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Significance of consensus CYC-binding sites found in the promoters of
both ChCYC and ChRAD genes in Chirita heterotricha (Gesneriaceae)
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Abstract CYC-like genes are widely conserved in controlling floral dorsoventral asymmetry (zygomorphy) through
persistent expression in corresponding domains in core eudicots. To understand how CYC-like gene expression is
maintained during flower development, we selected Chirita heterotricha as a material and isolated the promoter
sequences of the ChCYC1C and ChCYC1D genes, homologs of CYC, by inverse polymerase chain reaction. Further
promoter analyses led to the identification of a putative cis-regulatory element in each promoter matching the
consensus DNA binding site for Antirrhinum CYC protein: GGCCCCTC at −165 for ChCYC1C, and GGCCCCCC
at −163 for ChCYC1D. This indicates that both the ChCYC1C and ChCYC1D genes have probably evolved
autoregulatory loops to sustain their expression in developing flowers. We also isolated the coding and promoter
sequences of the ChRAD gene, a homolog of Antirrhinum RAD. Promoter analysis showed that the ChRAD gene
promoter also contained a putative CYC-binding site (GGCCCAC at −134). Therefore, ChRAD is likely a direct
target of the ChCYC1 genes, which is similar to Antirrhinum RAD. These results imply that the establishment of
floral zygomorphy in Chirita may have been achieved by the evolution of an autoregulatory loop for CYC-like genes,
which was probably accompanied by simultaneous co-option of the RAD-like gene into their regulatory network.
Key words autoregulatory loop, Chirita heterotricha, CYC-binding sites, CYCLOIDEA, RADIALIS.

Promoters, functional cis-regulatory sequences lo-
cated in non-coding DNA regions at varying distances
from transcription initiation sites, provide the ultimate
information, controlling where, when, and at what level
a gene is expressed through interactions with trans-
acting factors (Wittkopp et al., 2004; Kim et al., 2006).

The TCP transcription factor family, comprising
TEOSINTE BRANCHED1 (TB1) from maize (Zea
mays; Doebley et al., 1995, 1997), CYCLOIDEA
(CYC) from snapdragon (Antirrhinum majus; Luo et al.,
1996), and PROLIFERATING CELL FACTORS 1 and
2 (PCF1 and PCF2, respectively) from rice (Oryza
sativa; Kosugi & Ohashi, 1997), is plant specific and
characteristic of a so-called TCP domain, a 59-amino
acid basic helix–loop–helix (bHLH) motif involved in
DNA binding and protein–protein interactions (Cubas
et al., 1999; Kosugi & Ohashi, 2002). Based on se-
quence features in the TCP domain, the TCP family can
be divided into two subfamilies, namely PCF (Class I
or TCP-P) and CYC/TB1 (Class II or TCP-C; Cubas
et al., 1999; Kosugi & Ohashi, 2002; Navaud et al.,
2007). In rice, two classes of PCF proteins, namely I and
II, recognize different but partially overlapping consen-
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sus DNA binding sites: GGNCCCAC for Class I, and
GTGGNCCC for Class II (Kosugi & Ohashi, 2002). Al-
though Antirrhinum CYC belongs to the Class II sub-
family based on its TCP domain, its consensus DNA
binding site (GGNCCCNC) resembles that of Class I
TCP proteins (Costa et al., 2005).

