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Expression pattern of CYC-like genes relating to a dorsalized
actinomorphic flower in Tengia (Gesneriaceae)
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Abstract Tengia has been called a “natural peloria” in the family Gesneriaceae because it exhibits an almost perfect
actinomorphic flower from whorl one to whorl three. It would be especially interesting to know whether or how
CYC-like gene activities are related to this type of perfect actinomorphic flower. To address this, we have isolated
four CYC-like TCP genes and carried out an investigation on their expression patterns in Tengia. TsCYC1C and
TsCYC1D have similar expression patterns with strong signals being detected in all five petals and stamens, whereas
TsCYC2A and TsCYC2B are only transiently expressed in the very early floral meristem. Our results suggest that the
expansion of the expressions of TsCYC1C and TsCYC1D from the dorsal to the ventral petals is likely responsible
for the evolutionary formation of the fully dorsalized actinomorphic corolla, that is, an expanded functional domain
of CYC-like gene dorsal identity in Tengia corolla. However, the expressions of TsCYC1C and TsCYC1D are not
correlated with stamen abortion; therefore, TsCYC genes do not functionally repress the stamen development in
Tengia flowers. This is probably due to changed cis-activities that result in the cell cycle-related genes uncoupling
from the TsCYC regulatory pathway in Tengia.
Key words actinomorphy, CYCLOIDEA, dorsalized, Gesneriaceae, RNA in situ hybridization, Tengia.

Actinomorphic flowers are considered the ancestral
state for angiosperms, and zygomorphic flowers have
evolved several times independently from actinomor-
phic ancestors (Crepet, 1996; Donoghue et al., 1998).
However, zygomorphy is frequently lost in the Aster-
idae, especially in Lamiales sensu lato that includes
a major genetic model organism Antirrhinum majus
(Donoghue et al., 1998; Endress, 1998, 2001).

In A. majus, CYCLOIDEA (CYC) together with its
paralogue DICHOTOMA (DICH) plays a key role in
the establishment of the floral dorsoventral asymmetry
(zygomorphy) (Luo et al., 1996, 1999). CYC encodes
a transcription factor of the teosinte branched 1, cy-
cloidea, proliferating cell factors 1 and 2 (TCP) family
(Cubas et al., 1999b) and function as specifying dorsal
identity, that is, controlling the fate of the dorsal floral
organs in the second and third whorls of flowers (Luo
et al., 1996, 1999). In Antirrhinum, the cyc/dich double
mutant has a fully ventralized peloric flower, whereas
the backpetals mutant has a dorsalized actinomorphic
flower due to the ectopic expression of CYC (Luo et al.,
1996, 1999). In its close relative Linaria vulgaris, a ven-
tralized peloric variant is caused by complete silencing
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of the CYC orthologue LCYC through extensive DNA
methylation (Cubas et al., 1999a). In legumes, distantly
related to Antirrhinum, the actinomorphic flowers of
Cadia come from LegCYC expression in all five petals,
similar to the backpetals mutant in Antirrhinum (Citerne
et al., 2006). In Gesneriaceae, the basal-most family of
Lamiales s.l., the downregulation of CYC orthologue
BlCYC1 after early floral development gives rise to a
derived ventralized actinomorphic flower characteristic
of Bournea leiophylla (Zhou et al., 2008). Recent study
in Plantago (Plantaginaceae) shows that the single CYC-
like gene PlCYC is not expressed in early floral meris-
tems and has not apparently asymmetric expression dur-
ing later flower development. Therefore, the evolution
of actinomorphy in Plantago is correlated with loss of
dorsal-specific CYC-like gene function (Reardon et al.,
2009).

In contrast to the predominance of zygomor-
phic flowers in the major zygomorphic clades of an-
giosperms, the derived actinomorphy is relatively rare
events occurring in convergence, scattered over differ-
ent zygomorphic lineages, such as Linaria, Plantago
(Plantaginaceae), and Bournea (Gesneriaceae) in Lami-
ales s.l. However, evo-devo studies to date have shown
that the independent occurrence of derived actinomor-
phy is connected with diverse genetic pathways mainly
controlled by CYC-like genes, as outlined above. As
the basal-most group in Lamiales s.l. (Endress, 1998;
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Cubas, 2004; Wortley et al., 2005), the family Gesne-
riaceae with weak floral zygomorphy has the most di-
verse forms of derived actinomorphy and possesses the
largest proportion of genera with actinomorphic flowers
in Lamiales s.l. (Endress, 1998, 1999). The actinomor-
phies in Gesneriaceae have evolved based on a rela-
tively weakly rooted genetic constitution for zygomor-
phy (Endress, 2001), their genetic mechanisms would
be different from those of actinomorphies arisen from
deeply fixed pattern of zygomorphy in other Lamiales
s.l. For example, the derived actinomorphy in Bournea
is achieved through an altered expression pattern of a
CYC-like TCP gene during floral development, distinc-
tive from the genetic pathways of other derived acti-
nomorphies (Zhou et al., 2008).

