et al. 2011; 2014Db).
Footprints or DNA sequence rearrangements left at the donor
site after transposition provide clues to the repair mechanisms
of DNA (Weil and Kunze 2000; Oliver et al. 2013). The
excision of Tetul restored a wild-type (WT) inflorescence,
but we witnessed the occurrence of plants that bear ray flowers
similar to WT ones (Fig. 1e), ray flowers with a phenotype that
resembled hybrid characteristics between ray and disc flowers
(Fig. 1f), and ray flowers typical of furf mutants (Fambrini
et al. 2007, 2011). We demonstrated that the occurrence of
inflorescences with different extents of phenotypes ranging
from WT to turf relied on perfect or imperfect excisions of
Tetul (Fambrini et al. 2014b).

Expression of CYC2 Clade Genes and Development
of Reproductive Organs

With respect to the relationship between expression of CYC2-
like genes and reproductive organ development, we first sum-
marize our researches in H. annuus. The Chry2 mutation has
been found to affect stamen development (Jaranowski et al.
1977; Fambrini et al. 2003), as well as style bifurcation and
ovule formation (Fambrini et al. 2003; Berti et al. 2005). In
fact, a proportion of the ray-like flowers located between the
second and the seventh whorl of Chry2 inflorescences showed
features reminiscent of sterile true ray flowers, including the
absence of ovules in some ovaries, unbranched styles, and
small anthers (Berti et al. 2005). In addition, a reduced number
(4) of anthers and filaments in ray-like flowers located be-
tween the second and the fourth whorl was frequently detect-
ed. In some cases, styles and stigmas displayed homeotic
transformation to petaloid structures. The defects of male
and female reproductive organs decreased with a progressive
reduction of corolla zygomorphism in ray-like flowers placed
in more central whorls that however maintained an elongated
corolla tube (Berti et al. 2005).

In turf, flowers arranged in the outmost whorl of the inflo-
rescence (i.e., tubular-like ray flowers) maintain their

positional identity because they are bigger than the WT
polysymmetric disc flowers (Fig. 1c) but achieved hermaph-
rodite features (Berti et al. 2005; Fambrini et al. 2007, 2011,
2014b; Mizzotti et al. 2015). furfplants differentiated tubular-
like ray flowers in which stamen filaments, anthers, style, and
ovule displayed some developmental defects (e.g., many styles
with a mono- or three-parted stigma, chimeric stamens includ-
ing petal cells and enlarged deformed filaments), but morpho-
logical and genetic analysis demonstrated that both male and
female organs were functional (Berti et al. 2005; Fig. 1g, h).

In tubular-like ray flowers, the shift to radial symmetry was
coupled to a decrease in size of the corolla, which assumed a
characteristic crisp aspect (Fig. 1h), and at maturity, the corolla
tube became misshapen and bent abaxially, retaining some
zygomorphic symmetry features (Mizzotti et al. 2015). In
open-pollinated tubular-like ray flowers, the seed set was
low but a noteworthy increase of filled achenes was obtained
by hand pollination. Wild-type ray achenes were always
empty. Embryos of tubular-like ray flowers were shorter and
lighter than the embryos of disc flowers but able to produce
fertile plants (Mizzotti et al. 2015).

