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Positive Selection and Expression Divergence Following Gene Duplication in the

Sunflower CYCLOIDEA Gene Family

Mark A. Chapman, James H. Leebens-Mack, and John M. Burke
Department of Plant Biology, Miller Plant Sciences Building, University of Georgia

Members of the CYCLOIDEA (CYC)/TEOSINTE-BRANCHEDI (TBI) group of transcription factors have been
implicated in the evolution of zygomorphic (i.e., bilaterally symmetric) flowers in Antirrhinum and Lotus and the loss of
branching phenotype during the domestication of maize. The composite inflorescences of sunflower (Helianthus annuus
L. Asteraceae) contain both zygomorphic and actinomorphic (i.e., radially symmetric) florets (rays and disks,
respectively), and the cultivated sunflower has evolved an unbranched phenotype in response to domestication from its
highly branched wild progenitor; hence, genes related to CYC/TBI are of great interest in this study system. We identified
10 members of the CYC/TBI gene family in sunflower, which is more than found in any other species investigated to
date. Phylogenetic analysis indicates that these genes occur in 3 distinct clades, consistent with previous research in other
eudicot species. A combination of dating the duplication events and linkage mapping indicates that only some of the
duplications were associated with polyploidization. Cosegregation between CYC-like genes and branching-related
quantitative trait loci suggest a minor, if any, role for these genes in conferring differences in branching. However, the
expression patterns of one gene suggest a possible role in the development of ray versus disk florets. Molecular
evolutionary analyses reveal that residues in the conserved domains were the targets of positive selection following gene
duplication. Taken together, these results indicate that gene duplication and functional divergence have played a major

role in diversification of the sunflower CYC gene family.

Introduction

The modification of developmental pathways may
provide a powerful substrate for the evolution of morpho-
logical diversity (Ohno 1970; Purugganan 1998; Carroll
2000). Transcription factors often play key roles in devel-
opmental pathways and hence are likely to be involved in
the evolution of morphological variation (Doebley 1993;
Doebley and Lukens 1998). In both plants and animals,
transcription factors have evolved via gene duplication
and functional divergence, giving rise to families of related
genes (Scott and Weiner 1984; Purugganan 1998; Moore
and Purugganan 2005). Genome-wide investigations sug-
gest that duplicated transcription factors are more commonly
retained following polyploidization relative to other classes
of genes (Maere et al. 2005). The most well-understood
family of transcription factors in plants are the MADS-
box genes (reviewed in Yanofsky 1995; Lawton-Rauh
et al. 2000; Theissen et al. 2000). However, the TCP family
of transcription factors has also received a great deal of at-
tention for its role in regulating differential cell division and
floral symmetry in a range of species (Luo et al. 1996, 1999;
Cubas, Vincent and Coen 1999; Feng et al. 2006).

Proteins encoded by members of the TCP gene family
are characterized by the presence of a basic helix-loop-
helix domain called the TCP domain, named after maize
TEOSINTE-BRANCHEDI (TBI; Doebley et al. 1997),
snapdragon CYCLOIDEA (CYC; Luo et al. 1996), and rice
PROLIFERATING CELL FACTOR (PCF) -1 and -2
(Kosugi and Ohashi 1997). This domain is thought to be
involved in DNA-binding and protein—protein interactions
(Kosugi and Ohashi 1997, 2002). Twenty-four TCP genes
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are present in Arabidopsis. These genes comprise 2 subfa-
milies, the CYC/TBI subfamily and the PCF subfamily,
based on amino acid sequence similarity of the TCP domain
(Cubas 2002). Within the CYC/TBI subfamily, 2 clades
of genes are found. One of these, termed the “glutamate-
cysteine-glutamate” (ECE) clade by Howarth and Donoghue
(2006), contains both CYC and TB/, and all members of this
clade harbor a second conserved domain known as the “R”
domain that is thought to mediate protein—protein interac-
tions (Cubas, Lauter et al. 1999). ECE refers to a short re-
gion of sequence conservation ECE between the TCP and
R domains. Although the second clade contains a subset of
genes that also harbor an R domain, it is important to note
that this domain was independently recruited within this
clade (Cubas 2002). For reasons detailed below, this inves-
tigation focuses on the ECE clade of CYC- and TBI-like
genes, which we refer to as “CYC-like” genes.

In species that have been investigated to date, there are
between 1 (e.g., in grass species; Lukens and Doebley
2001) and 5 (e.g., in the Caprifoliaceae; Howarth and
Donoghue 2005) ECE-containing CYC-like genes. A
large-scale phylogenetic analysis of the CYC-like genes
from a wide range of flowering plant species revealed
the presence of 3 subclades of CYC-like genes within the
core eudicots, implying that 2 rounds of duplication oc-
curred before diversification of the core eudicots but after
the divergence of the core eudicots from the stem eudicots
(Howarth and Donoghue 2006).

TB1 is responsible for the difference in branching pat-
tern observed between cultivated maize and its wild progen-
itor, teosinte (Doebley et al. 1997). In maize, the th1 allele is
upregulated, increasing apical dominance (i.e., repressing
branch elongation) as compared with teosinte. Overexpres-
sion of the rice homolog of TB! in transgenic rice plants
likewise represses branching (Takeda et al. 2003); however,
the foxtail millet ortholog of TB/ has been found to
play a relatively minor role in the control of branching
in this species (Doust et al. 2004). The Arabidopsis gene



Fic. 1.—(A) Flower head of sunflower (Helianthus annuus). Disk
florets (DF) and ray florets (RF) are labeled. (B) DF are actinomorphic,
characterized by many planes of symmetry. (C) RF are zygomorphic,
characterized by a single plane of symmetry.

BRANCHEDI, a possible ortholog of maize TBI, plays
a similar role as the maize locus in determining plant archi-
tecture (Aguilar-Martinez et al. 2007).