Increasing evidence shows that CYC-like genes
have important roles in establishing floral dorsoventral
asymmetry (zygomorphy) in angiosperms, especially in
core eudicots. The expression of the CYC-like genes in
the second and third whorls of floral organs usually re-
presses stamen development while promoting or retard-
ing petal growth depending on the trait concerned (Luo
et al., 1996, 1999; Hileman et al., 2003; Costa et al.,
2005; Citerne et al., 2006; Feng et al., 2006; Busch &
Zachgo, 2007; Gao et al., 2008; Wang et al., 2008; Song
et al., 2009). In Antirrhinum, CYC, together with its par-
alog DICHOTOMA (DICH), patterns floral zygomor-
phy by promoting dorsal petal growth while repressing
dorsal stamen development to become a staminode (Luo
et al., 1996, 1999). In Chirita and Opithandra (Gesne-
riaceae), retardation of the dorsal petal and abortion of
both dorsal and lateral or ventral stamens are due to the
expanded expression domains of CYC-like genes from
dorsal to the corresponding regions, as in Mohavea,
a close relative of Antirrhinum (Hileman et al., 2003;
Gao et al., 2008; Song et al., 2009). In legume flow-
ers, the dorsal-specific expression of the LegCYC gene
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establishes dorsal petal identity (Citerne et al., 2006;
Feng et al., 2006; Wang et al., 2008). The CYC ortholog
TCP1 is expressed early in the floral dorsal meristem of
Arabidopsis, but the mature flowers are actinomorphic
due to the lack of a later effect of TCP1 (Cubas et al.,
2001). In zygomorphic Iberis (Brassicaceae), closely
related to Arabidopsis, the strong dorsal-specific ex-
pression of IaTCP1 after the early floral stage markedly
reduces dorsal petal size (Busch & Zachgo, 2007).
Downregulation of BlCYC1 gives rise to a derived acti-
nomorphy in Bournea (Gesneriaceae) flowers (Zhou
et al., 2008; Busch & Zachgo, 2009). As outlined above,
the duration of CYC-like gene expression is strongly re-
lated to whether the expression of these genes has an
actual morphological effect on floral symmetry. It is sug-
gested that early expression of CYC-like genes may not
be essential for the establishment of floral zygomorphy,
whereas the acquisition of late or persistent expression is
likely to be important for generating morphological zy-
gomorphy in flowers (Cubas, 2004; Preston & Hileman,
2009; Song et al., 2009). However, it remains unclear
how the asymmetric expression of CYC-like genes is
maintained until the late stages in floral organs: does
this involve autoregulatory loops or does it depend on
continuous activation by upstream transcription factors?

In Antirrhinum, CYC activity in controlling flo-
ral dorsal identity is mediated in part by a RADIALIS
(RAD) gene, a direct target of CYC because its pro-
moter and intron contain several putative CYC-binding
sites that have been shown to be bound by recombi-
nant CYC protein in in vitro electrophoresis mobility
shift assays (Corley et al., 2005; Costa et al., 2005).
The RAD gene can be activated by the CYC gene
in transgenic Arabidopsis plants, but endogenous Ara-
bidopsis RAD-like genes cannot be activated due to the
lack of consensus CYC-binding sites in their promot-
ers (Costa et al., 2005). In Bournea (Gesneriaceae), the
expression domain of BlRAD overlaps with that of the
BlCYC1 gene, implying that BlRAD may be activated
by BlCYC1 (Zhou et al., 2008). However, it remains
uncertain whether RAD-like genes are direct targets of
CYC-like genes outside the model plant Antirrhinum.

As the basal-most family probably representing
the ancient and unelaborated forms of floral dorsoven-
tral asymmetry within Lamiales s.l., Gesneriaceae is
an interesting group with respect to the evolution of
floral asymmetry (Endress, 1998; Cubas, 2002, 2004).
Even though considerable expression data show that the
persistent expression of CYC-like genes is correlated
with the formation of floral zygomorphy in Gesneri-
aceae (Wang et al., 2006; Du & Wang, 2008; Gao et al.,
2008; Zhou et al., 2008; Song et al., 2009), the under-
lying molecular mechanism remains unknown. Chirita

heterotricha is an ideal candidate in which to address
this question owing to its typical zygomorphic flow-
ers and available expression data for the ChCYC1C and
ChCYC1D genes (Gao et al., 2008). Therefore, in the
present study we selected C. heterotricha as the material
and isolated the promoter sequences of the ChCYC1C
and ChCYC1D genes by inverse polymerase chain reac-
tion (IPCR). In addition, we isolated and analyzed the
coding and promoter sequences of the ChRAD gene,
a putative direct target of ChCYC genes. The aim of
the present study was to provide basic information as
to why CYC-like gene expression is maintained in the
corresponding floral domains in plant with morpholog-
ical zygomorphic flowers, and to investigate whether
RAD-like genes are co-opted into the regulatory net-
work of CYC-like genes in the basal group of Lamiales
s.l. The results would provide further information on,
and promote progress in exploring, the floral symmetry
gene network and its evolutionary mechanisms outside
model genetic organisms.

