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The large sun�ower family, Asteraceae, is characterized by compressed, �ower-like in�orescences that may bear phenotypically
distinct �ower types. The CYCLOIDEA (CYC)/TEOSINTE BRANCHED1–like transcription factors (TFs) belonging to the
TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR (TCP) protein family are known to regulate
bilateral symmetry in single �owers. In Asteraceae, they function at the in�orescence level, and were recruited to de�ne
differential �ower type identities. Here, we identi�ed upstream regulators of GhCYC3, a gene that speci�es ray �ower
identity at the �ower head margin in the model plant Gerbera hybrida. We discovered a previously unidenti�ed expression
domain and functional role for the paralogous CINCINNATA-like TCP proteins. They function upstream of GhCYC3 and affect
the developmental delay of marginal ray primordia during their early ontogeny. At the level of single �owers, the Asteraceae
CYC genes show a unique function in regulating the elongation of showy ventral ligules that play a major role in pollinator
attraction. We discovered that during ligule development, the E class MADS-box TF GRCD5 activates GhCYC3 expression. We
propose that the C class MADS-box TF GAGA1 contributes to stamen development upstream of GhCYC3. Our data demonstrate
how interactions among and between the conserved �oral regulators, TCP and MADS-box TFs, contribute to the evolution of the
elaborate in�orescence architecture of Asteraceae.

The Asteraceae family is the largest family of �owering
plants. Phylogenetically, Asteraceae is a late-branching
family on the angiosperm tree, and its reproductive
structures are among the most complex within �owering
plants (Broholm et al., 2014; Mandel et al., 2019). With its
species-richness and morphological diversity, Aster-
aceae provides an excellent target for evolutionary de-
velopmental (evo-devo) studies to understand how
developmental regulatory networks have diversi�ed in

the evolution of novelty. The species in this family de-
velop head-like in�orescences that may assemble distinct
�ower types into a single structure that resembles a �ower
itself. This unique architecture is considered as a key in-
novation for the evolutionary success of this widely spread
family (Broholm et al., 2014). In simple radiate heads, the
marginal ray �owers are bilaterally symmetrical, female or
neuter, and develop large and showy ventral ligules (lips
of fused petals). The hermaphroditic disc �owers are less
conspicuous and radially symmetrical, and are located in
the center of the head. Across eudicots, bilateral �ower
symmetry has evolved independently a number of times,
and is known to be regulated by the CYCLOIDEA/TE-
OSINTE BRANCHED1 (CYC/TB1)-like transcription
factors (TF) belonging to the TEOSINTE BRANCHED1/
CYCLOIDEA/PROLIFERATING CELL FACTOR (TCP)
protein family (Hileman 2014; Spencer and Kim, 2018).
However, in Asteraceae these TFs have been recruited to
regulate ray �ower identity (Broholm et al., 2008;
Chapman et al., 2008; Kim et al., 2008; Tähtiharju et al.,
2012; Juntheikki-Palovaara et al., 2014; Garcês et al., 2016;
Huang et al., 2016; Chen et al., 2018). This function is
speci�cally attributed to the CYC2 subclade of the TCP
gene family, which has been expanded in Asteraceae
(Chapman et al., 2008; Tähtiharju et al., 2012; Chen et al.,
2018). The expression of CYC2 clade genes localizes to the
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periphery of �ower heads, to emerging ray (and trans)
�ower primordia, but is absent in the central disc pri-
mordia (Broholm et al., 2008; Chapman et al., 2008;
Tähtiharju et al., 2012; Chen et al., 2018).