In Antirrhinum majus (Plantaginaceae) and Lotus
Jjaponica (Fabaceae), CYC is required for the production
of zygomorphic (i.e., bilaterally symmetric) flowers (Luo
et al. 1996; Feng et al. 2006) via specific expression in
the dorsal portion of the flower. Floral symmetry also ap-
pears to be controlled in a similar fashion in other species
closely related to Antirrhinum (Cubas, Vincent and Coen
1999; Hileman et al. 2003). Although not conclusive proof
of a causative role, Howarth and Donoghue (2005) found
that duplication of 2 CYC-like genes occurred at the same
time the Caprifoliaceae diverged from other Dipsacales,
coinciding with the transition from actinomorphy (i.e.,
radial symmetry) to zygomorphy. Despite this association,
other investigations have failed to establish a direct link
between CYC-like gene number and/or sequence changes
and floral symmetry (e.g., Citerne et al. 2000, 2003; Fukuda
et al. 2003; Smith et al. 2004). Zygomorphic flowers have
evolved several times in flowering plants (Donoghue et al.
1998), and their origin is thought to have been driven by
adaptation to animal pollinator behaviors (Stebbins 1974;
Giurfa et al. 1999).

The entire sunflower family (i.e., the Asteraceae or
Compositae) is characterized by a composite inflorescence
(fig. 1A). There is, however, substantial variation in inflo-
rescence architecture among taxa within the family. Indeed,
the 3 major subfamilies are distinguished by their inflores-
cence types: discoid (i.e., composed of actinomorphic disc
florets only; the Carduoideae), ligulate (i.e., composed of
zygomorphic ray florets only; the majority of the Cichorioi-
deae), and radiate (i.e., composed of both disc and ray flor-
ets; the Asteroideae). As a member of the Asteroideae,
sunflower (Helianthus annuus L.) is therefore characterized
by an inflorescence containing both zygomorphic and acti-
nomorphic symmetric florets (fig. 1), and it has been sug-
gested that one or more CYC-like genes might be
responsible for this developmental difference in radiate spe-
cies (Gillies et al. 2002). Moreover, cultivated sunflower
(also H. annuus) has lost the highly branched architecture
that is characteristic of its wild progenitor, thereby raising
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questions about the possible involvement of CYC-like
genes in this morphological transformation. Given the po-
tential role of CYC-like genes in the diversification of
flower types in the Asteraceae, we investigated the number,
phylogenetic relationships, expression patterns, and geno-
mic locations of members of this gene family in sunflower.

Materials and Methods
Plant Material

Seeds of an inbred line of cultivated sunflower (Ames
3963) were obtained from the United States Department of
Agriculture (USDA; http://www.ars-grin.gov/npgs/). This
line has previously been used as one of the mapping parents
in a quantitative trait loci (QTL) analysis of domestication-
related traits in sunflower (see below; Burke et al. 2002).
Seeds were clipped to break dormancy, germinated on damp
filter paper, transferred to potting compost, and grown to
maturity in a greenhouse under 16-h days. Total genomic
DNA was isolated from 100 mg of leaf tissue using the
DNeasy plant mini kit (Qiagen, Valencia, CA), and total
RNA was extracted from root, leaf, ray floret (separated into
petals and ovaries), and disc floret (separated into petals,
stigmas, and ovaries) of mature plants using the RNeasy
kit (Qiagen). Total RNA was treated with RNase-free DNase
(Qiagen) to protect against DNA contamination in the
extracts.

Polymerase Chain Reaction Amplification and
Sequencing

To isolate members of the CYC gene family, polymer-
ase chain reaction (PCR) was carried out on DNA using
degenerate primers designed from the DNA sequences of
the TCP and R domains of CYC homologs from various
genera (table 1). One primer pair (CTf and CTr; table 1)
was designed based on the CYC sequence from A. majus
(Plantaginaceae; GenBank accession number CAA76176)
and maize TBI (Poaceae; AAB53060). Three further for-
ward primers and 1 reverse primer (CYCfl, CYCf2,
CYCf3, and CYCrl; table 1) were designed based on
comparisons of A. majus, Linaria vulgaris (Plantaginaceae;
AAD45359), Populus x canescens (Salicaceae; AAG43046),
and Lupinus nanus (Fabaceae; AAO88040) and an unpub-
lished sequence from Senecio squalidus (Asteraceac;
Chapman 2004).

PCR was carried out in 50 pl total volume containing
50 ng DNA, 30 mM tricine pH 8.4-KOH, 50 mM MgCl,,
100 uM of each deoxynucleoside triphosphate, 0.5 M of
each primer, and 2 units of Tag DNA polymerase. Primer
pairs were used in all 8 possible combinations. Cycling con-
ditions consisted of an initial denaturation for 3 min at
95 °C followed by 35 cycles of 95 °C for 30 s, 50 °C
for 30 s, and 72 °C for 1 min and final extension at 72 °C
for 20 min. PCR products were resolved on 1.5% agarose
gels stained with ethidium bromide. Each combination of
primers resulted in at least one band on the gel. PCR prod-
ucts were cloned into pDRIVE PCR cloning vectors (Qiagen),
transformed into competent cells, and grown overnight on
LB agar plates with antibiotic selection. Ninety-six colonies
from each of the 8 initial PCR primer combinations were
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Table 1

Primer Sequences Used in This Investigation and the Region of the TCP Domain (Forward
Primers) and R Domain (Reverse Primers) for Which the Primers Were Designed

Primer Name

Primer Sequence (5'-3")

Amino Acid Alignment

CTf AARGAYAGGCACAGCAA KDRHSK

CTr TCCTTRGTYCKYTCCCT RERTKE

CYCf1 TCTWCAAGABWTGCTAGGKTTYG LQ(E/D)(M/L)LGF

CYCf2 CAAGABWTGCTAGGKTTYGAYA Q(E/D)(M/L)LGFD

CYCf3 GARTGGCTYTTTTSCAAGTCYAA (D/EYWL(F/S/L)(N/D/T)KS
CYCrl TWGCTCTYGCYCTYGCHT (A/E)(D/K)ARAR

then screened via PCR using vector primers (T7 and SP6) at
0.2 puM concentration, an annealing temperature of 55 °C,
and a total reaction volume of 10 pl. Clones containing an
insert of the expected size (250450 bp) were then treated
with 4 units of Exonuclease I and 0.8 units of Shrimp Al-
kaline Phosphatase (USB, Cleveland, OH) and incubated at
37 °C for 45 min to prepare for sequencing. These products
were sequenced in both directions using the T7 and SP6
primers and DYEnamic (Amersham, Piscataway, NJ) se-
quencing chemistry. Unincorporated dyes were removed
by Sephadex (Amersham) cleanup, and the purified prod-
ucts were then sequenced using a BaseStation automated
DNA sequencer (MJ Research, San Francisco, CA).