Tengia has been called a “natural peloria” in the
family Gesneriaceae (Donoghue et al., 1998) because
it exhibits an almost perfect actinomorphic flower from
whorl one to whorl three (Li & Wang, 2004) (Fig. 1).
Unlike the actinomorphic flowers of Bournea with clear
signs of residual zygomorphy (Zhou et al., 2008), the
floral morphology of Tengia shows no vestigial traces of
zygomorphy, especially in corolla and androecial struc-
ture, which is difficult to explain with the known genetic
mechanisms revealed in the derived actinomorphies to

date (Fig. 1). Therefore, it would be especially inter-
esting to know whether or how CYC-like gene activities
are related to this type of perfect actinomorphic flowers.
To address this, we have isolated the CYC homologues
in Tengia and carried out an investigation on the ex-
pression patterns of these genes. Our results would shed
new light on exploring novel and diverse evolutionary
pathways for derived actinomorphy in angiosperms, es-
pecially in Lamiales s.l.

1 Material and methods

1.1 Plant materials
The materials of Tengia scopulorum Chun used

for this study, including gene isolation and RNA
in situ hybridization, were collected from Xiuwen
County, Guizhou province, China. For total RNA extrac-
tion, young flower buds were collected then immediately
frozen in liquid nitrogen. For RNA in situ hybridization,
floral meristems and floral buds at different developing
stages were collected and fixed under vacuum in freshly
prepared ice-cold formalin–acetic acid–alcohol. After
an incubation of 16–18 h, they were completely dehy-
drated in an ethyl alcohol series, embedded in Paraplast

Fig. 1. Flower morphology of Tengia. A, The plant with inflorescence and flowers at anthesis, showing almost perfect actinomorphic corolla. B, The
nearly closed corolla with a keyhole opening from which the stigma is exserted. All five stamens are completely included within the corolla. C, Five
equal and fertile stamens. D, Floral diagram. g, gynoecium; p, petal (in blue); s, sepal; st, stamen (in yellow). Bars = 1 cm (A); 1 mm (B, C).
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(Sigma, St. Louis, MO, USA), and stored at 4◦C until
use.

1.2 Isolation of CYC-like genes in Tengia
Total RNA was isolated from young flower buds

of Tengia using an SV Total RNA Isolation Sys-
tem Kit (Promega, Madison, WI, USA), following
the manufacturer’s protocol. First-strand cDNA was
synthesized by a RevertAid H Minus First Strand
cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Ger-
many). Polymerase chain reaction (PCR) amplifica-
tion was carried out using a forward primer F1 (5′-
ATGTTTGGAAAGAGCCCATAC-3′) and a reverse
primer R (5′-ATGAATTTGTGCTGATCCAAAATG-
3′) (Gao et al., 2008; Song et al., 2009). The PCR prod-
ucts were purified then cloned into the pGEM-T Easy
vector (Promega) and sequenced using universal vector
primers T7 and SP6. These genes were independently
cloned at least twice.

1.3 Sequence analysis of CYC-like genes in Tengia
We used DAMBE software (Xia & Xie, 2001) to

translate the cDNA sequences of CYC-like genes in
Tengia. The amino acid sequences were further com-
pared with the CYC protein from Antirrhinum using
DNAMAN 5.29 (Lynnon Biosoft, Los Angeles, CA,
USA) and BioEdit version 7.0.4 (Hall, 1999). To iden-
tify the phylogenetic position of TsCYC genes in the
CYC clade of the class II TCP genes, we selected several
CYC-like genes for phylogenetic analysis. They were
TB1 from Zea mays (AF415152), AtTCP1/12/18 from
Arabidopsis thaliana (NM_001084312; NM_105554;
NM_112741), LjCYC1/2/3 from Lotus japonicus
(DQ202475; DQ202476; DQ202477), and Am-
CYC/AmDICH from A. majus (Y16313; AF199465).
CLUSTALW was used for the multiple alignments of the
amino acid sequences (Thompson et al., 1994), and the
amino acid matrix was adjusted manually. This amino
acid matrix was analysed by MEGA 3.1 (Kumar et al.,
2004) to construct neighbor-joining (NJ) trees under
default settings. The bootstrap values were calculated
using 1000 replicates.