Ray �ower identity is controlled by different CYC2
clade paralogs in distinct Asteraceae lineages (Chapman
et al., 2008; Tähtiharju et al., 2012; Garcês et al., 2016),
providing molecular support that ray identity itself
evolved multiple times independently in the family
(Panero and Funk, 2008). In Gerbera hybrida (gerbera),
overexpression of CYC2 clade genes GhCYC2, GhCYC3,
or GhCYC4 in disc �owers converted them into ray-
like with elongated petals and disrupted stamen de-
velopment (Broholm et al., 2008; Juntheikki-Palovaara
et al., 2014). In contrast, disc �ower development was
not affected by overexpression of ray-speci�c CYC2
genes in Chrysanthemum spp. (Huang et al., 2016) or
Senecio spp. (Kim et al., 2008). Furthermore, in ray
�owers, the length of the ventral ligule was differen-
tially affected by genetic transformation in distinct
species (Broholm et al., 2008; Kim et al., 2008; Huang
et al., 2016, Garcês et al., 2016). The regulatory net-
works upstream of CYC2 clade genes, or in fact, TCP
genes in general, are poorly understood. There are
indications that CYC-like TFs show both auto- and
cross-regulation as a mechanism to maintain their
highly speci�c expression domains (Yang et al., 2012;
Yuan et al., 2020). TCP genes, as regulators of organ
size and shape, have also been associated with
MADS-box genes, which regulate organ identities but
also organ growth and differentiation at late devel-
opmental stages (Dornelas et al., 2011). In Arabidopsis
(Arabidopsis thaliana), for example, TCP genes were
identi�ed as targets of the SEPALLATA3 (SEP3) and
APETALA1 (AP1) MADS-box proteins (Kaufmann
et al., 2009; Wellmer et al., 2006).

Among the six CYC2 clade genes in gerbera, GhCYC3
is the strongest candidate gene to be responsible for the
regulation of ray �ower identity as well as the growth of
the ventral ligule. GhCYC3 is exclusively expressed in
marginal ray �ower primordia (Tähtiharju et al., 2012). It
also shows the greatest expression in elongating
ligules in contrast with the other �ve CYC2 clade
genes that show constant and low expression levels
throughout ligule development (Juntheikki-Palovaara
et al., 2014). Here, by identifying upstream regulators
of GhCYC3 in gerbera, we show how conserved �oral
regulators (i.e. TCP and MADS-box TFs), form dynamic
regulatory networks in specifying �ower type identity,
and their subsequent morphological differentiation in
Asteraceae.

RESULTS

Identi�cation of Putative Upstream Transcriptional
Regulators of GhCYC3

We performed a yeast one-hybrid (Y1H) screen to
identify putative upstream TFs interacting with the

gerbera GhCYC3 cis-regulatory region. We �rst per-
formed a sequence analysis on 21 promoter regions of
selected Asteraceae CYC2 clade genes (Supplemental
Table S1). MEME analysis (http://meme-suite.org)
identi�ed a 27-bp consensus element shared by all
promoters except by two Helianthus annuus pro-
moters (HaCYC2e and HaCYC2e-like; Supplemental
Fig. S1). The corresponding 27-bp region of the
GhCYC3 promoter (Fig. 1A) was cloned in three
tandem repeats into a Y1H bait plasmid (pHTT873)
that was used to screen the heterologous Arabi-
dopsis TF prey library (Mitsuda et al., 2010). Of 28
candidate Arabidopsis TFs, �ve were selected for
further studies as the corresponding gerbera ho-
mologs showed differential expression between
the distinct �ower types (Supplemental Table S2;
Supplemental Fig. S2). These �ve Arabidopsis TFs
belonged to the Apetala2 (AP2)/Ethylene response
factor, NAC domain, DNA binding with one �nger
domain, Homeodomain-Leu zipper, and TCP TF
gene families, and ten gerbera homologs corre-
sponding to these TFs were identi�ed in BLAST
searches (Supplemental Table S2).