Although, in asterid eudicots, including Asteraceae, transi-
tion from monosymmetry and polysymmetry and vice versa
and changes in floral fertility were not supported by phyloge-
netic analyses (Donoghue et al. 1998; Panero and Funk 2002),
within the genus Helianthus, the ray flowers, neuter, or pistil-
late are always sterile. Thus, sterility could be the result of
mutations that arose independently from the shift of floral
symmetry. Nevertheless, our results showed that both Chry2
and furf mutations induced alterations in flower symmetry but
also affected gynoecium and stamen development. Although
from 2003 to 2015 more than 20,000 tubular-like flowers of
turf were analyzed, two mutations strictly linked and control-
ling different traits (i.e., ray flower symmetry and reproductive
organ differentiation) could be still presumed. Additionally, in
the Chry2 mutant, we analyzed floral organs (i.e., stamen and
carpel) in a restricted population, and currently, in this genetic
background, the CACTA TE (1034 bp) resulted unable for
transposition. However, in furf plants, the excision of Tetul
always restored the HaCYC2c functionality and a WT inflo-
rescence (i.e., sterile zygomorphic ray flowers), and the occur-
rence of some inflorescences with different extents of pheno-
type ranging from WT ray flowers to tubular-like flowers has
been related to footprints generated by imperfect excisions of
Tetul (Fambrini et al. 2014b). In particular, five mutants with
a one to four amino acid change at the TCP basic motif were
selected; in mutant-1, mutant-2, mutant-3, mutant-4, and mu-
tant-5, modifications of corolla shape were evidenced
(Fig. 4a—e), but the differentiation of male reproductive organs
was maintained, although malformation and/or homeotic
transformation of stamens in petal tissue characterized some
ray flowers (Fig. 4h—j). By contrast, in all mutants, ray flowers
displayed the lack of ovules suggesting that, despite the
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Fig. 4 Phenotype of mutants (from mutant-1 to mutant-5) generated in
sunflower (Helianthus annuus L.) by Transposable element of turfl
(Tetul) excision. a Inflorescence of mutant-1. b Inflorescence of mutant-
2. ¢ Inflorescence of mutant-3. d Inflorescence of mutant-4. e
Inflorescence of mutant-5. f Ray flower of mutant-1: the arrow indicates
deformed anthers with pollen. g Anthers (arrowhead) and monostigmatic

modifications at the basic motif of the bHLH domain, the
activity of HaCYC2c in these genotypes repressed gynoecium
development as in WT (Table 2 in Fambrini et al. 2014b).
These data strengthen the assumption of the pleiotropic effects
of the HaCYC2c gene, which control both ray flower symme-
try and reproductive organ development, likely interacting
with cell cycle and/or flower organ identity genes (i.e., genes
controlling stamen and carpel development).

The link between changes in floral symmetry and repro-
ductive organ development has been well documented in
angiosperms, including other members of Asteraceae. For
example, in the interspecific crosses between Layia discoidea
and Layia grandulosa, some female ray flowers developed
rudimentary anthers, while some “gibbous” ray flowers, with
a near actinomorphic symmetry, differentiated hermaphrodite
or near hermaphrodite flowers (Ford and Gottlieb 1990). The
genes implied in these polymorphic traits are unknown but
could be very interesting to evaluate if they are CYC-like
genes as in the genus Helianthus. In the cross between the
diploid radiate species Senecio squalidus and the tetraploid
discoid species S. vulgaris, androecial differentiation was pos-
itively associated with the repression of corolla tube growth of
ray flowers (Ingram and Taylor 1982). The triploid obtained
from the cross S. squalidus % S. vulgaris gave few fertile
seeds; nevertheless, some viable progenies occurred as a result
of backcrosses with S. vulgaris. Further series of backcrossing
are thought to have led to introgression of the radiate trait into
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structure (arrow) of mutant-2. h Ray flower of mutant-3; the corolla was
partially removed; the arrowhead indicates an anther with pollen and the
arrow indicates a monostigmatic structure. i Ray flower of mutant-4; arrows
indicate homeotic transformation of stamens in petals. j Ray flower of mutant-5;
the arrow indicates short anthers with pollen. Scale bars are 2.0 mm in f,
l.6mming, 14 mminh, 29 mmini,and .7 mmin j

