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The genetics underlying flower symmetry shifts between radial and bilateral symmetry has been intensively studied in the
model Antirrhinum majus. Understanding the conservation or diversification of this genetic pathway in other plants is of
special interest in understanding angiosperm evolution and ecology. Evidence from Antirrhinum indicates that TCP and
MYB transcription factors, especially CYCLOIDEA (CYC), DICHOTOMA (DICH), DIVARICATA (DIV), and RADIALIS
(RAD) play a role in specifying dorsal identity (CYC, DICH, and RAD) and ventral identity (DIV) in the corolla and
androecium of monosymmetric (bilateral) flowers. Previous data indicate that the ECE clade of TCP genes (including
CYC and DICH) underwent two duplication events around the diversification of the core eudicots. In this study, we
examined the duplication events within Dipsacales, which contains both radially and bilaterally symmetrical flowered
species. Additionally, we report here the phylogenetic relationships of the DIV-like genes across core eudicots. Like TCP
genes, we found three core eudicot clades of DIV-like genes, with duplications occurring around the diversification of the
core eudicots, which we name DIV1, DIV2, and DIV3. The Antirrhinum genes, DIVARICATA and its sister DVL1, fall
into the DIV1 clade. We also found additional duplications within these clades in Dipsacales. Specifically, the
Caprifoliaceae (bilaterally symmetrical clade) duplicated independently in each of the three core eudicot DIV clades.
Using reverse transcription polymerase chain reaction (rtPCR), we showed that most of these copies are expressed across
floral tissues in the Dipsacales species Heptacodium miconioides. One copy, DipsDIV1A (orthologous to DIV and
DVL1), was expressed in a dorsal–ventral pattern. DipsDIV1A was expressed only in petal tissue, in both dorsal and
ventral regions but was lacking from lateral petals. We argue that this suggests that DipsDIV1A may be expressed in
a similar pattern to DIV in Antirrhinum, suggesting a broad conservation of this pathway. Finally, DIV contains a large
intron near the beginning of the second MYB domain, which shows promise as a highly variable molecular marker for
phylogenetic studies.

Introduction

Shifts in the symmetry of flowers between radial sym-
metry (polysymmetry, actinomorphy) and bilateral symme-
try (monosymmetry, zygomorphy) have been common
within angiosperms (Weberling 1989; Endress 1996,
1999). Much of the discussion of such shifts has focused
on the sympetalous Asteridae (e.g., Donoghue et al.
1998; Ree and Donoghue 1999; Cubas 2002; Gillies
et al. 2002; Knapp 2002; Reeves and Olmstead 2003), with
approximately 65,000 species, about half of which have ra-
dially symmetrical corollas and half have bilaterally sym-
metrical corollas (Ree and Donoghue 1999). Donoghue
et al. (1998) and Ree and Donoghue (1999) inferred that
the ancestral asterid was probably radially symmetrical
and that within this clade there were at least eight major
gains of bilateral symmetry and at least nine reversals to
radial symmetry. Such morphological shifts are of special
interest in relation to shifts in pollination (e.g., see Neal
1998) and, ultimately, perhaps to shifts in rates of specia-
tion (Sargent 2004). It has also been suggested that the var-
ious forms of bilateral symmetry found among asterids
(Donoghue et al. 1998) might reflect underlying develop-
mental constraints in this lineage, especially related to
the basic orientation of the flower, which results in a medi-
ally positioned petal in the abaxial or ventral portion of the
flower (Donoghue and Ree 2000).

Ideas on the evolution of floral symmetry have been
greatly advanced in recent years by the discovery of three
clades of potential candidate genes, CYCLOIDEA (Luo
et al. 1995), DIVERICATA (Galego and Almeida 2002),