All sequences obtained were analyzed for the presence
of an open reading frame and sequence homology with
other CYC-like genes (limited to the TCP and R domains).
All putative CYC-like sequences were then compared with
each other to identify unique loci. From these, gene-specific
primers were designed to amplify the 3’ ends via rapid am-
plification of cDNA ends (i.e., RACE) using the First-
Choice RLM-RACE kit (Ambion, Austin, TX). The 5’
end of each gene was amplified using either RACE or ge-
nome walking (GenomeWalker Universal kit, BD Bio-
sciences, San Jose, CA) following the manufacturers’
protocol. RACE was carried out on a 1:1 mixture of ray
floret and leaf RNA, whereas genome walking was per-
formed with total genomic DNA.

Once the entire sequence of each gene had been ob-
tained, primers were designed to amplify the full length
of each individual copy from genomic DNA. These ampli-
cons were used to confirm the sequences obtained by ge-
nomic walking and RACE and verify intron positions
via comparison against the cDNA sequences.

Phylogenetic Analyses

To aid in interpreting the relationships between the
sunflower paralogs and determine orthology with CYC-like
genes in other species, a gene tree was constructed. The
analysis was restricted to the TCP and R domains because
alignments outside these regions were not reliable (see also
Reeves and Olmstead 2003), even between some of the
more closely related paralogs. The alignment included
the 10 genes identified from sunflower plus previously pub-
lished (Howarth and Donoghue 2006) orthologs and paral-
ogs from the most closely related taxa, including 4 species
of the Dipsacales (Diervilla, Lonicera, Patrinia, and Sam-
bucus) and 1 species of the Asterales (Scaevola). Maximum
likelihood (ML) analysis was carried out on the nucleotide
alignment using PHYML v2.4.4 (Guindon and Gascuel

2003) under the HKY (Hasegawa et al. 1985) + I" model
of molecular evolution with 4 substitution rate classes. The
single CYC sequence from Aquilegia was used as the out-
group for core eudicot CYC-like genes, and bootstrapping
was conducted using PHYML with 500 replicates.

Divergence Times and Tests for Selection

To estimate divergence times of the gene family, we
carried out ML analysis of the nucleotide sequences of the
TCP and R domains of the sunflower CYC-like genes. The
Diervilla sessilifolia CYCI gene (DsCYCI; AY851166)
was included in the analysis so as to provide a calibration
point. The ML tree was used to estimate divergence times
using r8s ver. 1.71 (Sanderson 2003). For this analysis, the
node between DsCYC! and sunflower CYCla and CYCIb
sequences was constrained to 94 or 101 MYA following the
estimated divergence time of the Asterales and Dipsacales
(Wikstrom et al. 2001). The truncated Newton algorithm of
the penalized likelihood method for estimating divergence
time was used following recommendations of Sanderson
(2003) with an appropriate smoothing parameter (100) es-
timated by cross-validation (Sanderson 2002).

Patterns of molecular evolution were assessed for the
CYC gene family using CODEML within the PAML pack-
age (v.3.15; Yang 2000; http://abacus.gene.ucl.ac.uk/
software/pamlLhtml) and the fitmodel program (v0.5.2;
Guindon et al. 2004; http://www.cebl.auckland.ac.nz/
~sguindon/fitmodel.html). Our initial alignment was based
on the results of BLAST (non-redundant [nr] and database
expressed sequence tag [dbEST]) searches (Altschul et al.
1997) and was limited to only CYC-like genes that contained
the full TCP and R domains. CODEML was used to estimate
branch-specific frequencies of synonymous substitutions
per synonymous site (dS) across all CYC gene family mem-
bers. We found that the per-site frequency of synonymous
substitutions was saturated (dS values >1.0) on many inter-
nal branches. Such saturation can confound accurate esti-
mation of selective constraint (o = dN/dS; the ratio of
nonsynonymous to synonymous substitutions). Therefore,
we limited our analysis of dN/dS to clades within the CYC1,
CYC2, and CYC3 subfamilies that included all sunflower
genes and did not include branches with dS > 1. Separate
tests for shifting selective constraint were subsequently run
for each subfamily.

A series of likelihood ratio tests (LRTs) were per-
formed to investigate whether some sites were evolving un-
der positive Darwinian selection on all or some of the
branches in the CYCI, CYC2, and CYC3 gene trees. Tests



were performed for variation in dN/dS across sites and
switching from one dN/dS rate ratio class to another across
the gene trees (Guindon et al. 2004). Two sets of tests for
3 rate ratio classes were applied: one with a neutral rate ratio
class (v = 1; model M2a of Wong et al. 2004) and the
other without any constraint for ML estimation of the 3—rate
ratio classes (model M3 with 3-rate ratio classes). Wong
et al. (2004; also see PAML user documentation) assert
that, whereas the M3 model can be used to test for hetero-
geneity in selective constraint, the M2a model is more ap-
propriate for identifying signatures of positive selection.
Therefore, we first tested for rate heterogeneity by applying
the M3 model and then tested for positive selection (M2a)
when we found evidence for rate heterogeneity. A 1-rate
ratio model (MO) was used as the null hypothesis to test
for heterogeneity among sites (M3), and a 2-rate ratio
model with ®; < 1.0 and ®w, = 1 (Mla) was used as
the null hypothesis for testing positive selection with
o; < 1.0, m, = 1, and w3 > 1 (M2a).

When we found rate heterogeneity across sites, we
tested for switching among rate ratio classes across the gene
tree. Guindon et al. (2004) introduced 2 models for switch-
ing among rate ratio classes: one with a parameter, J, spec-
ifying the overall switching rates among rate ratio classes
(S1) and another with 2 additional parameters, o and f3, to
allow for unequal switching rates among 3 dN/dS classes
(S2). LRTs were used to test for shifting rate ratio across
the gene tree (e.g., M2a vs. M2aS1) and unequal switching
among rate ratio classes (e.g., M2aS1 vs. M2aS2). When
null hypotheses were rejected, the alternative hypothesis
was used to estimate posterior probabilities for the assign-
ment of sites to rate ratio classes on each branch, implying
significant variation in dN/dS across sites and branches
(Guindon et al. 2004).