To clarify the phylogenetic position of TsCYC
genes in CYC-like genes from Old World Gesneri-
aceae (GCYC; subfamily Cyrtandroideae), NJ analy-
ses were carried out with nucleiotide sequences by
PAUP∗ 4.0b10 (Swofford, 2002). GCYC1A/1B are from
Saintpaulia ionantha (DQ064642, DQ064644) and
Streptocarpus primulifolius (AF208340, AF208336).
GCYC1C/1D (designated as GYC1 in some taxa)
are from Chirita heterotricha (Gao et al., 2008),
Bournea leiophylla (EF486283), Oreocharis benthami
(FJ710517), Opithandra dinghushanensis (FJ710518,

FJ710519), Jankaea heldreichii (AF208332), Haberlea
ferdinandi-coburgii (AF208322), Conandron ramon-
dioides (AF208321), Primulina tabacum (AF208320),
Ramonda myconi (AF208331), Cyrtandra apicu-
lata (AY423160), Didymocarpus citrinus (AY423158),
and Loxostigma (AY423161, AY423162). GCYC2
(2A/2B) are from Chirita heterotricha (Gao et al.,
2008), Bournea leiophylla (EF486284), Oreocharis
benthami (FJ710516), Opithandra dinghushanensis
(FJ710520, FJ710521), Haberlea ferdinandi-coburgii
(AF208317), Conandron ramondioides (AF208316),
Ramonda myconi (AF208318), and Cyrtandra apicu-
lata (AY423147). CYC from A.majus and a CYC-like
gene from Linaria vulgaris were used as outgroups.
Phylogenetic analyses with the NJ method were carried
out using PAUP∗ 4.0b10 (Swofford, 2002) and bootstrap
values were estimated with 1000 resampling replicates.

1.4 RNA in situ hybridizations
The materials used for in situ hybridization

were fixed, sectioned, and hybridized to digoxygenin-
labeled probes of TsCYC1C, TsCYC1D, TsCYC2A,
and TsCYC2B according to described methods by
Bradley et al. (1993). Four gene-specific fragments
of TsCYC1C, TsCYC1D, TsCYC2A, and TsCYC2B in
the coding region were amplified, respectively, us-
ing primers of TsCYC1C (forward, 5′-ATGCTAGG
TTTTGACAAGCC-3′; reverse, 5′-CAATGAAGAA
TAGGCTGG-3′); TsCYC1D (forward, 5′-TTGTTAA
CGAAATCAAAAGTAGCC-3′; reverse, 5′-GGGAC
AATGAAGAATACTATTAG-3′); TsCYC2A (forward,
5′-AGTAAAACCCTTGAATGGCTGC-3′; reverse, 5′-
GAAGGCGGTAATTTGCAAACTT-3′); and TsCYC2B
(forward, 5′-CTTGCGGGACACTTTGTAGG-3′; re-
verse, 5′-AATCTGCGTCAAAGTAGTTCC-3′). Then
the PCR products were purified and cloned into
pGEM-T Easy vector. We prepared linearized templates
using primer Yt7 (5′-CCCAGTCACGACGTTGTAAA-
3′) and Ysp6 (5′-CACACAGGAAACAGCTATGAC-
3′) from pGEM-T Easy plasmid. Digoxygenin-
labeled probes were specific to TsCYC1C, TsCYC1D,
TsCYC2A, and TsCYC2B.