and RADIALIS (Corley et al. 2005). All three of these gene
groups were initially characterized in Antirrhinum, with
function in dorsal (CYC, RAD) or ventral (DIV) portions
of the flower. These genes fall into two major transcription
factor families: TCP (Teosinte Branched 1, CYCLOIDEA,
and PCF: Cubas, Lauter et al. 1999) and MYB (classified
by the strong conservation of imperfect repeats: Martin and
Paz-Ares 1997). A model for the genes in Antirrhinum hy-
pothesizes that the TCP genes CYC and DICH (a duplicate
in Antirrhineae: Hileman and Baum 2003) are expressed in
dorsal portions of the corolla and androecium and control
the activation of the MYB gene, RAD. RAD in turn inhibits
another MYB gene, DIV, leaving DIV to function only in
the ventral portion of the corolla (Corley et al. 2005). Thus,
mutants of cyc þ dich and rad result in radially symmet-
rical, ventralized flowers (Luo et al. 1995; Corley et al.
2005), whereas mutants of div (in a cycþ dich mutant back-
ground) result in radially symmetrical, dorsalized flowers in
Antirrhinum (Almeida et al. 1997). Similar CYC function
has been corroborated in the closely related Linaria (Cubas,
Vincent, and Coen 1999), as well as in a legume, Lotus
japonica (Feng et al. 2006). Additionally, CYC orthologs
in Asteraceae play a role in specifying disk versus ray florets
(Brohom et al. 2008; Kim et al. 2008). CYC has also been
shown to be dorsally expressed in an array of other core
eudicots: Arabidopsis, Bournea, Iberis, Lonicera, and Lupi-
nus (Cubas et al. 2001; Citerne et al. 2006; Howarth and
Donoghue 2006; Busch and Zachgo 2007; Zhou et al.
2008). An exception is the radially symmetrical Cadia,
where one CYC-like copy (LegCYC1A) has a derived, ex-
panded expression across the corolla (Citerne et al. 2006).
All of these data suggest that CYC expression and function
may be similar across rosids and asterids. Unlike CYC,
however, little is known outside of Antirrhinum about the
expression or function of the MYB genes (DIV and
RAD). A recent study in Bournea (Gesneriaceae),
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however, indicates that the model ofCYC-like,DIV-like, and
RAD-like gene interaction may be conserved at least across
Lamiales (Zhou et al. 2008).

Study of these genes in other groups requires the deter-
minationoforthologsandparalogs inother species.Analyses
of theECElineageofCYC-likegenesuncoveredduplications
that correlated with shifts in floral form (Howarth and
Donoghue 2005). Additionally, a survey of eudicot CYC
genes uncovered the presence of two duplications leading
to three gene clades, also apparently correlated with a shift
in floral form, from dimery to pentamery. One of these gene
lineages included CYC from Antirrhinum; its sister clade in-
cluded genes thatmay also be important indorsal–ventralflo-
ral symmetry (Howarth and Donoghue 2006). In view of the
broad distribution and possibly conserved function of CYC
genes, we wanted to study another gene in the symmetry
pathway outside of Antirrhinum. Specifically, we examined
gene diversity and expression ofDIVARICATA in the Dipsa-
cales and across eudicots.

Because MYB genes make up the largest Arabidopsis
gene family (Yanhui et al. 2006), determining orthology
can be especially tricky. Yanhui et al. (2006) outlined
the phylogenetic groupings of these genes in Arabidopsis
and Oryza. DIV and DIV-like1 (a sister gene found in
Antirrhinum that is not expressed in corolla or androecium
tissue) fall into the smaller clade of MYB genes, the R-R-
type, which has two MYB domains (the first is similar to the
I-box group and the second is similar to the CCA1 group).
This clade includes nine Arabidopsis and seven Oryza
genes as defined by Yanhui et al. (2006). Determining
the broad gene phylogeny of R-R-type, DIV-like genes
might uncover other gene regions that could be members
of the floral symmetry pathway in Antirrhinum or other spe-

cies. One way to tackle these questions is to generate gene
phylogenies for a clade of core eudicots that has a known
species phylogeny. We used the asterid clade Dipsacales to
examine both the potential role of DIV in floral symmetry
pathways outside of Antirrhinum and the broad phyloge-
netic context of DIV-like genes.

Our focus on Dipsacales was motivated by several fac-
tors. First, the Dipsacales phylogeny is quite well resolved
based on a series of molecular and morphological phy-
logenetic analyses (e.g., Judd et al. 1994; Backlund and
Donoghue 1996; Bell et al. 2001; Donoghue et al. 2001,
2003; Pyck 2001; Zhang et al. 2003). This species phylog-
eny, shown in figure 1, provides a solid basis for inferring
the location of evolutionary changes in flower characters
(Donoghue et al. 2003), as well as a secure framework within
which to infer the evolution ofDIV-like genes, including the
location of gene duplications. The species tree reflects pre-
vious studies of larger Dipsacales data sets with the excep-
tion of Heptacodium, which can also be placed as sister to
the Linnina clade (Winkworth, Bell, and Donoghue 2008).