Expression Analysis

We performed reverse transcriptase—polymerase chain
reaction (RT-PCR) using the One-Step RT-PCR kit (Qia-
gen) to investigate the expression patterns of the 10 CYC-
like genes in the tissues listed in “Plant Material.” Actin
was amplified from each tissue as an internal control. Fol-
lowing the reverse transcription reaction (30 min at 50 °C)
and polymerase activation (15 min at 95 °C), 35 cycles
of PCR were carried out as described above except that
the annealing temperature was optimized for each gene
(55-63 °C). Products were resolved on agarose gels and
sequenced to confirm intron positions.

Genetic Mapping

The sunflower line we used was one of the parents of
the wild x cultivated F3 mapping population used by Burke
et al. (2002). We sequenced the 10 genes in a subset of
individuals drawn from a recombinant inbred line (RIL)
population derived from the original F; population. Poly-
morphisms were detected for 7 of the 10 loci, which al-
lowed these genes to be mapped using PCR-restriction
fragment length polymorphisms (RFLPs). Briefly, for each
gene in each RIL, PCR amplification was carried out in a
10 pl reaction volume, digested with the appropriate restric-
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F1G. 2.—Schematic diagram of the predicted mRNAs from 10 CYC-
like loci in sunflower. All lengths are to scale. The TCP and R domains
are of fixed length in all genes and indicated by boxes. The start and stop
codons are indicated by an arrow and an asterisk, respectively. Dashed
lines indicate the 3" UTR determined by 3" RACE. Introns are shown as
triangles and are dashed when they are present in the 3 * UTR.

tion enzyme, and the resultant RFLPs scored from agarose
or acrylamide gels. The remaining 3 genes were sequenced
and found to be polymorphic in an F, population derived
from a cross between a primitive sunflower landrace (Hopi)
and wild sunflower (Wills and Burke 2007) and were thus
mapped in this second population using PCR-RFLPs.
Linkage mapping for each population was carried out using
MAPMAKER 3.0/EXP (Lander et al. 1987; Lincoln et al.
1992). Recombination fractions were translated into centi-
morgan distances following Kosambi 1944. Initially, the
“group” command in MAPMAKER was used to combine
markers with logarithm of the odds >10.0 and 6 < 0.2 and
marker orders were explored using the “compare” command.

Results
The CYC-Like Gene Family

Our degenerate PCR approach revealed that sunflower
contains 10 members of the CYC-like family of TCP
transcription factors. The full-length sequences have been
deposited in GenBank wunder accession numbers
EU088366—-EU088375. Excluding introns, the length of
each gene varied from 807 to 1,245 bp (269—415 predicted
amino acids), and all 10 contain the expected conserved
TCP and R domains (fig. 2). In addition, the 2 CYCI-like
genes also contained a region very similar to the ECE
region of CYCI genes in the Dipsacales. Comparison of
the genomic and mRNA sequences confirmed that an intron
is present in the coding region of 4 genes and in the 3’
untranslated region (UTR) of an additional 3 (fig. 2).
HaCYC3c appears to be alternatively spliced.

Ancient Duplications in the Sunflower CYC Gene Family

The 10 sunflower CYC-like genes fall into 3 clades
based on ML analysis of the nucleotide sequence of the
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TCP and R domains (fig. 3). These 3 clades are consistent
with previous studies in other species (Howarth and Donog-
hue 2005, 2006) and were used as the basis for the naming
scheme of the sunflower genes. As observed by Howarth
and Donoghue (2006), the CYC2 and CYC3 clades are more
closely related to each other than to the CYC/ clade (fig. 3).

Examination of the gene tree shows that gene dupli-
cation has played a major role in the evolution of the
CYC-like gene family in sunflower and, as described pre-
viously (Howarth and Donoghue 2006), there has been
a complicated pattern of gene duplication and loss within
each clade. For example, in the CYC2 clade, an ancient du-
plication occurred in the Dipsacales as evidenced by the
CYC2a and CYC2b genes for 3 species of the Dispacales
(Ds, Lh, and Pt in fig. 3A) and 4 independent duplication
events have occurred within the Asteraceae which gave rise
to 5 HaCYC2 genes (fig. 3).

CYCI-Like Genes

In previous studies, only a single copy of CYCI has
been recovered from most species investigated (Lukens
and Doebley 2001; Howarth and Donoghue 2006); how-
ever, in the Ranunculales (sister to all other eudicots) as
well as in the present study, 2 CYC! copies were identified
(Kolsch and Gleissberg 2006; Damerval et al. 2007). These
duplications appear to have occurred independently as the
gene tree shown in figure 3A indicates that the CYC/! du-
plication in Helianthus occurred since the split between the
Asterales and Dipsacales. Moreover, previous analyses
have indicated that the core eudicot CYC-like genes di-
verged independently of the stem eudicot CYC-like genes
(Howarth and Donoghue 2006). The expression patterns of
these genes have also diverged, with HaCYCla being ex-
pressed in all tissues except roots and HaCYC1b only ex-
pressed in petals (fig. 5).

CYC2-Like Genes

Five of the 10 sunflower CYC-like genes are CYC2-
like genes. Although previous studies have generally found
more CYC2-like genes than CYC!- or CYC3-like genes, no
more than 3 such genes have ever been reported from other
species (Howarth and Donoghue 2006). As described
above, phylogenetic analyses suggest independent CYC2-
like gene duplications within the Asterales and Dipsacales
(fig. 3A). Further, independent duplication events are evi-
dent within the Asterales in lineages leading to Scaevola
and Helianthus.

