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Abstract CYCLOIDIEA (CYC) and its homologues have
been studied intensively in the model organism Antirrhi-
num majus and related species regarding their function in
controlling floral dorsoventral (adaxial-abaxial) asymmetry,
including aborting the adaxial and lateral stamens. This
raises the question whether the same mechanism underlies
the great morphological diversity of zygomorphy in
angiosperms, especially in Lamiales sensu lato, a major
clade predominantly with zygomorphic flowers. To address
this, we selected a representative in Gesneriaceae, the sister
to the remainder of Lamiales s.l., to isolate CYC homo-
logues and further investigate their expression patterns
using locus-specific semiquantitative reverse transcriptase
polymerase chain reaction. Our results showed that four
CYC homologues in Chirita heterotricha differentiated
spatially and temporally in expression, in which CACYCID
was only expressed in the adaxial regions, and transcripts of
ChCYCIC were distributed in both the adaxial and lateral
regions, while ChCYC24 and ChCYC2B transcripts were
only detected in the young inflorescences. ChCYCIC
expression in the lateral regions correlated with abortion
of the lateral stamens in C. heterotricha hinted at its gain of
function, i.e., expanding from the adaxial to the lateral
regions in expression. Correlatively, the protein sequences
of ChCYC genes exhibited remarkable divergences, in
which some lineage-specific amino acids between GCYC/
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and GCYC2 in conserved functional domains and two
sublineage-specific motifs between GCYCIC and GCYCID
in GCYCI genes had further been identified. Our results
indicated that ChCYC genes had probably undergone an
expressional differentiation and specialization in establish-
ing the floral dorsoventral asymmetry in C. heterotricha
responding to different selective pressure after gene
duplication.
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Introduction

During the evolution of angiosperms, flower bilateral
symmetry, i.e., zygomorphy, is a key innovation associated
with important adaptive radiations. Among major clades of
angiosperms, zygomorphy is predominant and exhibits
great morphological diversity in Asteridae, especially in
Lamiales sensu lato that includes a major model organism
in developmental biology, i.e., Antirrhinum majus (Endress
1998, 1999).

In A. majus, CYCLOIDEA (CYC) and DICHOTOMA
(DICH) are essential for the development of full bilateral
symmetry in flowers, in which CYC plays a key role in the
process (Luo et al. 1996, 1999). CYC expression promotes
the growth of adaxial petals, while it arrests the growth of
the adaxial stamen causing it to become a staminode.
Meanwhile, DICH activity affects the internal asymmetry
of the adaxial petals (Luo et al. 1996, 1999). CYC and
DICH are closely related members of the TCP gene family
with the TCP domain related to cell proliferation (Cubas et
al. 1999; Kosugi and Ohashi 1997, 2002; Doebley et al.
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1995, 1997). A recent study in legumes, distantly related to
A. majus, shows that a CYC homologue LjCYC2 also
establishes adaxial identity in the legume flowers (Feng et
al. 2006). In the basal eudicot family Papaveraceae sensu
lato, the duplication and diversification of CYC-like TCP
genes are accompanied by their divergence in expression
patterns, in which one type of them may play a role in
flower symmetry (Kolsch and Gleissberg 2006; Damerval
et al. 2007). These facts indicate that the basic function of
CYC and its homologues seems to be conserved in eudicots,
i.e., controlling the development of floral asymmetry. Even
though the genetic control for the floral dorsoventral
asymmetry has been intensively studied in model systems,
the evolution of floral symmetry, especially the formation
of the great morphological diversity of zygomorphy, is still
a vast unexplored field at molecular developmental level.
In Mohavea confertiflora, a close relative of A. majus,
two CYC and two DICH homologues, i.e., McCYCI,
McCYC2, McDICH]I, and McDICH?2, exhibit an expanded
expression pattern from the adaxial to the lateral stamens
(Hileman et al. 2003). The changes in the expression
pattern of McCYC and McDICH have contributed to the
derived flower morphology of Mohavea, i.e., the abortion
of two lateral stamens besides the adaxial staminode. Even
though the expression pattern of McCYC and McDICH are
greatly changed compared to that of CYC and DICH, there
is no noticeable differentiation between copies of McCYC
and McDICH both in expression and sequences of
functional domains, respectively. Therefore, Hileman et al.
(2003) suggest that changes in the expression domain of an

Fig. 1 A flower of C. hetero-
tricha. a The front view of the
flower. b The dissected flower. ¢
Flower diagram. s Sepal, dp
adaxial petal, /p lateral petal, bp
abaxial petal, dst adaxial stamen
(undetectable at anthesis), st
lateral stamen, bst abaxial sta-
men. Scale bar=1 cm
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upstream regulator in CYC/DICH pathway may be respon-
sible for the expression expansion of McCYC and McDICH
genes from the adaxial to the lateral stamens. However, this
suggestion raises the question whether the same mechanism
as observed between Antirrhinum and Mohavea underlies
the great morphological diversity of zygomorphy in
Lamiales s.1..