1 Material and methods

1.1 Plant materials
Plants of Chirita heterotricha were grown in the

greenhouse of the Botanical Garden, Institute of Botany,
Chinese Academy of Sciences, Beijing, China. For total
RNA extraction, young flower buds (<1 cm in length)
were collected, frozen immediately in liquid nitrogen,
and stored at −80◦C for future use. Fresh leaves were
collected for genomic DNA extraction.

1.2 Isolation of the coding region of the ChRAD
gene

Total RNA was extracted from young flower buds
of C. heterotricha using an SV Total RNA Isolation
System (Promega, Madison, WI, USA) according to
the manufacturer’s instructions. First-strand cDNA was
synthesized using a RevertAid H Minus First Strand
cDNA Synthesis Kit (Fermentas, St Leon-Rot, Ger-
many). To amplify the coding region of the ChRAD
gene, a pair of primers was designed according to the
BlRAD gene (Zhou et al., 2008) as follows: forward
5′-TCCATGTCTAGTCGTTCGAG-3′ and reverse 5′-
TCACCTCTG CTCATCGTTCTTC-3′. The PCR prod-
uct was cloned into the pGEM-T easy vector (Promega)
and sequenced.

1.3 Sequence and phylogenetic analyses of the
ChRAD gene

In the present study, DNAMAN software (Lyn-
non Biosoft, Los Angeles, CA, USA) was used to
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translate the ChRAD gene. The amino acid sequence
of the ChRAD gene was first compared with that of the
BlRAD gene from Bournea and the RAD gene from An-
tirrhinum using Clustal X (Thompson et al., 1997) and
then adjusted manually with BioEdit (Hall, 1999).

Neighbor-Joining (NJ) analyses were performed
using the full-length amino acid sequences of ChRAD,
BlRAD from Bournea, RAD and four RAD-like genes
(AmRL1, AmRL3, AmRL4, and AmRL5) from Antir-
rhinum, and six RAD-like genes from Arabidopsis
(AtRL1, AtRL2, AtRL3, AtRL4, AtRL5, and AtRL6) to as-
certain the phylogenetic position of the ChRAD gene in
the RAD-like MYB gene family. The Antirrhinum DIV
and Bournea BlDIV1 genes were used as outgroups. All
genes used in the phylogenetic analyses are listed in
Table 1. Amino acid sequences were first aligned using
Clustal X (Thompson et al., 1997) and further adjusted
manually with BioEdit (Hall, 1999). MEGA4 software
(Sudhir Kumar, Tempe, AZ, USA) was used to construct
NJ trees, with the bootstrap values calculated for 1000
replicates.

1.4 Isolation of genomic regions upstream of the
ChCYC1 and ChRAD genes

Genomic DNA was prepared from fresh leaves
using a modified cetyl trimethyl ammonium bromide
(CTAB) method described by Doyle & Doyle (1987).
After searching for non-cutting enzymes in the known
coding regions of ChCYC1 and ChRAD with Oligo 6.0
software (Molecular Biology Insights, West Cascade,
Washington, USA), EcoRI and HindIII were selected
to digest genomic DNA to isolate the genomic region
upstream of each gene. Briefly, approximately 500 ng
pure genomic DNA (80–100 ng/μL) was digested with
excessive enzymes (TaKaRa, Dalian, China) in a final
volume of 25 μL by incubation at 37◦C for 3–5 h. Af-
ter being examined on a 1.2% agarose gel, the digested

DNA was self-ligated using T4 DNA ligase (TaKaRa)
in a volume of 5 μL by incubation at 16◦C for 6–8 h.
The resulting circle DNA was then used as a template
for IPCR.