Within Helianthus, there have been several CYC2-like
gene duplications, with a basal split occurring approxi-
mately 44 MYA followed by further duplications (table
2, fig. 4), and these duplications have been followed by ex-
pression changes (fig. 5). One gene (HaCYC2b) is
expressed in every tissue tested and an additional 2 (HaCY-
C2a and e) are expressed across all floral parts but not in
leaves or roots. The other 2 CYC2 genes are expressed
much more specifically, with HaCYC2d expressed in disk
petals and ray florets and HaCYC2c expressed in ray florets
only (in both the petal and ovary). Phylogenetic analyses

place HaCYC2d and HaCYC2c in separate clades, implying
independent canalization or expansion of expression do-
mains for sunflower CYC2 genes. Note that, although
CYC gene expression has not been reported previously
in carpel tissue, the finding that CYC expression in the
ovary does not appear to be due to either DNA contamina-
tion (see above) or contamination of the ovary RNA with
that from the petal. Indeed, in the case of petal contamina-
tion, we would expect all petal-expressed genes to appear to
be ovule expressed, as well. Contrary to this expectation,
some genes are expressed in the petal but apparently not
in the ovary (e.g., HaCYC2d, fig. 5).

CYC3-Like Genes

As seen within the CYCI- and CYC2-like genes, the 3
CY(C3-like genes from Helianthus were found to be the
products of duplication since the divergence of the Aster-
ales from the Dipsacales. Interestingly, the timing of these 3
duplications is very similar at approximately 41-44 MYA.
This CYC3 split is shared with the split between the 2 Scae-
vola CYC3 genes (table 2, fig. 4). The 3 HaCYC3 genes are
expressed in most tissues tested (fig. 5); however, CYC3c
shows the expression of 2 minor transcripts in some tissues
(fig. 5) consistent with the occurrence of alternative splicing
(see fig. 2).

Map Positions of Duplicate Genes

Some clustering of the CYC-like genes in sunflower is
evident from the genetic map (fig. 6). Three CYC2-like
genes are found within 2 cM on LG9, and 2 others (CYC2a
and CYC3a) are found within 3 ¢cM on LG12. The remain-
ing 5 genes are, however, found on separate linkage groups.

Shifting Patterns of Selection in CYC2 Subfamily

Variation in the mode of selection acting on the TCP
and R domains of CYC!I-, CYC2-, and CYC3-like genes was
assessed via analyses of the ratio of nonsynonymous to syn-
onymous substitution rates (®). These domains were gen-
erally found to be evolving under strong purifying
selection, and we could not reject the null hypothesis that
all sites in the CYC/ and CYC3 alignments were subject to
the same high level of constraint (o < 0.1; table 3). In con-
trast, significant across-site heterogeneity in ® was
observed in CYC2 TCP and R domain alignment. More-
over, we found evidence for shifting modes of selection
across the Asteraceae CYC2 gene tree with adaptive evolu-
tion (@ > 1.0) inferred at 4 sites following the first dupli-
cation in the CYC2a,b,c clade (table 3, fig. 7). Whereas the
LRT failed to detect an improvement in the 3-rate ratio
model relative to the 2 class model with one dN/dS ratio
fixed at 1.0 (test of model 2a vs. 1a, table 3), models includ-
ing switching among classes showed a significantly better
fit relative to simpler no-switching models (i.e., M3S1 vs.
M3 and M2aS1 vs. M2a). Very slight and nonsignificant
improvements in likelihoods were observed when switch-
ing rates varied depending on rate ratio classes (i.e., M3S2
vs. M3S1 and M2aS2 vs. M2aS1). Positive selection
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Fi6. 3.—ML trees generated by PHYML showing relationships between putative CYC-like genes based on the 177-bp TCP domain and 54-bp R
domain. The single CYC-like gene from Aquilegia (Afxp) was used to root both trees. Numbering of each locus follows the original reference or the
expressed sequence tag GenBank accession number. Bootstrap percentages are given above branches where >50%. (A) To identify orthologs and
paralogs of previously published CYC-like genes, the 10 novel CYC-like genes from Helianthus annuus (Ha) were aligned with CYC-like genes isolated
from Diervilla sessilifolia (Ds), Lonicera heteroloba (Lh), Patrinia triloba (Pt), Sambucus canadensis (Sc), and Scaevola aemula (Sa). (B) For the
analysis of selection, the 10 sunflower genes were aligned with sequences from GenBank (nr and dbEST) that comprised the entire TCP and R domains.
Species abbreviations are Antirrhinum majus (Am), Aquilegia formosa x A. pubescens (Afxp), Arabidopsis thaliana (At), Catharanthus roseus (Cr),
Gossypium raimondii (Gr), Helianthus spp. (Hel), Lactuca spp. (Lac), Malus domestica (Md), and Zea mays (Zm). Taxa are labeled phylogenetically
according to the inset, and the sequence from Aquilegia was used as the outgroup following Howarth and Donoghue (2006). Due to saturation of
synonymous substitutions on many long branches, the analyses of variation in selective constraint were limited to the 3 clades indicated by gray boxes.
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Table 2
Divergence Time Estimates for the CYCLODEA-Like Gene
Family in Sunflower

Upper Lower

Estimate Estimate Mean
Gene Duplication MYA) (MYA) (MYA)
2/3 70.65 65.75 68.20
3a/3b + 3c 45.18 42.05 43.62
2a + 2b + 2c/2d + 2e 45.07 41.95 43.51
la/1b 42.55 39.60 41.08
2a + 2b/2c 37.62 35.02 36.32
2d/2e 30.85 28.71 29.78
2a/2b 27.84 2591 26.88
3b/3c 18.50 17.22 17.86

(o > 1.0) at 3 amino acids in the TCP domain (one each
in basic, helix I and helix II) and 1 in the R domain was
inferred (posterior probabilities >0.9), regardless of
whether 1 of the 3 rate ratio classes was set to neutrality
(o = 1.0; model M2aS1 or S2) or ® was estimated for all
3 of the rate ratio classes (M3S1 or S2). Interestingly, sig-
natures of positive selection for all 4 of these sites are re-
stricted to branches following the CYC2¢/CYC2a,b
duplication (fig. 7). The ML tree of the CYC2 genes
(figs. 3B and 7) showed poor support for the (CYC2c,
(CYC2a, CYC2D)) topology, so we repeated the analysis
with alternative topologies including clades (CYC2a,
(CYC2b, CYC2c)) or (CYC2b, (CYC2a, CYC2c¢)). In all
cases, LRTs supported the positive selection model with
varying site-specific heterogeneity in dN/dS across the
tree and equal switching rates among rate ratio classes
(data not shown). The same 4 sites showed evidence of
positive selection on branches following early diversifica-
tion within the CYC2a/CYC2b/CYC2c clade. Also note-
worthy is the observation that analyses including only
the sunflower CYC2-like genes (no ESTs) provided signif-
icant support for adaptive evolution at the same 4-codon
positions (data not shown).