The family Gesneriaceae, as the sister group to the
remainder of the Lamiales s.l., is characteristic of weak
zygomorphy with diverse floral morphologies. In this
family, some groups have four fertile stamens with
abortion of the adaxial stamen, such as Oreocharis, and
some have only two abaxial fertile stamens with the
adaxial and the laterals aborted, such as Chirita. In
addition, two lateral fertile stamens plus three staminodes
at the adaxial and abaxial positions are characteristic of the
genus Opithandra (Li and Wang 2004). Given that
Gesneriaceae is sister to the remainder of Lamiales s.l.
and there are diverse forms of zygomorphy in this family,
we considered Gesneriaceae to be the ideal candidate for
exploring some possible basic developmental mechanisms
in Lamiales s.l. Chirita heterotricha is characterized by
both adaxial and lateral stamen abortion as in M. confer-
tiflora (Fig. 1). Four CYC homologues have been isolated
from C. heterotricha and each belongs to a different
lineage of CYC-like genes in Gesneriaceae (GCYC). Our
results further show that the four CYC-like genes from C.
heterotricha differ remarkably in both spatial and temporal
expression patterns, which are correlated with their protein
sequence divergence.
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Materials and methods
Plant materials

We used C. heterotricha Merr. as the representative of
zygomorphic groups in Gesneriaceae for this study. The
materials were collected both from plants in field (Baoting
county, Hainan province) and from plants that were trans-
planted from field and cultivated in the greenhouse of the
Botanical Garden, Institute of Botany, Chinese Academy of
Sciences, Beijing. Flower buds of different stages were
collected as follows: Flower buds shorter than 1 cm long
were gathered as a whole, while the flower buds that were 1
and 4 cm long, i.e., middle- and late-stage flowers, were
dissected into sepals, adaxial/lateral/abaxial corolla plus
attached stamens (sepals were removed from the outer whorl
and the corolla tube and petals, including the attached
adaxial and lateral staminodes and abaxial stamens, were
dissected into adaxial, lateral, and abaxial regions). In
addition, some late-stage flowers (4 cm long) whose lateral
and abaxial stamens could be dissected from the corolla tube
were dissected into sepals, adaxial/lateral/abaxial petals, and
lateral/abaxial stamens, respectively. Tissues of root, shoot,
leaf, and young inflorescence were also collected for reverse
transcriptase (RT) polymerase chain reaction (PCR). All
materials were frozen in liquid nitrogen immediately after
collection for ribonucleic acid (RNA) isolation.

Isolation of CYC-like gene in C. heterotricha

Deoxyribonucleic acid (DNA) from fresh leaves was
extracted following a modified cetyltrimethylammonium
bromide procedure of Doyle and Doyle (1987). PCRs were
first performed using a forward primer F/ (5'-ATGTTTG-
GAAAGAGCCCATAC-3") and a reverse primer GcycR
(Moller et al. 1999) to amplify about 95% of the open
reading frame (ORF) of the CYC-like genes from C.
heterotricha.

To get the whole ORF sequence of ChCYC genes, we
performed rapid amplification of cDNA ends PCR. Total
RNA was isolated from young inflorescences and flower
buds of C. heterotricha using the RNeasy Plant Mini Kit
(Qiagen, Valencia, CA, USA), following the manufacturer’s
instructions. Poly (A) messenger RNA (mRNA) was
purified from total RNA using Oligotex mRNA Mini kit
(Qiagen, Hilden, Germany). First-strand cDNA was syn-
thesized by SuperScript™ III RT, and amplification was
performed with two nested forward primers (5'-
TCAACTCTAGCTAAAGAATCAA-3', 5'-GGCAAGAG
CAAGGGCTGGGAA-3") and polyA primer.

The PCR products were cloned into the pGEM-Teasy
vector (Promega, USA) and sequenced. These genes were
independently cloned at least twice.

We used contig3.0 (InforMax) to concatenate full-length
sequences of ChCYC genes.

Phylogenetic analysis of CYC-like genes in C. heterotricha

We conducted maximum parsimony (MP), maximum
likelihood (ML), and neighbor-joining (NJ) analyses with
the full-length amino acid sequences of TCP and R
domains of four ChCYC genes and three TCP class II
genes of Arabidopsis thaliana (AtTCPI, AtTCPI2, and
AtTCPI18), three TCP genes of Lotus japonicus (LjCYCI,
LjCYC2, and LjCYC3), TBI gene of maize, and CYC and
DICH genes of A. majus to identify the position of CACYC
genes in the CYC clade of the TCP class II gene family. To
clarify the phylogenetic position of CACYC genes in CYC-
like genes from Old World Gesneriaceae (GCYC; subfamily
Cyrtandroideae), MP, ML, and NJ analyses were also
conducted with nucleotide sequences (MP and NJ) or
amino acid sequences (ML) of four CACYC genes and 22
GCYC genes from Cyrtandroideae. CYC from A. majus and
a CYC-like gene from Linaria vulgaris were used as
outgroups. The genes used in the phylogenetic analyses
are listed in Table 1. Sequences were first aligned using
Clustal X (Thompson et al. 1997) and further adjusted
manually. PAUP 4.0b10 (Swofford 2002) was used to
construct MP and NJ analyses. For MP analysis, the
following settings were used: random sequence addition,
TBR branching swapping, 1,000 bootstrap replicates. The
NJ reconstruction method was carried out on Kimura two-
parameter distances, proportion of invariable sites, and
parameter for site heterogeneity obtained from MODELTEST
(Posada and Crandall 1998) following the Akaike criterion.
One thousand bootstrap replicates were done to calculate
branch support values. The online version of PHYML
(Guindon et al. 2005) was used to construct ML analysis
based on amino acid-translated sequences (Guindon and
Gascuel 2003) under default settings. The bootstrap values
were calculated using 500 replicates. The evolutionary model
was a Jones—Taylor—Thornton substitution model, with six
substitution rate categories, g-shape parameter, and propor-
tion of invariable sites estimated from the data.