some populations of S. vulgaris (Abbott et al. 1992). The
resulting polymorphism for the radiate condition in
S. vulgaris arose by introgression of a cluster of regulatory
genes, the RAY locus, from S. squalidus into S. vulgaris
(Kim et al. 2008). The RAY locus includes two tightly linked
genes, RAY1 and RAY2, belonging to the CYC2 clade. These
genes were expressed in the peripheral regions of the inflores-
cence meristem, where they promoted flower zygomorphism
and, therefore, inflorescence architecture (Kim et al. 2008).
In G. hybrida, two common adaptations of floral morphol-
ogy, unisexuality and zygomorphy, have been extensively
analyzed (Yu et al. 1999; Kotilainen et al. 1999, 2000;
Broholm et al. 2008, 2014). G. hybrida inflorescences include
bisexual and unisexual flowers that also differ in floral sym-
metry. The gerbera inflorescence contains ray, trans, and disc
flowers. Disc flowers, which are bisexual, contain fertile
stamens and an inferior ovary. The lobes of the tubular corolla
are similar in size, resulting in a nearly actinomorphic flower.
Trans flowers are unisexual due to the abortion of anthers
relatively late in development. Unequal growth of the corolla
lobes yields a zygomorphic flower. Ray flowers produce
sterile stamens and strongly zygomorphic corollas (Yu et al.
1999; Kotilainen et al. 1999, 2000). In sunflower, the incom-
plete filaments attached at the base of the corolla tube of ray
flowers are likely a reminiscent of ancestral stamens. The
same outcome is displayed by sterile zygomorphic ray flowers
of G. hybrida (Broholm et al. 2008). Kotilainen et al. (2000)
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demonstrated that abortion programs affected only organs of
the appropriate identity. Thus, in some species, the evolution
of unisexuality and/or sterility may require the establishment
of interactions between the floral homeotic genes and pathway
involved in growth arrest. Additionally, the asymmetrical
expression pattern of MADS-box genes in young heads of
G. hybrida was apparently in response to an unknown signal
with a centripetal gradient in the capitula (Yu et al. 1999). It
has been suggested that the unequal development of petals in
monosymmetric flowers of G. hybrida inflorescences could
be a result of this centripetal gradient signal, likely via the
action of class B of MADS-box genes (Yu et al. 1999).
Also, Broholm et al. (2008) demonstrated that ectopic expres-
sion of GhCYC?2 in transgenic plants converted disc flowers
into ray-like ones with elongated petals and disrupted stamen
development. However, suppression of GhCYC2 expression
was not sufficient to cause loss of ray flower identity. This
indicated that there must be additional genes involved in the
regulation of flower-type differentiation. In fact, ectopic acti-
vation of GhCYC3 and GhCYC4 caused very similar pheno-
types in transgenic gerbera (Juntheikki-Palovaara et al. 2014).
All gene activities converted disc flowers into ray-like ones by
promoting ligule growth through enhanced cell proliferation
and suppressed stamen development. Tahtiharju et al. (2012)
showed that the gerbera CYC2 clade proteins have the ability
to interact in yeast two-hybrid assays. Therefore, it was
postulated that the functional specificity in given tissues (or
in various flower types) is connected with the formation of
context-specific protein complexes involving CYC2 proteins
and their co-regulators that may target different downstream
genes (Juntheikki-Palovaara et al. 2014).

In gerbera and sunflower, CYC2 clade genes are likely to
have more specialized functions at the level of single flower,
including the late functions in floral reproductive organs that
may be more conserved across plant families (Téhtiharju et al.
2012). In particular, the expression domains of HaCYC2c
were not restricted to the corolla region of ray flowers but
included reproductive organs of tubular flowers (stamen,
stigma plus style, and ovary) (Tahtiharju et al. 2012).

The extension of expression of a gene that controls a key
developmental process would be crucial in generating pheno-
typic effects (Crews and Pearson 2009). For example,
Mohavea confertiflora (Plantaginaceae) has zygomorphic
flowers with three (one dorsal and two lateral) stamens
aborted instead of the single dorsal stamen aborted in
Antirrhinum. These morphological differences were related
with alterations in transcription patterns of CYC/DICH-like
genes (Hileman et al. 2003). In Mohavea, the orthologs of
CYC and DICH are transcribed not only in the dorsal-most
stamen primordia but also in the lateral stamen primordia.
Therefore, the extension of CYC/DICH-like gene expression
into these organs could be responsible for their abortion
(Hileman et al. 2003; Cubas 2004; Busch and Zachgo 2009).