Discussion

The role of CYC-like genes in flower development has
previously been investigated in a range of species across
numerous plant families. Somewhat surprisingly, however,
these genes have received little attention in the Asteraceae
(but see Gillies et al. 2002; Abbott et al. 2003), which is one
of the largest families of flowering plants and one which
displays extreme diversity in floral morphology (Funk
et al. 2005). A search of the Compositae genome project
database reveals that the CYC-like genes identified here
are not present in the H. annuus database. Characterization
of CYC-like genes in the Asteraceae represents the first step
in determining whether or not they play a role in determin-
ing floral symmetry in these species, some of which carry
zygomorphic and actinomorphic florets within the same in-
florescence (e.g., fig. 1).

Gene Structure

The sunflower CYC-like genes described herein had
similar overall gene structure as compared with previously
characterized members of this gene family from other spe-
cies. Three of the CYC2-like genes that we identified were
found to have introns in their 3" UTRs, which has previ-
ously been reported for CYC in Antirrhinum (Luo et al.
1996). In general, UTRs are known to play a central role
in gene expression by modulating mRNA localization, sta-
bility, and translational efficiency (e.g., Morello et al. 2002;
Menossi et al. 2003; Kim et al. 2006; Morello et al. 2006;
reviewed in Wilkie et al. 2003 and Hughes 2006), and in-
trons in such regions are relatively uncommon. Moreover,
the majority of investigations of UTR-borne introns have
focused on those located in 5’ UTRs, presumably because
they are more prevalent than introns in 3° UTRs (Hong et al.
2006). Whereas the function of UTR introns remains rela-
tively poorly understood, the available evidence suggests
that they influence expression levels (e.g., Chung et al.
2006; Kim et al. 2006). Interestingly, for one gene (CYC2e),
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Fi. 4—Chronogram showing the estimated duplication events within the sunflower CYC-like gene family. Scale is in MYA, and mean
divergence time is plotted (see table 2). The tree was rooted using the CYCI genes. The node indicated with a star was constrained to 94 or 101 MYA.

The near-coincident duplications in all 3 lineages are indicated by circles.
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Fic. 5.—Expression of 10 CYC-like genes in sunflower following 35 cycles of RT-PCR. The ML tree of the 10 genes is shown on the left. Tissues
analyzed: mature disk (D), young disk (Dy), very young disk (Dvy), disk petal (Dp), disk stigma (Ds), disk ovary (Do), ray petal (Rp), ray ovary (Ro),

leaf (Lf), and root (Rt).

expression in ray florets appears to result in 2 different tran-
scripts, one of which is unspliced such that it retains the 3’
intron (fig. 5).

Number of Loci and Their Relationships

Previous studies of CYC-like genes in a variety of spe-
cies have revealed the presence of between 1 and 5 genes
per species. Monocots and magnoliids contain just 1 CYC-
like gene (Lukens and Doebley 2001; Howarth and Donog-
hue 2006), consistently found in the CYC! subclade. In the
Papaveraceae and Fumariaceae (Ranunculales; stem eudi-
cots), 2 CYC-like genes are present, representing a duplica-
tion of an ancestral CYC/-like gene; as such, these species

do not contain CYC2- or CYC3-like genes (Kolsch and
Gleissberg 2006; Damerval et al. 2007). Most species of
both the asterids and rosids contain members of all 3 classes
of CYC-like genes, indicating that the 3 major lineages of
CYC-like genes arose before the asterid/rosid split, which
occurred approximately 120 MYA (Wikstrom et al. 2001).

Our analysis of CYC-like genes in sunflower confirms
the presence of the 3 distinct gene lineages in a member of
the Asteraceae. Whereas no CYC/-like gene was reported
in a previous investigation of another member of the Aster-
ales, the authors of that study suggested that this result
might be an artifact of difficulties in amplifying CYC!-like
genes (Howarth and Donoghue 2006). Nonetheless, the dis-
covery of 10 CYC-like genes indicates that gene duplication
has been a prominent factor in the evolution of this gene
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FiG. 6.—Linkage map of sunflower showing map positions of the 10 CYC-like genes (boxed). Linkage groups 4, 9, 12, and 16 are taken from a set
of 184 RILs, whereas linkage groups 2, 15, and 17 are from 192 hopi x wild F2 plants. See text for details.

family in Helianthus, resulting in far more copies than have
previously been identified in any taxon studied to date.

Evolution of the CYC-Like Gene Family

If we presume that, in all species analyzed thus far, all
the CYC-like genes that are present have been discovered,
then a complex picture of gene loss and duplication begins
to emerge. Some general patterns are, however, evident.
Most notable among these is the presence of 3 clades of
CYC-like genes in most core eudicots that have been inves-
tigated. Additionally, within each of these 3 clades, all
further CYC duplications that are evident in Helianthus

have occurred since the split between the Dipsacales and
Asterales (fig. 3).

Although some gene duplication and loss is expected
for gene families, it is also likely that the use of degenerate
PCR primers to determine the total number of members of
a gene family instead provides an estimate of the minimum
number of genes within that species (Linhart and Shamir
2005). By incorporating results of a search of the National
Center for Biotechnology Information dbEST (http://www.
ncbi.nlm.nih.gov/dbEST/), however, we found that all
ESTs derived from members of the Asteraceae are closely
related to the sunflower CYC-like genes (data not shown),
providing more (albeit not complete) confidence that other



Table 3
LRTs for Variation in ®
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LRT Statistic