The IPCR was performed using Ex Taq polymerase
(TaKaRa) and primer pairs directed outwards from
the genes as follows: ChCYC1C and ChCYC1D, 5′-
TGACAAGCCAAGTAAAACAC-3′ (forward) and 5′-
GAAGAGACTGTGAAACCTGAG-3′ (reverse); and
ChRAD, 5′-CCTAATTACAGGACCACTCGG-3′ (for-
ward) and 5′-CACGTTGTCCCAACGATC-3′ (re-
verse). The following thermocycling conditions were
used: initial denaturation at 94◦C for 3 min, followed
by 30 cycles of 94◦C for 45 s, 50–55◦C for 45 s,
and 72◦C for 2 min and 30 s, with a final extension
at 72◦C for 10 min. A 1-μL aliquot of PCR products
from the first round of the PCR was then used as a
template for the second round of PCR with a pair of
nested primers further out: ChCYC1C and ChCYC1D,
5′-AGGCAAGAGCAAGGGCTAGG-3′ (forward) and
5′-GACTGTGAAACCTGAGGAGGATG-3′ (reverse);
and ChRAD, 5′-GTACGTTGGCTTTGGGTGAAG-3′
(forward) and 5′-TCGCTGTCCAATTTCTCGAAC-3′
(reverse). The PCR conditions were initial denaturation
at 94◦C for 3 min, followed by 15–25 cycles of 94◦C
for 30 s, 50–55◦C for 30 s, and 72◦C for 2 min and 30 s,
with a final extension at 72◦C for 10 min. The ampli-
fied products were resolved on 1.2% agarose gels and
the putative fragments were cut from the gels and puri-
fied before being cloned into the pGEM-T easy vector
(Promega) and sequenced.

The resulting upstream genomic regions were
further confirmed by general PCR using gene-specific
primers: ChCYC1C, 5′-CATGAGTTGTTCACT-
GGCATACC-3′ (forward) and 5′-GAG CTCTTGCC-
AAACATTGTTG-3′ (reverse); ChCYC1D, 5′-
GCTAGGCTTACCATTACCAACC-3′ (forward) and

Table 1 Accession numbers for genes used in the phylogeny analysis of the ChRAD gene in the present study

Taxon GenBank. Gene Reference
Accession no. name

Antirrhinum majus L. AY954971 RAD Corley et al. (2005)
AJ791699 AmRL1 Baxter et al. (2007)
DQ375227 AmRL3 Baxter et al. (2007)
DQ375228 AmRL4 Baxter et al. (2007)
AJ793240 AmRL5 Baxter et al. (2007)

Arabidopsis thaliana At4g39250 AtRL1 Baxter et al. (2007)
At2g21650 AtRL2 Baxter et al. (2007)
At4g36570 AtRL3 Baxter et al. (2007)
DQ395345 AtRL4 Baxter et al. (2007)
At1g19510 AtRL5 Baxter et al. (2007)
At1g75250 AtRL6 Baxter et al. (2007)

Bournea leiophylla EF207557 BlRAD Zhou et al. (2008)
EF211118 BlDIV1 Zhou et al. (2008)

Chirita heterotricha Merr. NA ChRAD Present study

NA, not available.
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5′-GCAGAAGTAGACCCACGAGAT-3′ (reverse);
and ChRAD, 5′-AATGAGTAACCTCG TGCACCC-3′
(forward) and 5′-TCGTCTTCCACGTTTCCCTC-3′
(reverse). The PCR products were purified and
sequenced.

1.5 Promoter analyses
To predict the promoter regions and the tran-

scription start sites, genomic regions upstream of the
ChCYC1 and ChRAD genes were submitted to an
online TSSP (Plants Pol II promoter region and start of
transcription) tool (using RegSite Plant DB (Softberry
Inc.); http://linux1.softberry.com/berry.phtml?topic=
plantprom&group=data&subgroup=plantprom, ac-
cessed 13 March 2010). We also used the TSSP tool to
predict the transcription factor binding sites (RegSite).
DNAMAN software (Lynnon Biosoft) was used to
search for putative CYC-binding sites in the promoters
of these genes.

2 Results

2.1 Identification of the ChRAD gene
We isolated a RAD-like gene from Chirita het-

erotricha that contained a 276-bp open reading frame
that potentially encodes a 92-amino acid protein. We
designated this gene ChRAD based on its high sequence
similarity with the BlRAD and AmRAD genes in the
BLAST analyses and the results of phylogenetic anal-
yses (Fig. 1). Phylogenetic analyses based on the NJ
method showed that ChRAD protein is sister to BlRAD
from Bournea (100% bootstrap) and they are further
clustered with Antirrhinum RAD protein with high sup-
port (99% bootstrap; Fig. 1). In addition, of six RAD-
like proteins from Arabidopsis, AtRL1 and AtRL2 form
a clade with high support (96% bootstrap) that is fur-
ther sister to the monophyletic clade including ChRAD,
BlRAD, and Antirrhinum RAD proteins. All the results
indicate that the ChRAD gene we isolated is closely
related to the Antirrhinum RAD gene.