Sequence analysis of ChCYC genes

We used DAMBE software (Xia and Xie 2001) to translate
the nucleotide sequences of CACYC. The amino acid
sequences of ChCYC genes were compared with CYC by
soft DNAMAN 5.29 (Lynnon Biosoft, USA) and then
compared with deduced protein sequences of some rela-
tives, GCYCI from Didymocarpus hancei (data unpub-
lished), GCYCIC and GCYCID from Loxostigma sp.,
GCYCIC and GCYCID from Didymocarpus citrinus,
GCYCIC and GCYCID from Opithandra dinghushanensis
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Table 1 Selected species used in the phylogeny reconstruction in this study, with GenBank numbers for the individual genes used

Family Taxon Gene name Reference GenBank Accession no.
Gramineae Zea mays subsp. mays TB1 Hubbard et al. 2002 AF415152
Brassicaceae Arabidopsis thaliana AtTCPI NM_001084312
AtTCPI2 NM_ 105554
AtTCP18 NM 112741
Leguminosae Lotus japonicus LjCYClI Feng et al. 2006 DQ202475
Licycz Feng et al. 2006 DQ202476
LiCYC3 Feng et al. 2006 DQ202477
Plantaginaceae Antirrhinum majus L. cycloidea Luo et al. 1996 Y16313
dichotoma Luo et al. 1999 AF199465
Linaria vulgaris L. Leyc Cubas et al. 1999 AF161252
Cyrtandroideae Bournea leiophylla GCYCI Zhou et al. 2008 EF486283
GCYe2 Zhou et al. 2008 EF486284
Chrita heterotricha Merr. ChCYCIC This study NA
ChCYCID This study NA
ChCYC24 This study NA
ChCYC2B This study NA
Conandron ramondioides Siebole & Zucc. Geyel Citerne et al. 2000 AF208321
Geye2 Citerne et al. 2000 AF208316
Cyrtandra apiculata C.B.Clark Geycel Wang et al. 2004 AY423160
Geye2 Wang et al. 2004 AY423147
Didymocarpus citrinus Ridl. GeyelC Wang et al. 2004 AY423158
GeyelD Wang et al. 2004 AY423159
Haberlea ferdinandi-coburgii Urum. Geycel Citerne et al. 2000 AF208322
Geye? Citerne et al. 2000 AF208317
Jankaea heldeichii Boiss. Geycel Moller et al. 1999 AF208332
Loxostigma sp. GeyelC Wang et al. 2004 AY423161
GeyelD Wang et al. 2004 AY423162
Primulina tabacum Hance Geycel Citerne et al. 2000 AF208320
Oreocharis benthami C.B.Clarke GCYCI Du and Wang 2008 NA
GCYC2 Du and Wang 2008 NA
Ramonda myconi Rchb. Geycel Moller et al. 1999 AF208331
Geye? Citerne et al. 2000 AF208318
Saintpaulia ionantha B.L. Burtt. GeyclA Wang et al. 2004 DQ064642
GeyclB Wang et al. 2004 DQO064644
Streptocarpus primulifolius Gand. GeyelA Citerne et al. 2000 AF208340
GeyclB Moller et al. 1999 AF208336

(data unpublished), GCYCI and GCYC2 from Bournea
leiophylla, GCYCI and GCYC2 from Oreocharis bentha-
mii, GCYC2 from Conandron ramondioides, GCYC2 from
Cyrtandra apiculata, GCYC2 from Ramonda myconi, and
GCYC?2 from Haberlea ferdinandi-coburgii (Table 1); thus,
their characteristic amino acids and motifs were identified.