Clade Model In(Likelihood) (Models; df; P Value) o Estimates (Proportion of Sites)
CYClI MO —621.044 ®; = 0.10 (1.0)
M3 —619.196 3.696 (MO vs. M3; o; = 0.05 (0.77); @, = 0.35 (0.12); ®3; = 0.36 (0.11)
4; 0.44)
CcYC2 MO —1022.846 o; = 0.14 (1.0)
M3 —1010.254 25.183 (MO vs. M3; ®; = 0.00 (0.32); ®, = 0.13 (0.53); ®3; = 0.65 (0.15)
4; 4.62E-5)
M3S1 —1005.007 10.494 (M3 vs. M3S1; o; = 0.07 (0.93); w, = 0.10 (0.04);
1; 0.0005) w3 = 3.22 (0.03); 5 = 0.33
M3S2 —1004.283 1.448 (M3S1 vs. M3S2; ®; = 0.05 (0.933); w, = 1.37 (0.066);
2; 0.48) w3 = 100.00 (0.001); 6 = 0.37; R12 = 5.53;
R13 = 65.9; R23 = 1366.32
Mla —1010.910 ®; = 0.09 (0.88); m, = 1.0 (0.12)
M2a —1010.664 0.493 (Mla vs. M2a; o; = 0.05 (0.733); w, = 0.46 (0.261);
2; 0.77) o3 = 1.0 (0.006)
M2aS1 —1005.023 11.28 (M2a vs. M2aS1; ®; = 0.05 (0.952); ®, = 1.0 (0.002);
1; 0.00078) w3 = 3.25 (0.046); 5 = 0.32
M2aS2 —1005.001 0.024 (M2aS1 vs. M2aS2; ®; = 0.05 (0.948); w, = 1.0 (0.006);
2; 0.99) w3 = 3.22 (0.046); 5 = 1.06; R12 = 73.56;
R13 = 1.49; R23 = 115.35
CcYC3 MO —679.458 ®; = 0.06 (1.0)
M3 —678.539 1.837 (MO vs. M3; »; = 0.05 (0.93); , = 0.32 (0.06);

4;0.77)

w3 = 9.58 (0.01)

Note.—Estimated P values are based on position of LRT statistic [2 x (log likelihood [H,] — log likelihood [H,,;])] in % distribution with reported degrees of freedom
(df) when 2 or greater and a 50:50 mixture of %0 and 1 in comparisons with just one extra parameter for the alternate hypothesis (Self and Liang 1987). Values highlighted

in bold are indicative of positive selection and are explained in the text.

clades of CYC-like genes were not “missed” in our inves-
tigation of Helianthus due to primer design.

Insights into Sunflower Genome Evolution

Because sunflower is a paleopolyploid (Sossey-Alaoui
etal. 1998), one might expect to find evidence of large-scale
duplications based on the map positions of closely related
members of a gene family such as the CYC-like genes.
More specifically, barring further rearrangement, pairs of
genes resulting from segmental duplication should be found
in close proximity to one another, whereas duplication
events tracing back to polyploidization should result in
pairs of loci split between different chromosomes (e.g.,
Guillet-Claude et al. 2004; He et al. 2004; Soranzo et al.
2004; but see Kanazin et al. 1996; Michelmore and Meyers
1998; Holland et al. 2000). The map positions of the Ha-
CYC-like gene family provide some evidence of large-scale
genome duplications, in that the daughter loci following the
CYCI and CYC3 duplications approximately 41-44 MYA
are found on different linkage groups; however, the situa-
tion is less clear for the CYC2 clade. Whereas 2 lineages
(CYC2d/e vs. CYC2alb/c) likewise appear to have diverged
at the same time, mapping revealed tight linkage associa-
tions between some of the more distantly related genes
(e.g., CYC2b and e on LG 9; table 2, fig. 6). It is thus pos-
sible that this association is the result of tandem duplica-
tions followed by translocations, consistent with the
highly dynamic nature of the sunflower genome (Burke
et al. 2004). This result, taken alongside the similar
divergence estimates for duplication events within the 3
major clades of CYC-like genes, supports the occurrence
of a polyploidization event approximately 41-44 MYA.

This is somewhat earlier than predicted based on the hy-
pothesis that the polyploid event occurred at the base of
the Heliantheae sensu lato (Baldwin et al. 2002), which
diverged from the remainder of the Asteroideae approxi-
mately 20 MYA (Kim et al. 2005).

A Role in Shoot Branching?

As noted above, sunflower domestication involved
a loss of the highly branched growth form that is character-
istic of wild sunflower, resulting in an unbranched culti-
vated form topped by a single, large inflorescence. There
are, however, some branched breeding lines, and previous
work has revealed that this sort of branching results from
the effects of either 1 single major locus called B (Putt 1964;
Tang et al. 2002, 2006) or 2 loci (top- and bottom-branching;
Gentzbittel et al. 1999). Despite the apparently simple ge-
netic control of branching in specific cultivar x cultivar
crosses, QTL mapping has revealed that branching is under
relatively complex control in wild x cultivated sunflower
mapping populations (Burke et al. 2002; Wills and Burke
2007).