2 Results

2.1 Character and sequence analyses of TsCYC
genes

We isolated four CYC-like genes in Tengia, named
TsCYC1C, TsCYC1D, TsCYC2A, and TsCYC2B accord-
ing to BLAST results. The open reading frames of
TsCYC1C, TsCYC1D, TsCYC2A, and TsCYC2B were
993, 1014, 987, and 996 bp, respectively. Furthermore,
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Fig. 2. Alignment of the predicted amino acid sequences of TsCYC1C, TsCYC1D, TsCYC2A, TsCYC2B, and AmCYC. The TCP, ECE, and R domains
are outlined and the identical amino acids are in black boxes. The TCP domain consists of the basic, helix I, loop, and helix II motifs.

we used BioEdit version 7.0.4 (Hall, 1999) to compare
protein sequences of TsCYC1C, TsCYC1D, TsCYC2A,
and TsCYC2B with AmCYC; they share 46.5–48.0%
similarity to AmCYC. When only comparing the TCP
and R domain, they have 93.8–95.0% similarity to Am-
CYC, suggesting they are functionally related. In the
three conserved domains (TCP domain, R domain, and
ECE motif) there are several amino acid differences
of TsCYC relative to AmCYC. One difference is lo-

cated in the basic region (Y–V) and one is in the helix
II region (D–E) of TCP domain (Fig. 2). In addition,
we found two amino acid substitutions in TCP domain
among TsCYC and AmCYC. One is between the ba-
sic and helix I (I–M) regions, and the other is after
the helix II (T–V/A) region. The R domain is con-
served between TsCYC and AmCYC. ECE motif of
TsCYC and AmCYC is clearly divergent (Fig. 2). The
amino acid sequences are remarkably divergent in the
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Fig. 3. Neighbor joining tree of proteins encoded by the ECE lineage
genes in the CYC/TB1 subfamily, showing that TsCYC1C/TsCYC1D and
TsCYC2A/TsCYC2B form a branch that is sister to AmCYC/AmDICH
from Antirrhinum majus, which belong to the CYC2 clade in the ECE
lineage. Bootstrap values with support >50% are shown.

non-conserved regions between TsCYC and AmCYC
(Fig. 2).

Our phylogenetic analyses showed that TsCYC
genes have a close relationship with AmCYC and
AmDICH (100% bootstrap) (Fig. 3), and all of them,
together with AtTCP1 and LjCYC1/2/3, belong to the
ECE-CYC2 clade in the ECE lineage (CYC/TB1 sub-
family) of the TCP gene family (Howarth & Donoghue,
2006). The results show that they are homologues of
CYC. The CYC-like genes in Gesneriaceae (GCYC)
constitute a small gene family that is considered to
be derived from gene duplication (Citerne et al., 2000;
Gao et al., 2008; Song et al., 2009). Four CYC ho-
mologues isolated from Tengia belong to different lin-
eages of GCYC genes in Gesneriaceae, in which TsCYC
is closely related to GCYC from Chirita heterotricha
(Fig. 4.).

2.2 Tissue-specific expressions of TsCYC
To assess the potential role of CYC-like genes in

floral development, we used RNA in situ hybridization
to reveal spatial and temporal expression patterns of
TsCYC genes in Tengia. Transcripts of TsCYC1C were
first detected in the whole floral primordium (Fig. 5:
A). After sepal initiation, TsCYC1C has strong mRNA
signals in sepals and the floral apex inside sepals where
five petal and stamen primordia were to emerge (Fig. 5:
B). TsCYC1C transcripts were distributed in all five
petals and stamens with strong mRNA signals when
they became visible (Fig. 5: C–E). As stamens enlarged,
TsCYC1C mRNA signals became gradually weak in
stamens, but had strong expression in all sepals and
petals (Fig. 5: F, G). Then, TsCYC1C transcripts were
only observed in pollen sacs when anthers began to
develop (Fig. 5: H, I). Although the expression do-
mains of TsCYC1D and TsCYC1C were largely over-

Fig. 4. Phylogram of GCYC, showing the phylogentic relations of
TsCYC genes with other GCYC in Gesneriaceae. Phylogenetic analyses
were carried out using PAUP

∗
4.0b10, and bootstrap values with support

>50% (1000 replicates) are indicated for each branch.

lapping, suggestive of functional redundancy, TsCYC1D
appeared to have increasing expression level and expres-
sion duration relative to TsCYC1C in the developing
flowers. TsCYC1D expression signals were observed in
sepals and the whole domain of the floral apex inside
sepals (Fig. 5: J, K). When petal and stamen primordia
emerged, TsCYC1D mRNA intensively accumulated in
all floral organs including sepals, petals, and stamens
(Fig. 5: L–N). As anthers began to develop, TsCYC1D
expression signals were only observed in pollen sacs
(Fig. 5: O). Transcripts of TsCYC2 (TsCYC2A and
TsCYC2B) were only transiently expressed in the very
early florescence meristem (Fig. 5: P), then disappeared
quickly (Fig. 5: Q–T).