Second, a variety of floral forms are found within Dip-
sacales, including radial symmetry, bilateral symmetry, and
asymmetric flowers (Donoghue et al. 2003). Based on char-
acter analyses in a broader phylogenetic context (Donoghue
et al. 1998; Ree and Donoghue 1999) and on the distribution
of floral forms within Dipsacales (Donoghue et al. 2003), it is
likely that bilaterally symmetrical flowers originated in this
lineage independent of Antirrhinum and related plants. The
primary split within Dipsacales separates the Adoxaceae from
the Caprifoliaceae (fig. 1). Adoxaceae (including Viburnum,
Sambucus, and Adoxa and its relatives) have radially sym-
metrical flowers and rotate corollas, whereas Caprifoliaceae
(including Diervilleae, Caprifolieae, Linnaeeae, Morinaceae,

FIG. 1.—Summary phylogenetic tree for major lineages within Dipsacales, with the taxonomic names used here based on Donoghue et al. (2001).
Phylogenetic tree represents well-supported relationships of the major groups of Dipsacales with the exception of the placement of Heptacodium, which
can also be placed as sister to the Linnina clade (Winkworth, Bell, and Donoghue 2008). Floral drawings represent major forms of symmetry
(polysymmetric or monosymmetric with 2:3 or 4:1 corolla orientation). Patterns on the branches represent different stamen numbers (doubled in Adoxa
and its relatives). Modified from Howarth and Donoghue (2005) and Bell and Donoghue (2005).
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Dipsacaceae, and Valerianaceae) typically have bilaterally
symmetrical flowers and tubular corollas (Fukuoka 1972;
Donoghue et al. 2003). Dipsacales, in turn, appear to be re-
lated to the Paracryphiaceae, which have radially symmetrical
flowers (Winkworth, Lundberg, and Donoghue 2008). There-
fore, bilateral symmetry most likely arose along the line lead-
ing to the Caprifoliaceae (fig. 1).

Third, there are several forms of bilateral symmetry
present within the Caprifoliaceae. Two-lipped flowers in
which two dorsal petals are differentiated from the two lat-
eral petals plus the medial ventral petals (the 2:3 form) are
widespread within the clade and appear to be ancestral.
There appears to be some lability within the Caprifolieae.
Two-lipped flowers in which the two dorsal petals plus the
two lateral are differentiated from the medial ventral petal
(the 4:1 form) are found inLoniceraandTriosteum, and poly-
symmetric flowers appear to have re-evolved within Sym-
phoricarpos. There have also been several shifts within
the Caprifoliaceae in other floral traits that could be affected
by the floral symmetry pathway, including the number of co-
rolla lobes,stamenabortion, theformationofanepicalyx,and
a bilaterally symmetrical calyx (Donoghue et al. 2003).

In this paper, we address the evolution ofDIVARICATA
genes within the Dipsacales and relate this to general
patterns for gene family evolution in eudicots. We highl-
ight the major duplications in DIV both in the Dipsacales
and in core eudicots. Additionally, we present reverse
transcription polymerase chain reaction (rtPCR) ex-
pression data from one Dipsacales species, Heptacodium
miconioides, for each of these copies, highlighting dorsal–
ventral patterning in an Antirrhinum DIV ortholog. Finally,
we discuss the utility of an intron in DIV as a low-level phy-
logenetic marker, using Sixalix atropurpurea as an example.

Materials and Methods
Dipsacales

Twenty-nine individuals were sequenced from 18 gen-
era, representing all major lineages within Dipsacales. We
used total genomic DNAs, obtained in many cases from ex-
tractions used in previous phylogenetic studies. We also
used floral cDNA from some taxa to confirm intron bound-
aries and to explore patterns of gene expression. Table 1
provides a list of included taxa, voucher specimens, and
GenBank accession numbers.

Table 2 lists the primers used and their success rates.
All primers were designed using the two MYB domains,
and were developed through the course of the study as more
sequences were obtained. Aquilegia alpina (Ranunculales)
was also mined for any DIV-like copies to be used as out-
groups. Multiple primer pairs were used for each taxon.

Amplification utilized the following cycling program:
95 �C for 45 s, 50–56 �C for 1 min, and 72 �C for 1 min 30 s,
repeated for 39 cycles. Reactions were performed using Taq
DNA polymerase (Qiagen, Valencia, CA) in 25 ll, with
final concentrations of 2.5 mM MgCl2, 0.5 lM of each
primer, 0.8 mM dNTPs, and 0.5� Q Solution (Qiagen).
Amplified products were cloned using the Invitrogen
TOPO TA Cloning Kit for Sequencing (Carlsbad, CA).