Subsequently, the amino acid sequence of the
ChRAD gene was compared with that of the BlRAD
and AmRAD genes using Clustal X and BioEdit soft-
ware. As shown in Fig. 2, ChRAD has a single MYB
domain that is characterized by three conserved trypto-
phan residues spaced 18–20 residues apart. In addition,
similar to BlRAD and AmRAD, the third tryptophan
residue of the ChRAD protein is replaced by tyrosine.

2.2 Sequence analyses of ChCYC1 and ChRAD up-
stream genomic regions

Excessive EcoRI, an enzyme with no recognition
site in the known coding regions of ChCYC1 genes,

Fig. 1. Neighbor-joining (NJ) tree showing the relationships among
ChRAD, BlRAD, RAD and RAD-like proteins from Antirrhinum and
Arabidopsis. The sequences used in the tree include RAD and four
RAD-like proteins (AmRL1 and AmRL3–AmRL5) from Antirrhinum,
six RAD-like proteins (AtRL1–AtRL6) from Arabidopsis, and BlRAD
from Bournea. Bootstrap values with support >50% are shown.

was used to digest genomic DNA. After two rounds
of IPCR reactions, 1286- and 1683-bp upstream ge-
nomic regions were isolated for the ChCYC1C and
ChCYC1D genes, respectively. Subsequent general PCR
using gene-specific primers led to the validation of
1015- and 1454-bp upstream genomic sequences for the
respective genes (Fig. 3). Sequence alignment revealed
82.11% sequence similarity between the ChCYC1C and
ChCYC1D upstream regions, which is slightly lower
than that between the respective coding sequences
(86.59%; data not shown).

We also performed IPCR to isolate the genomic re-
gion upstream of the ChRAD gene. Excessive HindIII,
a non-cutting enzyme in the ChRAD coding region, was
used to digest genomic DNA. After IPCR amplifica-
tion and general PCR validation, we isolated an 892-
bp genomic sequence upstream of the ChRAD gene
(Fig. 3).

2.3 Promoter predictions for the ChCYC1 and
ChRAD genes

To predict promoters of the ChCYC1 and ChRAD
genes, their upstream genomic regions were submitted
to an online TSSP tool. As shown in Fig. 3, the 5′-
untranslated regions of the ChCYC1C, ChCYC1D, and
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Fig. 2. Alignment of the amino acid sequences of ChRAD, BlRAD, and AmRAD genes. The stars indicate three conserved tryptophan residues spaced
18–20 residues apart (the third tryptophan residue is replaced by tyrosine).

ChRAD genes are 784-, 804-, and 260-bp in size, re-
spectively. To test the results of promoter prediction,
conventional reverse transcription–PCR was performed
using several sets of elaborately designed primers. Af-
ter PCR amplification and DNA sequencing, the results
of the promoter predictions were further corroborated
(data not shown). As a result, we obtained 231-, 650-
, and 632-bp promoter sequences for the ChCYC1C,
ChCYC1D, and ChRAD genes, respectively. The length
of all three sequences corresponds with the usual length
of promoters of plant genes (usually 200 bp). RegSite
prediction indicated that the promoters of ChCYC1C
and ChCYC1D contained a considerable number of tran-
scription factor binding sites, most of which were shared
by them (data not shown), indicating that they are proba-
bly regulated by a common set of transcription factors.

2.4 Identification of consensus CYC-binding sites
To understand why ChCYC1C and ChCYC1D are

persistently expressed in developing C. heterotricha
flowers, we used DNAMAN software to analyze their
promoters by searching for “GGNCCC”, the core se-
quence for the consensus CYC-binding site (GGNC-
CCNC). As a result, a putative cis-regulatory element
matching the consensus CYC-binding site was identi-

Fig. 3. Upstream genomic regions of ChCYC1C, ChCYC1D, and
ChRAD genes showing the putative CYC-binding sites identified. Nu-
cleotide positions are numbered relative to the transcription initiation site
(appointed as position +1).

fied in each promoter: GGCCCCTC at position −165
for ChCYC1C, and GGCCCCCC at position −163 for
ChCYC1D (Fig. 3) (the transcription initiation site is
appointed as position +1). The presence of putative
CYC-binding sites in the CYC-like gene promoters in-
dicates that these genes may be regulated by their own
products.