Although the B locus is known to map to LG10 (Tang
et al. 2002, 2006), none of the CYC-like genes that we iden-
tified mapped to this linkage group, suggesting that the B
locus does not represent a CYC-like gene. Similarly, the 2
sunflower CYC-like genes that are most similar to maize
TBI (HaCYCla and 1b) are found on LG4 and LG2, re-
spectively, and no branching-related QTL have ever been
found on either of these linkage groups (Burke et al. 2002;
Tang et al. 2002, 2006; Wills and Burke 2007). The Ha-
CYC3b and 3c loci, however, exhibit overlap with branch-
ing-related QTL on LG16 and LG17, respectively, in the
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HelEE621959 A - HelEE621959 B
-HaCYC2e - HaCYC2e
HaCYC2d HaCYC2d
-HaCYC2c - HaCYC2c
LacDW167528 = LacDW167528
l =  HaCYC2b l - HaCYC2b
SvDY662710 SvDY662710
codon 9 codon 31
HaCYC2a - HaCYC2a
HelEE621959 C  HelEE621959 D
HaCYC2e HaCYC2e
HaCYCz2d HaCYC2ad
- HaCYC2c = HaCYC2c
LacDW167528 LacDW167528
- HaCYC2b |I L HaCYC2b
- SvDY662710 . SvDY662710
codon 54 codon 60
-HaCYC2a HaCYC2a
B TCP domain R domain
9 31 54 60
HaCYC2a KKDRHSKIFTAQGPRDRRVRLSIDISKKFFGLODLLGFDKASKTLDWLFTRSKAAIKDL ... SQLRAEARARARERTLEK
HaCYC2b KKDGHSKICTAGGLRDRRVRLSIDISRKFFCLOELLGFDKASKTLDWLEFTKSLTAIKDL ... EQSRAEARERARKRTKEK
HaCY¥C2c KKDGHSKIYTAQGPRDRRVRLSIDIARKFFVLQDLLGFDKASKTLDWLFTKSKKAIKEL ... GQSRAEARARARERTKQK
HaCY¥C2d KKDGHSKIHTAQGPRDRRVRMSIDVARKFFYLQODLLGFDKASKTLDWLFTKSKIAIKEL ... NQSRAEARARARERTKEK
HaCYC2e NKDHHSKIHTAQGPRDRRVRLSIEVAKRFFYLODLLGFDKGSKTLDWLEFNKSKNSIDEL ... NQSRAEARARARERTKEK
DW167528 KKDGHSKIYTARGPRDRRVRLSIEISRKFFCLODLLGFDKPSQTLDWLFSKSLTAINEL ... DQCRTEARARARERTREK
DY662710 KKDRHSKIFTAQGPRDRRVRLSIDISKKFFGLODLLGFDRKASKTLDWLFTKSKIAIKDL ... SQLRAEARARARVRTIEK
EE621959 KKDHHSKIHTTQGPRDRRVRLSIEVAKKFFCLODMLGVDKASKTLDWLFEKSKISIKEL ... NQSRAEARARVRERTKEK

FiG. 7.—Four sites in the TCP and R domains of the CYC-like gene family are under positive selection. (A-D) The posterior probabilities (pps) for
these sites evolving under positive selection (w; = 3.25 in the M2aS1 analysis) are indicated on the trees where black and gray denote pp >0.9 and
<0.9, respectively. (E) An alignment of the TCP and R domains of CYC2 sequences from the Asteraceae shows a high degree of variability at amino

acid sites 9, 31, 54, and 60 (highlighted).

primitive domesticate x wild F, QTL population of Wills
and Burke (2007) and also show expression in vegetative
tissue (fig. 5). It is therefore possible that one or both of
these loci play a minor role in the branching differences that
arose during sunflower domestication.

A Possible Role in Floral Symmetry

The finding that one of the CYC-like genes (Ha-
CYC2c) is only expressed in ray florets is extremely inter-
esting in the context of floral symmetry. As noted above,
ray florets are zygomorphic, whereas disc florets are acti-
nomorphic, and it has been suggested that a gene control-
ling floral symmetry might control the development of
ray florets (Gillies et al. 2002). In fact, some species in
the Asteraceae are polymorphic for the presence/absence
of ray florets and, where it has been investigated, simple

genetic control (i.e., 1 or 2 major genes) has been implicated
(e.g., Senecio vulgaris [Trow 1912]; Senecio jacobaea
[Andersson 2001]; Layia spp. [Ford and Gottlieb 1990]).
Until now, CYC-like genes have received little attention
in the Asteraceae; however, the possible role of a CYC-like
gene in determining the presence/absence of ray florets is
being investigated in S. vulgaris (Abbott et al. 2003).

Gene Duplication and Functional Divergence

It has previously been suggested that a common out-
come of gene duplication is sub- and/or neofunctionaliza-
tion (e.g., Lynch and Force 2000; Duarte et al. 2006).
Consistent with this view, there is clear evidence of diver-
gence in expression patterns across duplicates within all 3
clades of sunflower CYC-like genes. This is most notable in
the CYC2 lineage, in which 3 genes are expressed in all



floral tissues, 1 is restricted to rays and disks, and 1 is re-
stricted to just ray florets. In this clade, we found very
strong evidence that positive selection has promoted diver-
gence of the CYC2a, b, and ¢ genes (table 3, fig. 7). Two of
the 4 amino acids under selection are found in the helices of
the TCP domain and may therefore alter the secondary
structure of the proteins. Although the role of the R domain
is less well understood than that of the TCP domain, a role
in protein—protein interactions has been hypothesized;
hence, positive selection on an amino acid in the R domain
also hints at functional divergence. When coupled with the
notable divergence in expression, it appears that these genes
have been under selection for functional divergence. In this
context, it is worth noting that Ree et al. (2004) found ev-
idence for positive selection operating on a CYC paralog in
the genus Lupinus that corresponded to a shift in floral mor-
phology, although Hileman and Baum (2003) could not re-
ject the null hypothesis of consistent purifying selection
across a comparison of CYC-like genes from Antirrhinum
and its relatives. The possibility of functional divergence in
response to divergent selection among paralogs in sun-
flower could be explored further through experimental in-
vestigation of variation at the 4 amino acid sites in the CYC2
alignment showing signatures of positive selection (e.g.,
Barkman et al. 2007).

Conclusions

Despite being relatively young (ca. 42—49 MYA; Kim
et al. 2005), the Asteraceae is among the largest of plant
families with an estimated 24,000-30,000 species (Funk
et al. 2005; Stevens 2006), indicating that it has experienced
a rapid radiation since its origin. Given the diversity of flo-
ral forms within this family, it seems likely that this radi-
ation was driven, at least in part, by floral diversification.
Assuming this to be true, the expansion and neofunction-
alization of gene families involved in floral development,
such as the CYC-like genes, may have played a role.
The Goodeniaceae are the closest relative of sunflower that
has been investigated with respect to CYC-like genes and
are known to contain 4 CYC-like genes (Howarth and Do-
noghue 2006). Our finding, that sunflower has 10 CYC-like
genes, indicates that gene duplication has been a prominent
factor in the evolution of this gene family. Moreover, fol-
lowing gene duplication events in the CYC2 lineage, it ap-
pears that these genes may have experienced sub- and/or
neofunctionalization. It is also noteworthy that, within this
clade, only 1 of the 5 genes is expressed outside of floral
tissue. Helianthus is highly derived within the Asteraceae,
and we are currently investigating the evolution of the CYC-
like genes across the family to determine the timing and
phylogenetic position of gene duplications and investigate
the relationship between these events and the diverse floral
forms that are present in the family.
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