3 Discussion

In Tengia, five equal and short teeth emerge from
the top of the highly fused corolla tube. The urceolate
corolla is nearly closed with only a keyhole opening
from which the stigma is far exserted while all five
stamens are completely included within the corolla,
making the stigma and anthers completely separated
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Fig. 5. Tissue-specific expression of TsCYC1 and TsCYC2 during floral development in Tengia. A–I, RNA in situ hybridizations with antisense probe
of TsCYC1C. A, mRNA is first observed in the whole floral primordium. B, mRNA is detected in sepals, and all five petal and stamen primordia after
sepal initiation. C–E, mRNA is distributed in all petals and stamens when they become visible. F, G, mRNA becomes gradually weak in stamens, but
has strong signals in sepals and petals when stamens begin to enlarge. H, I, mRNA only exists in pollen sacs weakly when anthers begin to develop.
J–O, RNA in situ hybridizations with antisense probe of TsCYC1D. J, K, mRNA is observed in sepals and the whole domain of the floral apex where
all five petal and stamen primordia are to emerge. L–N, mRNA has strong signals in petals and stamens when stamens begin to enlarge. O, mRNA has
only a weak signal in pollen sacs when anthers begin to develop. P–T, RNA in situ hybridizations with antisense probe of TsCYC2A (TsCYC2B not
shown). P, mRNA expressed in whole inflorescence meristem. Q–T, mRNA disappears in all tissues. Contrast and color balance were adjusted using
Adobe Photoshop 7.0. dp, dorsal petal; ds, dorsal sepal; dt, dorsal stamen; fm, floral primordium; IF, inflorescence; lp, lateral petal; ls, lateral sepal; lt,
lateral stamen; vp, ventral petal; vs, ventral sepal; vt, ventral stamen. Bar = 100 μm.

spatially (Fig. 1). This combination of characters in
Tengia might be related to new pollinators, such as
small-sized insects, for cross-pollination in the moist
and shady habitats that plants of Tengia prefer (Wang
et al., 2010). We isolated four CYC-like genes from Ten-
gia, TsCYC1C, TsCYC1D, TsCYC2A, and TsCYC2B.
Sequence and phylogenetic analyses show that they are
closely related to the CYC gene from the model plant
Antirrhinum, indicating that they are the orthologues of
CYC. Correlative with the morphological actinomorphy

of corolla, strong expression signals of both TsCYC1C
and TsCYC1D are almost equally distributed in the
corolla tube and five petals (including two dorsal, two
lateral, and one ventral) whereas no expression signal
of TsCYC2 (2A/2B) is detected in the floral organs of
Tengia.

In the backpetals mutant of Antirrhinum majus,
the ectopic expression of CYC in the lateral and ven-
tral petals results in a dorsalized actinomorphic corolla
(Luo et al., 1999). A mimic or reminiscence of the
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backpetals mutation in the legume Cadia come about
through a similar mechanism as in Antirrhinum, that is,
LegCYC1B gene expression expansion from the dorsal
petals to all five petals (Citerne et al., 2006). A re-
cent study of actinomorphic flowers in Bergia texana
(Elatinaceae) indicates that the CYC-like genes are ex-
pressed across all floral organs (Zhang et al., 2010).
Even though Tengia is characteristic of a perfect acti-
nomorphic flower, it is deeply nested within the core
zygomorphic groups with diandrous flowers in the fam-
ily Gesneriaceae, in which it is sister to Petrocodon,
and further constitutes a monophyletic group with
the monotypic genus Calcareoboea, and Chirita sect.
Gibbosaccus (Wang et al., 2010). The phylogenetic rela-
tionship between Tengia and these zygomorphic groups
is also reflected in the close relation between TsCYC and
GCYC from Chirita heterotricha (Fig. 4). Calcareoboea
is featured with a specialized bilabiate corolla with up-
per (dorsal) lip of four short teeth and lower (ventral) lip
of a tongue-like single patent lobe (Li & Wang, 2004;
Weber, 2004; Wang et al., 2010). Petrocodon further
exhibits a morphologically transitional form between
Tengia and Calcareoboea, in which its corolla is urceo-
late and almost actinomorphic with five equal and short
teeth emerging from the top of the highly fused corolla
tube, similar to that of Tengia, whereas its androecium
consists of only two fertile stamens at the ventral po-
sition, as that of Calcareoboea (Wang et al., 2010).
The short teeth of corolla lobes emerging from the
top of the highly fused corolla tube is the synapomor-
phy shared among the three genera Tengia, Petrocodon,
and Calcareoboea (Wang et al., 2010). Apparently,
Tengia is characterized by a dorsalized actinomorphic
corolla evolved from the dorsal petals (highly fused tube
part with tooth-like lobes) of the Calcareoboea plants.
Putting the TsCYC1 expression pattern and the morpho-
logical and phylogenetic evidence together, we suggest
that the expansion of the expressions of TsCYC1C and
TsCYC1D from the dorsal to the ventral petals is likely
responsible for the evolutionary formation of the fully
dorsalized actinomorphic corolla, that is, an expanded
functional domain of CYC-like gene dorsal identity in
Tengia corolla.