Locus-specific semiquantitative RT-PCR expression
of CYC-like genes in C. heterotricha

We performed RT-PCR with flower tissues as described in
“Plant materials.” The extraction of total RNAs, purifica-
tion of poly (A) mRNAs, and synthesis of the first-strand
cDNAs were performed according to the methods described
above. The template quantity was regulated to be uniform
using the ACTIN gene (Prasad et al. 2001). PCR was
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performed by using locus-specific primers: ChCYCIC
(forward 5'-CGCCGTTTATTGAGACTTCAACC-3', re-
verse 5-CTAGAACTCTTCTTTGTATGAG-3"), ChCYCID
(forward 5'-TGTCATTTCTTGAGGTTTCAACA-3', re-
verse 5'-CTGGAACTTTTCTTTGTATGAA-3"), ChCYC24
(forward 5'-ATCAGCATCACCATGACATTCTT-3', re-
verse 5'-TCTGTACCAGGTCCTTAATGGCT-3'), and
ChCYC2B (forward 5'-ACCAGCACCACCATGA
CATTCTC-3', reverse 5'-ACTGCACCAGCTCCT
TAATTGCC-3"). To make sure each pair of primers was
suitable, we first used them to amplify genomic DNA of C.
heteroticha. The PCR products were then cloned. At least
20 clones of each PCR product were sequenced, and all the
primers we used could amplify the specific copy of CACYC
genes. The following thermocycling conditions were
employed: initial denaturation at 96°C for 3 min, 30 cycles
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of 96°C for 30 s, 55-60°C (depending on the Tm value of
primer pairs) for 30 s, and 72°C for 1 min, and a final
extension at 72°C for 10 min. The amplified products were
separated on a 1.5% agarose gel, and the density of
ethidium bromide-stained bands was determined using a
Bioimaging System (Gene Tools Program, Syngene, UK).
We repeated the RT-PCR experiments five times indepen-
dently with a new RNA extraction each time. In addition,
all RT-PCR products were cloned into pGEM-T Easy
vector, and at least 20 clones from each product were
sequenced to test the locus specificity of RT-PCR. The
ChCYCn/ACTIN ratio represented the relative level of
ChCYCn mRNA expression (n denoting /C, 1D, 24, and
2B). Data are presented as the mean£SD of independent
RT-PCR experiments, and one-way analysis of variance
was used to analyze the expression difference of these four
transcripts in various tissues from C. heterotricha. A P
value less than 0.05 was taken to indicate statistical
significance.

Results
Isolation and phylogenetic analyses of CACYC genes

We isolated four CYC-like genes from genomic DNA of C.
heterotricha. Since BLAST results showed they had high
sequence similarity to GCYCIC, GCYCID, and GCYC2,
respectively, we designated them as ChCYCIC, ChCYCID,

Fig. 2 Phylogenetic reconstruc- a
tions of CACYC genes with

related CYC-like genes. a Max-
imum likelihood optimized
phylogram of CYC (ECE) clade
genes of class II TCP gene

family, based on 80 amino acids

of TCP and R domains (boot-

strap values above 50% are

indicated; 500 bootstraps were
performed; ChCYC are shown

in bold type; CYC1/2/3 clades

are indicated). b Phylogram
calculated with the neighbor-

joining method based on nucle-

otide data of CYC-like genes

from Cyrtandroideae and Plan-
taginaceae (ChCYC genes are

shown in bold type; numbers '
indicate bootstrap branch sup- "“

AtTCP12

98)

port above 50%; arrowheads e,
T . . Licvcz oo,
indicate the duplication nods of %

ChCYC; GCYC1, GCYC2,
GCYCIA, GCYCIB,
GCYCIC, and GCYCID clades

are indicated) 01

ChCYC2B |

ChCYC24, and ChCYC2B. The full-length ORFs of
ChCYCIC, ChCYCID, ChCYC24, and ChCYC2B were
1,020, 1,044, 1,017, and 1,017 bp, respectively, which were
170 bp longer than CYC on average. Maximum likelihood
analysis of protein sequences of CACYC genes placed all
four ChCYC genes into the CYC2 subclade including
AtTCPI1, LjCYCI1, LjCYC2, LjCYC3, CYC, and DICH
with high support (79% bootstrap; Fig. 2a). In this
subclade, the four ChCYC genes were clustered into a
group (88% bootstrap), sister to CYC and DICH genes
(70% bootstrap) in a monophyletic lineage. Three LjCYC
genes formed another lineage of CYC2 (90% bootstrap).
MP and NJ analyses were congruent with ML analysis
(data not shown). These results showed that ChCYC genes
belonged to the CYC2 subclade of CYC (ECE) clade in the
TCP class II gene family, and they were closely related to
CYC and DICH genes. The phylogenetic analyses of four
ChCYC genes and other CYC-like genes from Old World
GCYC (subfamily Cyrtandroideae) were conducted with
their nucleotide sequences or amino acid sequences using
the NJ method as well as MP and ML methods, and they
had similar topology. The NJ tree (MP and ML trees were
not shown) showed that GCYC genes in Cyrtandroideae
were divided into two major clades, i.e., the GCYCI clade
(100% bootstrap) and GCYC2 clade (100% bootstrap;
Fig. 2b). Within the GCYCI clade, GCYCI from three
European genera Haberlea, Jankaea, and Ramonda were
gathered together (99% bootstrap) and were sister to the
other GCYC1 genes from the groups mainly distributed in
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Africa and Asia, which was further divided into two highly
supported subclades, i.e., GCYCIA/GCYCIB subclade
(100% bootstrap) from taxa in Africa and GCYCIC/
GCYCID subclade (100% bootstrap) from Asiatic groups.
These two subclades were both divided into two lineages.
The GCYCIC/GCYCID subclade was divided to GCYCIC
lineage and GCYCID lineage. The single copy of GCYCI
in Conandron, Bournea, Oreocharis, and Primulina were
nested within the GCYCIC lineage, while Cytandra
GCYCI was in the GCYCID lineage. All GCYC2 genes
formed a monophyletic clade including the two copies of
GCYC2 from C. heterotricha, i.e., ChCYC2A4 and
ChCYC2B. However, ChCYC24 and ChCYC2B did not
form a clade themselves but were located in different
branches of GCYC2. ChCYC2A4 was sister to Oreocharis
GCYC2 (95% bootstrap), which was sister to other GCYC2
from the taxa distributed in Asia (97% bootstrap; Fig. 2b).
In these GCYC2 genes, ChCYC2B was sister to Cyrtandra
GCYC2 (70% bootstrap) and together were sister to
Conandron GCYC2, and inclusively, they were sister to
Bournea GCYC2 (83% bootstrap; Fig. 2b). The GCYC2
genes in the two European genera were relatively isolated
from the two branches of other GCYC?2 genes isolated from
Asiatic groups.