Between 10 and 40 colonies were screened (polymer-
ase chain reaction, PCR, reactions with the same concen-

trations as above in a 20 ll volume) for all potentially
different copies or alleles of the CYC-like genes obtained.
Selected colonies were then picked into a PCR cocktail. Af-
ter a 10 min start at 95 �C, amplifications utilized the fol-
lowing cycling program: 95 �C for 30 s, 55 �C for 45 s, and
72 �C for 60 s, repeated for 24 cycles. Amplification prod-
ucts of the appropriate size were cleaned using a PEG/NaCl
protocol and directly sequenced.

Genome Mining

In order to determine orthologous genes, DIVARICA-
TA and DIV-like1 genes from Antirrhinum were included in
the matrix. We also included all known Arabidopsis and
Oryza genes from the clade of R-R-type MYB genes.
We searched the genome of Populus (http://genome.jgi-
psf.org/Poptr1_1/Poptr1_1.home.html) for similar genes
andincludedthem,andasinglegeneidentifiedfromMedicago
was included (http://www.tigr.org/tdb/e2k1/mta1/).

Alignment and Phylogenetic Analyses

All clones from each DNA extraction (obtained using
multiple primer pairs) were compiled into Sequencher 4.2
(Gene Codes Corporation, Ann Arbor, MI). All sequenced
genes with MYB domains were included in the matrix. Pos-
itive clones were separated into different ‘‘types’’ based on
shared differences among the clones. These types were es-
sentially identical to each other. They only varied by obvi-
ous polymerase error (single base differences in one or two
clones out of dozens, with different clones being mutated at
different sites), with the exception of two copies of Sixalix
with allelic variation (addressed below). Recombinant PCR
sequences (PCR hybrids) were occasionally detected by
comparing clones from a single individual (Paabo et al.
1990), and were removed. A consensus sequence was gen-
erated for each type and exported for phylogenetic analysis.
Protein sequences for each potential copy/allele obtained
were aligned by eye in MacClade 4 (Maddison DR and
Maddison WP 2003), and the aligned nucleotide matrix
was used in subsequent phylogenetic analyses.

Parameters for the Bayesian and maximum likelihood
(ML) analyses were estimated using Modeltest 3.06 (Posada
and Crandall 1998). The Akaike Information Criterion
(Akaike 1973) recommended a General Time Reversible
(GTR) model with added parameters for invariable sites
and a gamma distribution (GTR þ i þ g) for Bayesian
analyses. The matrix included only the alignable region
from both MYB domains. We used the Metropolis-cou-
pled Markov Chain Monte Carlo method as implemented
in MrBayes 3.12 (Huelsenbeck and Ronquist 2001) to run
four chains (three heated). We ran 5 million generations,
sampling every 1,000 generations, with a burn-in of 1,000
trees (1 million generations). A consensus tree was gen-
erated in MrBayes, which included branch lengths and
posterior probabilities. ML analyses were performed in
PAUP* 4.0b10 (Swofford 2001) on the three major clades
identified in the Bayesian analyses. These matrices in-
cluded only coding region (the intron was not included).

DIVARICATA Gene Duplication in Dipsacales 1247
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Table 1
Taxon List Voucher Information and Genbank Numbers.

Taxon Voucher

DIV1 DIV2 DIV3

A B A B A B

Adoxaceae
Sambucus caerulea Donoghue, voucher lacking FJ805277 FJ805278
Sambucus canadensis Donoghue, voucher lacking FJ805279, FJ805280, FJ805281
Sambucus nigra Donoghue, voucher lacking FJ805282
Viburnum davidii Winkworth and Donoghue 42

(A and YU)
FJ805283 FJ805284

Viburnum ellipticum Winkworth and Donoghue 31
(A and YU)

FJ805285, FJ805286 FJ805287

Viburnum jucundum Winkworth and Donoghue 38
(A and YU)

FJ805288, FJ805289, FJ805290 FJ805291

Viburnum prunifolium Winkworth and Donoghue, 6
(A and YU)

FJ805292, FJ805293 FJ805294

Caprifoliaceae
Centranthus macrosiphon Bell, cDNA FJ805295 FJ805296
Centranthus ruber Bell 203 (YU) FJ805297 FJ805298 FJ805299
Diervilla sessilifolia Elisk and Zinman 3286 (A) FJ805300 FJ805301 FJ805302 FJ805303 FJ805304
Dipelta floribunda Buckland and Kelly 32 (A) FJ805305 FJ805306 FJ805307 FJ805308
Fedia cornucopiae Bell, cDNA FJ805309, FJ805310
Heptacodium miconioides Howarth, cDNA FJ805311 FJ805312 FJ805313 FJ805314 FJ805315
Kolkwitzia amabilis Elsik, Michener, and