CYC-like genes have been widely known in pat-
terning floral dorsoventral asymmetry (zygomorphy) in
angiosperms, especially in core eudicots, in which their
expressions in the second and third whorls of floral
organs usually repress stamen development and pro-
mote or retard petal growth according to the trait con-
cerned (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; Zhang et al., 2010).

However, in the backpetals mutant of A. majus, the
stamen growth is not affected by the ectopic expres-
sion of CYC because the two lateral and two ventral
stamens are still fertile (Luo et al., 1999; Kalisz et al.,
2006). In the actinomorphic flower of legume Cadia, the
LegCYC1B expression is not related to the androecial
development (Citerne et al., 2006). In Veronica and
Gratiola (Veronicaceae), the CYC-like gene expression
does not positively correlate with the ventral stamen
abortion (Preston et al., 2009). In rice, the CYC homo-
logue REP1 expression has no apparent effect on stamen
growth or fertility (Yuan et al., 2009), as well as PlCYC
in Plantago (Reardon et al., 2009) and BtCYC genes
in Bergia texana (Zhang et al., 2010). Similarily, even
though the expressions of TsCYC1C and TsCYC1D are
distributed in all five stamens, with TsCYC1D slightly
stronger and longer than TsCYC1C in expression level
and prolonged time, the five stamens are all fertile and
almost equal in size. This phenomenon suggests that the
expressions of TsCYC1C and TsCYC1D are not corre-
lated with stamen abortion, that is, TsCYC genes do not
functionally repress the stamen development in Tengia
flowers. It is suggested that CYC activity in establish-
ing floral dorsal identity is mediated by the cell cycle-
related genes and an MYB family gene RAD, in which
CYC directly or indirectly suppresses cyclinD3b activ-
ity in the stamen whorl and activates RAD expression in
the petal whorl (Luo et al., 1996; Gaudin et al., 2000;
Corley et al., 2005). The reasonable explanation for the
androecial development unaffected by CYC-like gene
expression herein is that the cell cycle-related genes
might have not been co-opted into the CYC-like gene
regulatory network in the Tengia-related lineage in the
Gesneriaceae, or uncoupled from the TsCYC regulatory
pathway in Tengia. In the backpetals mutant of A.majus,
the ectopic expression of CYC in later floral develop-
ment is due to a transposon insertion in the promoter
region of CYC, 4.2 kb upstream from the transcription
start site, which is believed to affect a cis-acting region
that normally suppresses CYC transcription during the
later stages of development (Luo et al., 1999). Func-
tional cis-regulatory elements located in non-coding
DNA regions of a gene at varying distances from the
transcription start site usually control where, when, and
at what level a gene is expressed though interacting with
trans-acting factors (Wittkopp et al., 2004; Kim et al.,
2006). As the transposon insertion affects a cis-acting
region relating to CYC expression, the change in cis-
elements may also result in the cell cycle-related genes
uncoupling from the TsCYC regulatory pathway in Ten-
gia. It merits further studies in function and regulatory
network to determine how developmental and evolution-
ary modifications in the regulatory pathway have led to
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the uncoupling between the TsCYC gene expression and
the androecial development, especially the regulatory
interaction between TsCYC and cyclinD3 genes, in
Tengia.
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Citerne HL, Möller M, Cronk QCB. 2000. Diversity of CY-
CLOIDEA-like genes in Gesneriaceae in relation to floral
symmetry. Annals of Botany 86: 167–176.