RT-PCR expression of CACYC genes

Like A. majus, C. heterotricha has floral dorsoventral
asymmetry in the second and third whorls of floral organs
(Fig. 1). To investigate the expression of four ChCYC
genes, locus-specific semiquantitative RT-PCR was per-
formed on mRNA prepared from dissected sepal and petal
plus stamen/staminode tissue of adaxial, lateral, and abaxial
organs in middle- (1 cm) and late-stage (4 cm) flowers and
dissected sepals, adaxial/lateral/abaxial petals, and lateral/
abaxial stamens in late-stage (4 cm) flowers, and root,
shoot, leaf, young inflorescence, and flower bud (shorter
than 1 cm), respectively. The results showed that the four
copies of CYC-like genes in C. heterotricha were detected
only in floral tissues, and they differentiate spatially and
temporally in expression in developing flowers. CACYC2A4
and ChCYC2B were detected only in the young inflores-
cence, while the expression of CACYCIC and ChCYCID
was present in the young inflorescence through to the late
stage of developing flowers (Fig. 3, 4). In middle stage,
transcripts of ChCYC1C were detected both in the adaxial
and lateral regions of dissected corolla plus staminode
tissue, and ChCYCID was mainly expressed in the adaxial
petal and staminode. Transcripts of ChCYC2A4 and
ChCYC2B were undetectable in all floral parts. In the late
stage, the mRNA signal of CACYCIC declined earlier in the
lateral region than in the adaxial region, and CACYCID
expression was still restricted in the adaxial region but was
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weak compared with that in middle stage (Fig. 3a). In the
lateral floral organs, CACYCIC mainly was expressed in the
lateral staminodes in late stage (Fig. 3b). CACYC2A4 and
ChCYC2B transcripts were also undetectable in the late
stage. The weak mRNA signals in sepals and abaxial petals
plus stamens is likely due to the fused parts between them
and other floral organs.

Comparative analyses of protein sequences of CACYC
genes with CYC and other GCYC genes

The similarities in amino acid and nucleotide sequences
among ChCYC and CYC genes are shown in Table 2. TCP,
R, and ECE domains were recognized from the alignment
of their amino acid sequences (Fig. 5a). In the TCP domain,
there were three amino acid differences between ChCYC
and CYC. The first is in the BASIC region with valine (V)
replacing tyrosine (Y). The second was between the HELIX
I and LOOP regions with glutamic acid (E) replacing
aspartic acid (D), and the third was located in the HELIX II
region with valine/alanine (V/A) replacing threonine (T).
The amino acid sequences of CACYC and CYC genes were
highly divergent outside TCP and R domains. ChCYC had
a long insertion after the R domain compared to CYC, and
this is the main reason why ChCYC was 57 amino acid
residues longer than CYC. Furthermore, there were two
lineage-specific amino acid substitutions in the TCP
domain between ChCYCI and ChCYC2 gene lineages.
One, located between BASIC and HELIX I, was either
isoleucine (I) or methionine (M), and the other was in
HELIX II with either valine (V) or alanine (A). One amino
acid substitution between ChCYCI and ChCYC2 in the R
domain consisted of either lysine (K) or arginine (R).
Additionally, the 17 amino acids around the ECE motif,
recognized recently by Howarth and Donoghue (2005,
2006), were lineage-specific for the GCYCI and GCYC2
gene lineages (Fig. Sa).

ChCYCIC and ChCYCID had 84% identity in amino
acid sequences (Table 2). Through their alignment with
related GCYC! protein sequences, two putative sublineage-
specific motifs (PSLMs), which diverged between
GCYCIC and GCYCID sublineages but were conserved
inside each sublineage, were further recognized (Fig. 5a,b).
One ranged from 40 to 42 amino acids after the start codon
of GCYCI1, in which there were amino acid substitutions
between QQQ and HHH, and the other was within 242-253
amino acids after R domain in GCYCI1D with a 12 amino
acid deletion in GCYCI1C.