In addition, we analyzed the promoter sequence
of the ChRAD gene using DNAMAN software. The
ChRAD promoter also contains a putative CYC-binding
site: GGCCCAC at position −134 (Fig. 3), indicating
that the ChRAD gene is likely a direct target of ChCYC1
genes, which is similar to the Antirrhinum RAD gene.

3 Discussion

3.1 Consensus CYC-binding sites relating to per-
sistent expression of ChCYC1 and regulation of
ChRAD by ChCYC1 in developing Chirita het-
erotricha flowers

Like the model plant Antirrhinum majus, C. het-
erotricha produces typical zygomorphic flowers. In A.
majus, the CYC gene plays a key role in the estab-
lishment of zygomorphic flowers because of its dorsal
identity function (i.e. controlling the fate of dorsal flo-
ral organs in the second and third whorls; Luo et al.,
1996, 1999). In C. heterotricha, the CYC orthologs
ChCYC1C and ChCYC1D are expressed not only in
the dorsal petals and stamen, but also in the two lat-
eral stamens (Gao et al., 2008). Cubas (2004) suggests
that the maintenance of CYC expression after early flo-
ral development is likely to be important for generating
the morphological zygomorphy in snapdragon flowers.
Accordingly, the persistent expression of ChCYC1C and
ChCYC1D in both the dorsal and lateral regions is tightly
correlated with the formation of the bilateral corolla and
the abortion of both dorsal and lateral stamens (Gao
et al., 2008). Costa et al. (2005) suggest that the mainte-
nance of CYC expression may be due to CYC containing
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a promoter sequence matching the consensus CYC-
binding site, upon which an autoregulatory loop may
have arisen in A. majus. To investigate why ChCYC1
genes are persistently expressed in developing Chirita
flowers, we performed IPCR to isolate genomic regions
upstream of the ChCYC1C and ChCYC1D genes. More
than 1 kb of an ATG upstream sequence was isolated
for each gene (Fig. 3), and subsequent promoter predic-
tions indicate that the entire promoter sequence (usually
200 bp in size) has been isolated for each gene, which
is also supported by the existence of a mass of tran-
scription factor binding sites (data not shown). Further
promoter analyses showed that the promoter of each
gene contains a putative cis-regulatory element match-
ing the consensus DNA binding site for the Antirrhinum
CYC protein (Costa et al., 2005). All these facts indicate
that both ChCYC1C and ChCYC1D may have evolved
autoregulatory loops to maintain their expression in de-
veloping flowers to form zygomorphic flowers in C. het-
erotricha (Gao et al., 2008). Although Costa et al. (2005)
mentioned that the Antirrhinum CYC promoter proba-
bly contains a CYC-binding site, as yet there is no direct
evidence supporting this claim. Therefore, the present
study provides the first and direct evidence for the exis-
tence of a consensus CYC-binding site in the promoters
for each of the genes, suggesting that an autoregulatory
loop evolved in CYC-like genes, corresponding to the
formation of actual morphological zygomorphy.

It has been suggested that CYC activity in estab-
lishing floral dorsal identity is mediated by cell cycle-
related genes and the MYB gene RAD, specifically that
CYC directly or indirectly suppresses AmCYCLIN D3b
activity in the stamen whorl while activating RAD ex-
pression in the petal whorl (Luo et al., 1996; Gaudin
et al., 2000; Corley et al., 2005). Further research has
shown that the RAD promoter and intron contain sev-
eral consensus CYC-binding sites that can be bound
by recombinant CYC protein in in vitro gel shift as-
says, indicating that RAD is a direct target of CYC in
A. majus (Costa et al., 2005). Even though expression
data have demonstrated that CYC-like genes may also
activate RAD-like genes outside the model organism A.
majus (Zhou et al., 2008; Preston & Hileman, 2009), no
direct evidence of this has been provided to date. There-
fore, the finding in the present study that the ChRAD
promoter contains the consensus CYC-binding site is
suggestive of the RAD-like gene being likely a direct
target of CYC-like genes in other Lameales plants.