We also applied in silico analysis to identify puta-
tive transcription factor binding sites (TFBSs) within
the 1000 bp GhCYC3 promoter region. Considering
potential auto- and cross-regulatory feedback loops
of CYC2 clade genes (Yang et al., 2012; Yuan et al.,
2020), we identi�ed two putative TCP TFBSs at po-
sitions 2278 to 2282 bp and 2920 to 2924 bp from
the translation start site (TSS; Fig.1B). These elements
correspond to the core motif (GGNCC) that is over-
represented in many TCP-regulated genes (Martín-
Trillo and Cubas, 2010). Moreover, the GTGCCC
motif within the 27-bp consensus sequence strongly
resembles the GC-rich core motif (Fig. 1A). We also
focused on MADS-box TF binding sites, called as
CArG boxes, CC(A/T)6GG, as MADS-box proteins
have been suggested to operate in the same regula-
tory cascades as TCP factors (Kaufmann et al., 2009).
We identi�ed two candidate CArG boxes within
the GhCYC3 promoter, CCTAAAAGAG at 2155 to
2164 bp, and CCAATTCTGA at 2192 to 2201 bp
(Fig. 1C).

GhCIN1/2, GRCD5, and GAGA1 TFs Activate the
PGhCYC3:LUC Reporter

We tested the ability of the ten candidate TFs of
gerbera (Supplemental Table S2) to transcriptionally
activate the PGhCYC3:LUC reporter by transient agro-
in�ltration in N. benthamiana. We did not observe re-
porter activation with any of the candidate proteins of
the AP2/Ethylene response factor, NAC, DNA binding
with one �nger, or Homeodomain- Leu zipper families
(Supplemental Fig. S3A). However, two out of the three
CIN-like TCP domain TFs, GhCIN1 and GhCIN2, ac-
tivated the reporter construct (Fig. 1D). Both GhCIN1
and GhCIN2 showed activation only when fused to the
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VP16 domain, suggesting that they may bind the target
DNA, but require (an)other cofactor(s) for transcrip-
tional activation. In contrast, GhCIN3 did not show any
transcriptional activity even when fused with the VP16
domain. We also tested ten previously identi�ed ger-
bera CYC/TB1-like TFs (GhCYC1-10; Supplemental
Table S3; Tähtiharju et al., 2012); however, none of them
could individually activate the PGhCYC3:LUC reporter
(Supplemental Fig. S3B).

Additionally, we tested candidate MADS-box TFs
based on their known functional roles during �ower
primordia and/or petal and stamen development in
gerbera (Supplemental Table S3). These included
B (GGLO1 and GDEF1/2), C (GAGA1/2), and E
(GRCD4/5/8) class as well as FUL-like (GSQUA2)
genes. Of these, the SEP3-like MADS-box TFs GRCD5
and its close paralog GRCD8, as well as the C class

TF GAGA1, showed reporter activation in the agro-
in�ltration assay (Fig. 1, E and F). None of the other
tested MADS-box proteins activated the reporter,
including the SEP1/2/4-like GRCD4, GAGA2 (a
close paralog of GAGA1), GSQUA2, or the B protein
heterodimer combinations (GGLO1/DEF1 and
GGLO1/DEF2).

Next, we explored different regions of the GhCYC3
promoter (Fig. 2A, constructs 1–5) in combination
with the candidate upstream TFs GhCIN1, GhCIN2,
GAGA1, GRCD5, and GRCD8. All candidate pro-
teins activated the reporter constructs including ei-
ther the 1900, 878, or 367 bp 39 fragments of the
promoter (constructs 2, 4, and 5, respectively), while
the lack of the 39 region (construct 3) abolished ac-
tivation (Fig. 2, B and C). This result corresponds
with the presence of the TCP TFBS and the two CArG

Figure 1. The schematic structure of the GhCYC3 gene and transient agroinfiltration assay in Nicotiana benthamiana leaves. A to
C, The position weight matrix (PWM) of the conserved 27-bp motif identified from the Asteraceae CYC2 clade promoter se-
quences. The position of the 27-bp motif within the promoter is marked with a yellow box (A). The identified TCP TFBSs, TCP1 and
TCP2 (B), and CArG boxes, CArG1 and CArG2 (C), within the 1900 bp regulatory region of GhCYC3 are shown. The locations of
TCP TFBSs are marked with green boxes, and CArG TFBSs with blue boxes. The introduced mutations are indicated in (B) and (C).
The nucleotide positions are counted from the TSS set as 1. D to F, Activation of PGhCYC3:LUCIFERASE (LUC) reporter construct
using selected effector constructs. The binding activities of CIN-like TCP TFs GhCIN1, GhCIN2, and GhCIN3 (D); of SEP-like
MADS-box TFs GRCD4, GRCD5, and GRCD8 (E); and of B- (GGLO1, GDEF1/2) and C-class (GAGA1/2) as well as FUL-like
(GSQUA2) MADS box TFs (F) are shown. Error bars represent SE from three biological replicates. Asterisks indicate statistically
significant differences (***P , 0.001).
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boxes within the 367-bp sequence upstream of the
TSS (Fig. 1).