We have also underlined the amino acids unique to
ChCYCIC, ChCYCID, ChCYC24, and ChCYC2B genes
compared to other GCYC genes within the same lineage or
sublineage in their amino acid sequences (Fig. Sa; align-
ment not shown).
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Fig. 3 Locus-specific semi-
quantitative RT-PCRs on RNA
prepared from dissected C. het-
erotricha flower buds. a Sepal
(S) and adaxial (D)/lateral (L)/
abaxial (B) corolla plus attached
stamens were dissected from
flower buds 1 (M) and 4 cm
long (L). b adaxial/lateral/abax-
ial petals (Dp/Lp/Bp), lateral/
abaxial stamens (L#/Bt), and
sepals (S) were dissected from
4-cm-long flower buds. ACTIN
protein was used as for RT
template control. The values
(means+SD) shown are deter-
mined from five independent
experiments
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Discussion
Characterization of CYC-like genes in C. heterotricha

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). The GCYC genes
isolated previously are mostly only 70% of the ORF, in
which the important functional domain, the TCP domain, is
incomplete. Additionally, only two copies of CYC-like
genes have been identified in each species investigated to
date in Gesneriaceae, i.e., GCYCI and GCYC2 or two
copies of GCYCI. This is the first time that four copies of
full-length ORF CYC-like genes from one species have
been isolated in Gesneriaceae, i.e., GCYC/ type, ChCYCIC
and ChCYCID, and GCYC2 type, ChCYC2A4 and
ChCYC2B. Phylogenetic analysis of the four ChCYC genes
with representatives of the CYC (ECE) clade in class II
TCP genes shows that they belong to the CYC2 lineage
(Howarth and Donoghue 2006). The CYC2 lineage genes
also include the AtTCP1 gene from Arabidopsis, LiCYC2
gene from Lotus japonicus, and CYC and DICH genes from
A. majus, which all have roles in controlling the adaxial

identity of a dorsoventrally asymmetric flower. Given that
there is a closer relationship between ChCYC genes and
CYC/DICH, the four CYC-like genes in C.heterotricha
should be the homologues of CYC/DICH. Phylogenetic
analysis of the four CACYC genes along with other GCYC
genes places the new genes described herein among
previously published and characterized genes with high

el —

ChCYC1D

ChCYC2A

ChCYC2B

ACTIN

DNA root shoot leaf inflo flo

Fig. 4 RT-PCR on RNA prepared from root, shoot, leaf, young
inflorescence (inflo), and flower bud (flo; shorter than 1 cm). ACTIN
protein and total DNA of C. heterotricha were used as controls
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Table 2 The similarity among CYC-like genes in C. heterotricha and CYCLOIDIEA

Gene ChCYCIC (%) ChCYCID (%) ChCYC24 (%) ChCYC2B (%)
ChCYCID 88.48 83.81

ChCYC24 66.79 54.11 69.73 62.99

ChCYC2B 64.95 51.56 68.09 58.19 91.26 88.52

CYCLOIDEA 54.35 45.98 51.04 4522 51.56 40.00 50.79 4191

Left data are nucleotide similar identity, and the right data are amino acid similarity
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Fig. 5 Alignments of protein sequences of ChCYC genes with CYC
or other CYC-like genes from Gesneriaceae (GCYC). a Alignment of
the amino acid sequences of CYC-like genes from C. heterotricha and
CYC from A. majus. TCP, ECE, R, and two PSLMs are outlined, and
the identical amino acids are in black boxes. TCP domain consists of
BASIC, HELIX, LOOP, and HELIX motifs. ¢ and ¢ on the fop of
alignment indicate the amino acids unique to ChCYCIC and
ChCYCID, respectively, compared to other GCYC1C and GCYCI1D
(data not shown). A and A below the alignment indicate the amino
acids unique to ChCYC2A and ChCYC2B, respectively, compared to
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other GCYC2 (data not shown). Along the top of the TCP, R domain,
and around the ECE motif, % indicate the amino acids divergent
between GCYC and CYC, and v indicate the amino acids divergent
between GCYC1 and GCYC2. b Detail of PSLM I and PSLM II
based on alignments of GCYC1C and GCYCID from C. heterotricha
(ChCYCIC and ChCYCID), Loxostigma sp. (LsCYCIC and
LsCYCID), D. citrinus (DcCYCIC and DcCYCID), O. dinghush-
anensis (OdCYCI1C and OdCYCI1D; data unpublished), and GCYCl1
from D. hancei (data unpublished), O. benthamii, and B. leiophylla
(DhCYCI1, ObCYCl, and BICYCI)
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support. The phylogenetic relationships of different clades,
e.g., GCYCIA/GCYCIB, GCYCIC/GCYCID, and GCYC2
clades, conform to previous phylogenetic trees (Moller et
al. 1999; Citerne et al. 2000; Wang et al. 2004). Therefore,
the phylogenetic analysis strengthens the identification of
the four genes based on our BLAST results. In the GCYC2
clade, however, ChCYC2A is sister to Oreocharis GCYC2,
while ChCYC2B is sister to Cyrtandra GCYC2, and
together they are sister to other GCYC2 genes from
Conandron and Bournea. These results indicate that the
two copies of GCYC2 genes in C. heterotricha are not two
alleles from the same locus. In addition, the positions of
ChCYC24 and ChCYC2B located in different branches of
GCYC2, respectively, imply that the two copies do not
come from a recent duplication event, although they are
currently only known from C. heterotricha. The lack of
additional copies of GCYC2 as well as some GCYCI in
other genera of Gesneriaceae may be due to incomplete
sequence isolation in previous studies (Mdller et al. 1999;
Citerne et al. 2000; Wang et al. 2004).Thus, the ancestor of
GCYC might have undergone at least three duplications to
result in four copies of CYC-like genes in C. heterotricha.