3.2 Significance of the consensus CYC-binding site
found in both ChCYC1 and ChRAD promoters

Although transient expression of CYC-like genes
in the dorsal regions of floral meristems usually has no

morphological effect on floral symmetry (Cubas et al.,
2001; Zhou et al., 2008), the persistent expression of
the genes in the corresponding domains of whorl 2
and 3 floral organs have clear morphological effects
in species with zygomorphic flowers (Luo et al., 1996,
1999; Hileman et al., 2003; Citerne et al., 2006; Feng
et al., 2006; Busch & Zachgo, 2007; Gao et al., 2008;
Wang et al., 2008; Song et al., 2009). Taking into con-
sideration previous genetic and expression data together
with the results of the present study, we postulate an in-
terpretation that may provide a reasonable explanation
for the establishment of morphological zygomorphy re-
lying on the persistent expression of CYC-like genes as
follows (Fig. 4): at the early stage of flower develop-
ment, CYC-like genes are activated by upstream tran-
scription factors (Fig. 4, Step a) and are expressed at
basal levels (Fig. 4, Step b); the basal level expression
of CYC-like genes is maintained and/or strengthened
(Fig. 4, Step e) by autoregulation (Fig. 4, Step d) to
yield to more products; once the products reach a cer-
tain threshold, downstream genes are activated and their
expression controls floral dorsoventral asymmetry (Fig.
4, Step f). In Arabidopsis (Fig. 4: A), the lack of a
consensus CYC-binding site in the TCP1 promoter is
correlated to its early and transient expression in the
dorsal floral meristems, a pre-pattern of ancestral CYC
gene expression (Cubas et al., 2001; Costa et al., 2005).
In contrast, the maintenance of CYC and ChCYC1 ex-
pression in corresponding domains of floral organs in
zygomorphic Antirrhinum and Chirita flowers depends
on the acquisition of an autoregulatory loop during evo-
lution (Fig. 4: B, C). In addition, Arabidopsis RAD-like
genes lack consensus CYC-binding sites in their pro-
moters, whereas Antirrhinum RAD and Chirita ChRAD
promoters contain such sites, indicating that they are
likely direct targets of CYC and ChCYC1, respectively.

It is believed that the first flower was zygomor-
phic in Lamiales s.l. (Donoghue et al., 1998; Endress,
1998, 1999). The plants of Lamiales s.l. have further
evolved from early and moderate zygomorphy towards
advanced and strong zygomorphy in different clades
(Donoghue et al., 1998; Endress, 1998). The family
Gesneriaceae, as the basal-most group in this order, is
sister to the remainder of Lamiales s.l. (Cubas, 2004;
Wortley et al., 2005). This family is characteristic of
diverse forms of zygomorphy related to the floral or-
gan differentiation early in the order (Li & Wang, 2004;
Zhou et al., 2008; Song et al., 2009). Therefore, the
findings of the present study indicate that floral zygo-
morphy has been established at the evolutionary begin-
ning of the Lamiales s.l., achieved by the evolution of
an autoregulatory loop for CYC-like genes, which was
probably accompanied by the simultaneous co-option of
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Fig. 4. Scheme showing the role of autoregulatory loops in the control of floral dorsoventral asymmetry in angiosperms. A, After floral asymmetry
gene are activated by upstream factors (Step a), they are expressed at basal levels (Step b), which may be insufficient to activate downstream genes (Step
c). B, C, Floral asymmetry genes have evolved autoregulatory loops (Step d; the dashed arrow indicates an unproven autoregulatory loop) to maintain
and strengthen basal level expression; thus, sufficient products are produced (Step e) to activate downstream genes to form dorsoventral asymmetric
flowers (Step f).

RAD-like genes into the regulatory network of CYC-like
genes.

Further functional analyses of protein–DNA inter-
actions with respect to the autoregulation of CYC-like
genes and the regulatory relationships between CYC-
like genes and upstream or downstream transcription
factors are important for the regulatory network of flo-
ral symmetry genes to be revealed in addition to the
complex combinatorial mechanisms underlying the evo-
lutionary pathways and diversification of zygomorphy
in angiosperms, especially in Lamiales s.l.
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