Mutations in the TCP and MADS-Box Binding Motifs
Abolish GhCYC3 Activation

To verify the DNA binding activity of the CIN-like
factors with the core TCP binding motif GGtCC at po-
sition 2272-bp upstream of the 27 bp consensus, we
mutated the site into GGtTG within the 367-bp pro-
moter sequence (mTCP2; Figs. 1 and 2). Using the
mutated reporter (Fig. 2A, construct 6), GhCIN1:VP16
and GhCIN2:VP16 fusion proteins failed to induce lu-
ciferase activity above the background level (Fig. 2B).
Our results show that the conserved GGNCC motif
mediates GhCIN1/2 activation.

Similarly, to understand the speci�city of the two
CArG boxes to MADS TF binding within the 367-bp
GhCYC3 promoter sequence, we mutated them indi-
vidually: CCAATTCTGA to AAAATTCTGA (mCArG1)
and CCTAAAAGAG to TTTAAAAGAG (mCArG2;
Figs. 1 and 2). Transient LUC assays indicated that the

CArG1 box (construct 7; Fig. 2A), but not the CArG2 box
(construct 8; Fig. 2A), is necessary for transcriptional
activation by GAGA1 and GRCD5/8 (Fig. 2C). Mutated
CArG boxes did not affect the reporter activation by
GhCIN1/2 TFs, and neither did the TCP mutations affect
activation by MADS TFs (Supplemental Fig. S4).

GhCIN1/2 and GRCD5 Expression Colocalizes with
GhCYC3 mRNA During Ray Primordia and
Ligule Development

The identi�ed TCP genes are homologs of class II,
CIN-like TF genes. For phylogenetic analysis, we
identi�ed ten CIN-like genes from the gerbera RNA
Sequence (RNASeq) database (Supplemental Table
S4). The reconstructed phylogeny indicates that these
genes are grouped into the previously identi�ed sub-
clades (Fig. 3; Martín-Trillo and Cubas, 2010; Parapunova
et al., 2014). GhCIN1 and GhCIN2 appear as duplicated
paralogs representing the TCP5-like clade, and GhCIN3
groups with the JAGGED AND WAVY (JAW)–like genes.
Based on RNAseq read counts, both GhCIN1 and GhCIN2

Figure 2. Activation of PGhCYC3:LUC reporter constructs by CIN and MADS box proteins in transient luciferase assay in N.
benthamiana. A, Tested deletion constructs of GhCYC3 promoter (constructs 2–5), and constructs with mutated TCP and MADS
transcription factor binding sites marked by red asterisks (constructs 6–8). Detailed mutated sequences are shown in Figure 1. B
and C, The effector constructs GhCIN1:VP16 and GhCIN2:VP16 (B), and GAGA1:VP16, GRCD5, and GRCD8 (C) show strong
activation with the full-length PGhCYC3 promoter (construct 2) and with constructs containing the intact 39 end of the promoter
(constructs 4 and 5). Deletion of the 39 end (construct 3) abolishes activation. The reporter activation by CIN and MADS-box TFs
was abolished when the TCP2 (construct 6 shown in B) and CArG1 (construct 7 shown in C) binding sites were mutated. Red
connecting lines refer to intact and mutated reporter constructs, respectively. Empty reporter construct without the GhCYC3
promoter fragment was used as a control (construct 1). Error bars represent SE from three biological replicates. Asterisks indicate
statistically significant differences (*P , 0.05, **P , 0.01, and ***P , 0.001).
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