Citerne HL, Pennington RT, Cronk QCB. 2006. An apparent re-
versal in floral symmetry in the legume Cadia is a homeotic
transformation. Proceedings of the National Academy of
Sciences USA 103: 12017–12020.

Corley SB, Carpenter R, Copsey L, Coen E. 2005. Floral asym-
metry involves an interplay between TCP and MYB tran-
scription factors in Antirrhinum. Proceedings of the National
Academy of Sciences USA 102: 5068–5073.

Costa MMR, Fox S, Hana AI, Baxter C, Coen E. 2005. Evolu-
tion of regulatory interactions controlling floral asymmetry.
Development 132: 5093–5101.

Crepet W L. 1996. Timing in the evolution of derived floral char-
acters: Upper Cretaceous (Turonian) taxa with tricolpact-
derived pollen. Review of Palaeobotany and Palynology 90:
339–359.

Cubas P. 2004. Floral zygomorphy, the recurring evolution of a
successful trait. Bioessays 26: 1175–1184.

Cubas P, Lauter N, Doebley J, Coen E. 1999a. The TCP do-
main: A motif found in proteins regulating plant growth and
development. The Plant Journal 18: 215–222.

Cubas P, Vincent C, Coen E. 1999b. An epigenetic mutation
responsible for natural variation in floral symmetry. Nature
401: 157–161.

Donoghue MJ, Ree MJ, Baum DA. 1998. Phylogeny and the
evolution of flower symmetry in the Asteridae. Trends in
Plant Science 3: 311–317.

Endress PK. 1998. Antirrhinum and Asteridae-evolutionary
changes of floral symmetry. Symposia of the Society for
Experimental Biology 51: 133–140.

Endress PK. 1999. Symmetry in flowers: Diversity and evolution.
International Journal of Plant Sciences 160: S3–S23.

Endress PK. 2001. Evolution of floral symmetry. Current Opinion
in Plant Biology 4: 86–91.

Feng XZ, Zhao Z, Tian ZX, Xu SL, Luo YH, Cai ZG, Wang YM,
Yang J, Wang Z, Weng L, Chen JH, Zheng LY, Guo XZ,
Luo JH, Sato S, Tabata S, Ma W, Cao XL, Hu XH, Sun CR,
Luo D. 2006. Control of petal shape and floral zygomorphy
in Lotus japonicus. Proceedings of the National Academy
of Sciences USA 103: 4970–4975.

Gao Q, Tao JH, Yan D, Wang YZ. 2008. Expression differentia-
tion of floral symmetry CYC-like genes correlated with their
protein sequence divergence in Chirita heterotricha (Gesne-
riaceae). Development Genes and Evolution 218: 341–351.

Gaudin V, Lunness PA, Fobert PR, Towers M, Riou-Khamlichi
C, Murray JA, Coen E, Doonan JH. 2000. The expression
of D-cyclin genes defines distinct developmental zones in
snapdragon apical meristems and is locally regulated by the
Cycloidea gene. Plant Physiology 122: 1137–1148.

Hall TA. 1999. BioEdit: A user-friendly biological sequences
alignment editor and analysis program for Windows
95/98/NT. Nucleic Acids Symposium Series 41: 95–98.

Hileman LC, Kramer EM, Baum DA. 2003. Differential regula-
tion of symmetry genes and the evolution of floral morpholo-
gies. Proceedings of the National Academy of Sciences USA
100: 12814–12819.

Howarth DG, Donoghue MJ. 2006. Phylogenetic analysis of the
‘‘ECE’’ (CYC/TB1) clade reveals duplications predating
the emergence of the core eudicots. Proceedings of the Na-
tional Academy of Sciences USA 103: 9101–9106.

Kalisz S, Ree RH, Sargent RD. 2006. Linking floral symmetry
genes to breeding system evolution. Trends in Plant Science
11: 568–573.

Kim DW, Lee SH, Choi SB, Won SK, Heo YK, Cho M, Park
Y, Cho HT. 2006. Functional conservation of a root hair
cell-specific cis-element in angiosperms with different root
hair distribution patterns. The Plant Cell 18: 2958–2970.