Primulina heterotricha has a zygomorphic flower with two
reduced dorsal petals and abortion of both the dorsal and lateral
stamens (Yang et al. 2012). During floral development, when
P heterotricha flowers become dorsoventrally differentiated,
CYC2 TCP clade genes, CYCIC and CYCID, were strongly
expressed in the dorsal petals and the dorsal/lateral stamens.
Especially, the strong transcription of CYCIC in the lateral
staminodes at late stage of development correlated with the
abortion of both dorsal and lateral stamens (Yang et al.
2012). Additionally, in rare peloric flowers with radial symme-
try, CYCIC and CYCID were not expressed, indicating that
these genes may regulate the dorsal reduction of petal size and
the dorsal/lateral abortion of stamens.

CYC/TBI-like genes seem to have a particular role in
stamen abortion associated with perianth zygomorphism
(Hileman and Cubas 2009; Preston and Hileman 2009). For
example, in Opithandra (Gesneriaceae), expression of two
CYC2-like genes was correlated with adaxial and abaxial
stamen abortion and was negatively correlated with the
expression of cyclinD3, a positive regulator of cell division
(Gaudin et al. 2000; Song et al. 2009). In snapdragon, CYC
and DICH expression was not restricted to petals, but their
activity also retarded growth and reduced the number of other
organ primordia (sepals and stamens) in the dorsal region of
the flower meristem (Luo et al. 1996, 1999), suggesting that
CYC can interact in a combinatorial fashion controlling cell
cycle genes (e.g., D-cyclin) (Gaudin et al. 2000).

Finally, an open question is if floral symmetry genes are
also breeding system genes. The impact of floral symmetry
genes on both corolla and androecium development and
parallel macroevolutionary patterns involving protandry and
floral symmetry is consistent with the hypothesis of an
association between bilateral symmetry and protandry
(reviewed in Kalisz et al. 2006).

A Poorly Investigated Issue in the Control of Floral
Traits: Interaction Between CYC2 Clade Genes
and MADS-Box Genes

In gerbera, complementary DNA (cDNA) microarray analyses
comparing gene expression in ray and disc flower primordia
revealed that similar to CYC2 clade genes, also several
MADS-box genes showed differential expression between
the flower types (Laitinen et al. 2006; Broholm et al. 2014).
In fact, close Arabidopsis homologues to SEPALLATA (SEP)
clade MADS-box genes, GERBERA REGULATOR OF
CAPITULUM DEVELOPMENT 1 (GRCDI), GRCDS5, and
GRCD3, as well as GhSOC1 were upregulated during ray
flower development compared to the corresponding develop-
mental stage of disc flowers. The gene GRCD] is necessary for
stamen development in whorl 3 and primarily in flowers at the
margins of the inflorescence, where they form sterile
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staminoids (Kotilainen et al. 2000). Analogous to the homo-
logue GRCDI, GRCD? plays a role in reproductive organ
determination (Uimari et al. 2004). Downregulation of both
GRCD?2 and the Gerbera AGAMOUS (AG) homologues
resulted in loss of carpel identity, but only the latter caused
indeterminacy in stylar and stigmatic tissues, and only the
former resulted in floral reversion, which occurred in the ova-
ries (Yu et al. 1999). Remarkably, loss of GRCD?2 function also
altered inflorescence architecture by switching off terminal,
determinate growth (Uimari et al. 2004). Moreover, overex-
pression of GASOC| affected the growth of the petals because
the ray flower petals were shorter and stamen development in
disc flowers was disrupted (Ruokolainen et al. 2011). It has
been suggested that GASOC! may function upstream in the
regulatory cascade imposed to CYC2 clade genes (Broholm
etal. 2014). However, gene duplication events during CYC and
MADS-box gene evolution have been proposed to be tightly
correlated with one another (Howarth and Donoghue 2006).