Expression pattern differentiation of C:CYCIC, ChCYCID,
ChCYC24, and ChCYC2B

The locus-specific semiquantitative RT-PCR here shows
that the expression of each of the four copies of CYC-like
genes in C. heterotricha (Gesneriaceae) differ spatially and
temporally. ChCYCI1C and ChCYC1D are expressed both in
the young inflorescence and flowers of different stages as
CYC in A. majus. The expression of ChACYCID is restricted
in the adaxial part of flowers in C. heterotricha including
adaxial petals and staminode, while the expression of
ChCYCIC ranges from the adaxial to the lateral floral
organs. In the lateral floral domain, CACYCIC mainly is
expressed in lateral stamens. The comparison of C.
heterotricha with A. majus in floral morphology shows
that the specific expression patterns of ChCYCIC and
ChCYCI1D are strongly correlated with the differentiation of
floral dorsoventral asymmetry in C. heterotricha. In its
pentamerous flowers, the corolla lobes are characterized by
two adaxials, two laterals, and one abaxial, in which the
adaxial petals are smaller than the lateral and abaxial ones.
In the third whorl of the C. heterotricha flower, in contrast
to snapdragon with four didynamous stamens plus a
staminode at the most adaxial position (Luo et al. 1996),
only two abaxial stamens are fertile, while both the adaxial
and lateral stamens are aborted (Fig. 1; also see Li and
Wang 2004). The adaxial aborted stamen is tiny and barely
detectable at anthesis, while the two infertile lateral stamens
have short filaments that are one third or one half of the
abaxial filaments in length. The remarkable difference

between the aborted adaxial and lateral stamens is correlated
with the distinctive expression patterns of CACYCIC and
ChCYCI1D relating to different expression levels of GCYCI
in the two floral regions, i.e., dual expressions of
ChCYCIC/ID in the adaxials and single expression of
ChCYCIC in the laterals that declines earlier in floral
development. In the model species 4. majus, the abortion of
the adaxial stamen comes from CYC and DICH activities
there (Luo et al. 1996, 1999). In M. confertiflora, a close
relative of A. majus, McCYC and McDICH expressions
expand from the adaxial to the lateral stamens in the third
whorl and remains expressed in the adaxial petals in the
second whorl, leading to abortion of both the adaxial and
lateral stamens. However, no noticeable expressional
differentiation takes place among the four genes with
respect to abortion of lateral stamens in Mohavea (Hileman
et al. 2003). Our findings present the first correlation
between the abortion of lateral organs and the expression
differentiation of CYC homologues with respect to a
homeotic transformation from the adaxials to the laterals.
It seems that the functions of CACYCIC and ChCYCID are
largely redundant in the adaxial region, but they differen-
tiate in controlling the lateral organs. Further studies with in
situ hybridization and functional analysis are necessary for
exploring the localization and functional diversification of
ChCYC genes’ activities in early stages of the flower. As
the basal-most group in Lamiales s. 1., Gesneriaceae is
characteristic of weakly zygomorphic flowers (Endress
1998). The primitive zygomorphic groups in Gesneriaceae
often have four didynamous stamens (two abaxials and two
laterals) and one staminode (the aborted adaxial stamen).
The zygomorphic flowers with three staminodes at the
adaxial and lateral positions have been considered to be
derived (Burtt 1990; Wang et al. 1992; Weber 2004; Li and
Wang 2004). The expression of ChCYCIC in the lateral
regions (mainly in the lateral stamens) should be interpreted
as a gain of function, i.e., expanding from the pre-existing
adaxial expression domain to the new lateral domain in the
evolution of GCYC in Gesneriaceae.

Another interesting finding herein is that the expression
of ChCYC24 and ChCYC2B is only detected in the young
inflorescences. Their transcripts are undetectable both in
flower buds and dissected petals and stamens. Given that no
expression of ChCYC?2 is observed in vegetative organs,
their mRNA signal detected in the young inflorescences
may be related to a transient expression in the floral
meristems as AtTCP1 in Arabidopsis (Cubas et al. 2001).
These results further indicate that the duplication of genes
is often a major mechanism for the establishment of new
genes with novel functions and the generation of evolu-
tionary novelties (Moore and Purugganan 2003). The
expressional differentiations of CACYC genes contribute to
the elaboration of the floral dorsoventral asymmetry in C.
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heterotricha, which might be related to the protein
sequence changes in their coding regions or some alter-
ations in their upstream or downstream frans-regulators or
cis-elements.