Kumar S, Tamura K, Nei M. 2004. MEGA3: Integrated software
for molecular evolutionary genetics analysis and sequence
alignment. Briefings in Bioinformatics 5: 150–163.

Li ZY, Wang YZ. 2004. Plants of Gesneriaceae in China.
Zhengzhou: Henan Science and Technology Publishing
House.

Luo D, Carpenter R, Copsey L, Vincent C, Clark J, Coen E. 1999.
Control of organ asymmetry in flowers of Antirrhinum. Cell
99: 367–376.

Luo D, Carpenter R, Vincent C, Copsey L, Coen E. 1996. Orign
of floral asymmetry in Antirrhinum. Nature 383: 794–799.

Preston JC, Kost MA, Hileman LC. 2009. Conservation and
diversification of the symmetry developmental program
among close relatives of snapdragon with divergent floral
morphologies. New Phytologist 182: 751–762.

Reardon W, Fitzpatrick DA, Fares MA, Nugent JM. 2009. Evolu-
tion of flower shape in Plantago lanceolata. Plant Molecular
Biology 71: 241–251.

Song CF, Lin QB, Liang RH, Wang YZ. 2009. Expressions of
ECE-CYC2 clade genes relating to abortion of both dorsal
and ventral stamens in Opithandra (Gesneriaceae). BMC
Evolutionary Biology 9: 244.

Swofford DL. 2002. PAUP
∗
. Phylogenetic analysis using parsi-

mony software (∗and other methods) version 4.0b10. Sun-
derland: Sinauer Associates,

Thompson JD, Higgins DG, Gibson TJ. 1994. Clustal W: im-
proving the sensitivity of progressive multiple alignment

C© 2010 Institute of Botany, Chinese Academy of Sciences



PANG et al.: Expression pattern of CYC-like genes in Tengia 317

through sequence weighting, positions-specific gap penal-
ties and weight matrix choice. Nucleic Acids Research 22:
4673–4680.

Wang YZ, Liang RH, Wang BH, Li JM, Qiu ZJ, Li ZY. 2010.
Origin and phylogenetic relationship of the Old World Ges-
neriaceae with actinomorphic flowers, inferred from nrDNA
(ITS) and cpDNA (trnL-F) sequence data. Taxon 59(4):
1044–1052.

Wang Z, Luo YH, Li X, Wang LP, Xu SL, Yang J, Weng L, Sato
S, Tabata S, Ambrose M, Rameau C, Feng XZ, Hu XH,
Luo D. 2008. Genetic control of floral zygomorphy in pea
(Pisum sativum L.). Proceedings of the National Academy
of Sciences USA 105: 10414–10419.

Weber A. 2004. Gesneriaceae. In: Kubitzki K, Kadereit JW eds.
The families and genera of vascular plants, Dicotyledons,
Lamiales (except Acanthaceae including Avicenniaceae).
Berlin: Springer. 7: 63–158.

Wittkopp PJ, Haerum BK, Clark AG. 2004. Evolutionary changes
in cis and trans gene regulation. Nature 430: 85–88.

Wortley AH, Rudall PJ, Harris DJ, Scotland RW. 2005. How
much data are needed to resolve a difficult phylogeny:
Case study in Lamiales. Systematic Biology 54: 697–
709.

Xia X, Xie Z. 2001. DAMBE: Data analysis in molecular biology
and evolution. Journal of Heredity 92: 371–373.

Yuan Z, Gao S, Xue DW, Luo D, Li LT, Ding SY, Yao X, Wil-
son ZA, Qian Q, Zhang DB. 2009. RETARDED PALEA1
controls palea development and floral zygomorphy in rice.
Plant Physiology 149: 235–244.

Zhang WH, Kramer EM, Davis CC. 2010. Floral symmetry genes
and the origin and maintenance of zygomorphy in a plant-
pollinator mutualism. Proceedings of the National Academy
of Sciences USA 107: 6388–6393.

Zhou XR, Wang YZ, Smith JF, Chen RJ. 2008. Altered expres-
sion patterns of TCP and MYB genes relating to the floral
developmental transition from initial zygomorphy to acti-
nomorphy in Bournea (Gesneriaceae). New Phytologist 178:
532–543.

C© 2010 Institute of Botany, Chinese Academy of Sciences