Three cDNA clones characterized by high sequence simi-
larity with the PISTILLATA (PI), AG, and APETALA3 (AP3)
genes from Arabidopsis were isolated from immature inflo-
rescence of sunflower: HaPI, HaAG, and HaAP3 (Dezar et al.
2003). A differential expression for these genes has been ob-
served in fertile tubular flowers and sterile ray flowers. In fact,
HaAG accumulated in fertile flowers, mainly in stamens and
in developing ovules, while HaPI and HaAP3 were preferen-
tially expressed in ray flowers. An ectopic overexpression of
the HaAG gene was also detected in fertile ray flowers of the
sunflower mutant L207 (Dezar et al. 2003). In addition, eight
full-length cDNAs of HAM (H. annuus MADS) genes were
isolated from sunflower inflorescences (Shulga et al. 2008).
Notably, expression analysis suggested that the lack of the
HAMS59 gene activity during ray flower initiation could be
essential to determine the structural and functional differences
between the ray and tubular flowers. The HAM359 gene encodes
for the homeotic C function and controls the pistil and stamen
identity (Shulga et al. 2008). Additionally, results obtained in
transgenic sunflower indicated that HAMS59 in combination
with HAM45 was involved in termination of floral meristems,
establishment of stamen and pistil identity, and suppression of
the cadastral function of A gene activity (Shulga et al. 2015).
By contrast, the specification of the reproductive organ identity
was performed by HAM59 and HAM45 in the presence of
relevant but unknown partners (Shulga et al. 2015).

In Antirrhinum, the CYC gene is expressed asymmetrically
in shoot meristems of floricaula mutants and in the terminal
flower of centroradialis, indicating that its expression can also
be activated in these contexts (Clark and Coen 2002). The
early pattern of CYC expression is not affected by mutations
in organ identity genes; however, later maintenance of CYC
expression in whorl 2 of the inflorescence was controlled by
DEFICIENS (DEF) gene (Clark and Coen 2002). Notably, in
def mutant, dorsoventral asymmetry was obvious: there were
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few or no ovules in the dorsal locule of the third whorl, in
contrast to the lateral and ventral locules, which contained
many ovules. This suggests that CYC expression in carpels
may lead to inhibition of ovule development (Clark and
Coen 2002). In addition, the analysis of several mutants, as
well globosa (glo), plena (ple), and ovulate (ovu), showed that
CYC expression can react to a dorsoventral prepattern in flow-
er, shoot, and organ (sepal) development (Clark and Coen
2002). These results most likely reflected interactions of
CYC with flower-specific genes, including the MADS-box
genes DEF, GLO, and PLE.

In Commellinaceaec (Commelinales), a parallel recruitment
of TB1-like genes acts in the early stages of floral differentiation,
while in later stages, the loss of the expression of a class B gene
was detected (i.e., DEF). This combined action of TCP and
MADS-box genes established homeotic transformation of inner
tepals into outer tepals and the evolution of bilateral symmetry
(Preston and Hileman 2012). In maize, the characterization of a
B-class mutant, sterile tassel silky earl (sts1), showed that sts/
was caused by a loss of function of the maize MADS-box
PISTILLATA (PI)/GLO-like gene, Zea mays mads16 (Bartlett
et al. 2015). Notably, sts/ mutant displayed novel phenotype
that provide insight into two derived aspects of maize flower
development: carpel abortion and floral asymmetry.

Lines of evidence collected in plant models suggest that
CYC-like genes do not affect flower organ identity determina-
tion but rather function downstream of MADS-box genes by
either promoting or repressing the growth of the organs
(reviewed in Broholm et al. 2014). For example, among
SEP3 targets, Kaufmann et al. (2009) showed that 15 TF fam-
ilies were significantly overrepresented, and among them,
there were 11 TCP genes. Analogously, Wellmer et al.
(2006) found seven TCP genes belonging to class I, among
the targets of API1. It was also supposed that MADS domain
TFs operated in concert with TCPs in larger complexes
(Domelas et al. 2010).

PIMADS-box gene of Aristolochia arborea showed ana-
logue expression domain, to the CYC-like gene in inner epi-
dermal layers of the differentiating perianth, but with an addi-
tional extension into the petaloid limb region and in the MMS.
Thus, activity of the B-class gene PI in the perianth regions
that differentiated into petaloid features with attracting func-
tion suggests that P/ likely contributed to their development
(Hom et al. 2015). The expression results also suggested that
the CYC-like gene could represent the downstream target of a
PI MADS-box B-class gene.