Protein sequence divergence correlated with expression
differentiation

Protein sequence changes in the coding region of genes
usually play an important role in the functional differenti-
ation of the duplicated genes (Hsia and McGinnis 2003).
Transcription factors and their DNA-binding sequences,
which lie in the cis-regulatory elements of their target
genes, are of central importance to the generation of
phenotypic variation (Ramsay and Glover 2005). CYC and
CYC-like genes belong to a transcription factor family, i.e.,
the TCP family, and have two conserved functional
domains, i.e., the TCP domain and R domain. The TCP
domain contains a conserved basic helix-loop-helix (HLH)
motif in which the basic region is important in recognizing
special DNA sequences and the HLH may be involved in
protein—protein interactions (Cubas et al. 1999). The R
domain is predicted to form a coil that may mediate
protein—protein interaction. In addition to the amino acid
sequences that diverge outside the TCP and R domains
between ChCYC genes and CYC, in the TCP domain, there
are three amino acid differences between CACYC genes and
CYC, which lie in the Basic, loop and Helix II regions,
respectively. ChCYC genes have an additional long inser-
tion after the R domain compared to CYC. These character-
istics of ChCYC genes might relate to their expressional
differentiation from CYC.

Within CACYC genes, there are two lineage-specific
amino acid alterations in the TCP domain and one
amino acid change in the R domain between the two
types of ChCYC genes, i.e., ChCYCI and ChCYC2. A
motif called ECE was reported recently between the TCP
and R domains in CYC-like genes, and its function was
hypothesized to help stabilize the three-dimensional
structure of the protein (Howarth and Donoghue 2005).
The 17 amino acids around the ECE motif are lineage
specific between ChCYC! and ChCYC2. The lineage-
specific amino acid substitutions in these functional
domains, i.e., TCP, R domains, and around ECE motif,
are correlated with the expressional divergence between
ChCYCI and ChCYC2.

Comparing the amino acid sequences of CACYCIC and
ChCYCI1D with related GCYC1 genes and other CYC-like
genes outside of Gesneriaceae reveals two PSLMs (PSLM 1
and PSLM 1) that are specific to GCYC! and are divergent
between GCYCIC and GCYCI1D sublineages but conserved
inside each sublineage. Since conserved regions are usually
functional domains (Cubas et al. 1999), these two submotifs
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may have special functions in controlling floral symmetry.
The changes in protein sequence between GCYCIC and
GCYCID in the two putative submotifs are also observed
between ChCYCIC and ChCYCID. In addition to the
above protein sequence divergence within domains and
motifs, there are also numerous substitutions in the ChCYC
genes compared to other genes in the same lineage or
sublineage of GCYC. These may contribute to the floral
morphology of C. heterotricha.

Gene duplication is common in gene evolution and is the
primary source of new genes with novel functions (Gu et al.
2002). The fate of a duplicated gene is an interesting
question, in which some models have been proposed about
the connection between gene duplication and functional
diversification, such as pseudogenization, conservation of
gene function, neofunctionalization, subfunctionalization,
and subneofunctionalization (Ohno 1970; Force et al. 1999;
He and Zhang 2005.) A large amount of evidence shows
that gene expression and functional divergence generally
happen soon after gene duplication because the action of
selective pressure on the functional domain of duplicate
genes is diverse in gene evolution (Kreitman and Comeron
1999). When specialization or neofunctionalization is
complete, duplicate genes are likely to be maintained under
different functional constraints and show different substitu-
tion patterns (Zhang 2003). Our results show that the four
CYC-like genes in C. heterotricha belong to different
lineages and their spatiotemporal differentiations in expres-
sion patterns are congruent with their protein sequence
divergence, especially in conserved domains. These suggest
that ChCYC genes might have undergone an expressional
differentiation and specialization in establishing the floral
dorsoventral asymmetry in C. heterotricha responding to
different selective pressures. The different selective pres-
sures may further fix their function such that the paralogues
with specialized expression patterns derived from gene
duplication will persist.

In addition to protein sequence alterations in the coding
region, possible changes in the frans- or cis-regulatory
factor or element are also important for the expressional
differentiation of ChCYC genes. Further functional
researches, such as amino acid site-directed mutagenesis,
are necessary for revealing the regulation mechanism and
evolution of ChCYC genes in C. heterotricha. More
sampling with in situ hybridization and functional inves-
tigations on GCYC genes including their upstream and
downstream regions in Gesneriaceae are necessary to
clarify the functional differentiation among different GCYC
lineages and the evolutionary mechanism underlying gene
duplication or loss events in Gesneriaceae, which would
shed light on exploring the evolutionary history of GCYC
genes responsible for the great morphological diversity of
floral symmetry in Gesneriaceae.
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