Conclusions and Perspectives
Morphological novelty in angiosperm flowers as well as

inflorescences is frequently correlated to changes in the
timing, rates, or pattern of gene expression and/or acquisition
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of new gene functions after extensive gene duplications in
both MADS-box and TCP families [for a summary of putative
molecular mechanisms involved, see Fig. 5 in Busch and
Zachgo (2009)]. In particular, CYC TFs are important to
control corolla symmetry during flower development, but it
is remarkable that data collected in Asteraceae, Dipsacaceae,
and Myrtaceae demonstrated also the recruitment of CYC-like
gene regulation at a higher level of hierarchy in the develop-
ment of different flower types within the flower-like inflores-
cences. In these “false flowers,” differences in the CYC gene
expression dictate radial versus bilateral phenotypes from the
center toward the periphery of the inflorescence, and this as-
pect has a key role to determine the architecture of
pseudanthium. For example, in Dipsacaceae, the pattern of
CYC-like gene diversification showed correlation with inflo-
rescence form (i.e., radiate vs. discoid inflorescence) (Carlson
etal. 2011). The duplication events in Helianthus and radiate
Dipsacaceae occurred within the same gene lineage.
Therefore, it has been hypothesized that the independent
evolution of radiate capitula in Asteraceae and Dipsacaceae
may be connected with independent duplication events in
orthologous CYC-like genes (Carlson et al. 2011). However,
according to Carlson et al. (2011), the studies on gene dupli-
cation events in Asteraceae are slightly limited to infer on
evolutionary features. However, several data demonstrate that
the CYC/TBI1 gene family has expanded in Asteraceae, a
circumstance that appears to be linked with the increased
developmental complexity and evolutionary success of this
family (Chapman et al. 2008; Tahtiharju et al. 2012; Garcés
et al. 2016). Nevertheless, a comparison of gene expression
analyses and phylogenetic relationship suggests that different
Asteraceae lineages have independently recruited different
CYC paralogs to establish zygomorphism (Garcés et al.
2016). Within the Asteraceae, sunflower represents probably
the clearest example of a specie where the complex pattern of
expression of the CYC2 clade gene is co-opted to spatial dis-
tribution of peripheral sterile flowers (ray flowers) and central
fertile flowers (tubular flowers). In fact, in the furf mutant,
inactivation of the HaCYC2c gene modified a sterile
monosymmetric ray flower into a near actinomorphic her-
maphrodite flower (Berti et al. 2005; Fambrini et al. 2011,
2014b; Mizzotti et al. 2015). In particular, the complete
gynoecium development, established in all tubular-ray
flowers, is a spectacular huge event never reported, in this
extent, in other species. The HaCYC2c transcription pattern
in stamen, style-stigma, and ovary of tubular flowers at later
developmental stages (Téhtiharju et al. 2012) suggests that
this TF is also co-opted to regulate reproductive organ growth
maybe throughout its interaction with cell cycle and
flower organ identity genes as demonstrated in Antirrhinum
(Gaudin et al. 2000; Clark and Coen 2002). Information about
the role of MADS-box genes in sunflower is reduced with
respect to the plant model, and in the future, it could be

attractive to investigate the putative interaction between a
specific member of the CYC2 clade gene (i.e., HaCYC2c)
and identity genes such as HaAG and/or HAMS59.
Additionally, further identification and functional analyses of
related cis-elements of CYC2 clade genes identified in sun-
flower (Chapman et al. 2008) would be important to decipher
how cis-regulatory changes underlie the expression differen-
tiation of these CYC-like genes and subsequent morphological
evolution and diversification of flower organs.

The results obtained with HaCYC2c¢ loss-of-function mu-
tation also strictly support the phylogenetic hypothesis that in
sunflower the ray flowers originate by actinomorphic fertile
flowers (i.e., from a discoid inflorescence). It is not verified if
the evolution of a radiate inflorescence and the loss of fertility
in ray flowers were contemporary. However, the inactivation
of HaCYC2c transcription by insertion of a CACTA TE in the
TCP domain revealed the pleiotropic effect of this gene on
flower symmetry as well as on flower organ differentiation.
Additionally, the result suggests that in zygomorphic ray
flower primordia, the latent ability to differentiate both micro-
sporangium and macrosporangium was preserved. In furfand
WT sunflower, further studies are required to identify the
direct target genes of the HaCYC2c TF required to define
the androgynous or sterile ray flower, respectively.
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