Bailey 844 (A)
FJ805316 FJ805317 FJ805318

Leycesteria sp. Boufford et al. 44597 (A) FJ805319 FJ805320 FJ805321
Linnaea borealis Donoghue 113, voucher lacking FJ805322 FJ805323 FJ805324 FJ805325
Lonicera maackii Smith 20 (YU) FJ805326 FJ805327
Lonicera morrowii Smith 49 (YU) FJ805328 FJ805329
Lonicera prolifera Donoghue 107, voucher lacking FJ805330 FJ805331
Morina longifolia Eriksson s.n. 2 Nov. 1999 (SBT) FJ805332, FJ805333 FJ805334, FJ805335,

FJ805336
FJ805337 FJ805338, FJ805339

Sixalix atropurpurea Carlson 144 (YU) FJ805340, FJ805341, FJ805342,
FJ805343

Sixalix atropurpurea Carlson 151 (YU) FJ805344, FJ805345, FJ805346 FJ805347 FJ805348 FJ805349 FJ805350
Symphoricarpos occidentalis Donoghue, voucher lacking FJ805351 FJ805352
Symphoricarpos orbiculatus Donoghue, voucher lacking FJ805353 FJ805354 FJ805355 FJ805356 FJ805357
Triplostegia glandulifera Boufford et al. 27738 (A) FJ805358 FJ805359 FJ805360 FJ805361
Valerianella eriocarpa Bell, cDNA FJ805362 FJ805363
Valerianella locusta Bell 2006-64 (YU) FJ805364 FJ805365 FJ805366 FJ805367 FJ805368
Valeriana officinalis Bell 2006-53 (YU) FJ805369 FJ805370 FJ805371
Weigela hortensis Kelly and Buckland 28 (A) FJ805372 FJ805373 FJ805374 FJ805375

Other
Antirrhinum majus Galego and Almeida AY077453, AY077454
Aquilegia alpina Kramer, voucher lacking FJ805376
Arabidopsis thaliana Genome database AT5G58900, AT2G38090, AT501200 AT5G05790, AT3G11280
Medicago truncatula Genome database TC104048 TC26569 TC33683

TC4550 TC6125 TC90249
Populus trichocarpa Genome database gw1.I.1006.1,

estExtfgenesh4pg.CLGIX1149
grail3.0049028801,

grail3.0022016501
eugene3.00060843,

estExtGenewise1v1CLGXVI3514

Placement of NonCaprifoliaceae Numbers Does Not Necessarily Reflect Orthology to that Clade.
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Heuristic searches were performed with 20 random addi-
tion replicates and TBR branch swapping, and 100 ML
bootstrap replicates were examined.

A clade of seven potential alleles from two individuals
of S. atropurpurea was analyzed using parsimony and ML
in PAUP* (Swofford 2001). These alleles all fell into two
potential sister copies in the DipsDIV1A clade. The entire
sequenced region was used, including the intron. Bootstrap
values were calculated with 1,000 replicates.

rtPCR

Plant tissue was collected from Heptacodium growing
in the Marsh Botanical Garden of Yale University, dis-
sected, and flash frozen at �80 �C overnight. Corolla lobes
were separated from the corolla tubes of multiple flower
buds from the first stage that this was possible to nearly ma-
ture flower buds. These lobes were separated into three
groups: two dorsal petals, two lateral petals, and the single
ventral petal. Whole flower buds were also used from
10.5-mm flower buds. Whole calyx, corolla (including the
tube), androecium gynoecium (inferior ovary, presumably
containingcalyxandcorolla tissue), andleaf tissueswerealso
separated. Frozen tissues were pulverized with the Bio101
FastPrep system and were subsequently extracted using an
RNeasy kit with the optional DNase step (Qiagen). cDNAs
was subsequently generated from RNA using Superscript III
(Invitrogen).

Full-length DIV-like Heptacodium sequences were
obtained from all of the Heptacodium copies using rapid
amplification of cDNA ends (RACE) (Smart RACE cDNA
Amplification Kit, Clontech, Mountain View, CA). Specific
primers were then designed for each individual copy (table

2). The primers spanned the intron between both MYB do-
mains to rule out DNA contamination. PCR was then per-
formed on the cDNA using the same conditions as outlined
above. A G3PDH control was also included, using primers
from Strand et al. (1997). These results were run on a 1%
agarose gel and copies were verified by sequencing.

Results
R-R-Type Genes

Multiple copies of DIV-like genes, up to a maximum
of eight, were obtained from every Dipsacales species ex-
amined. Combining these hypothesized copies resulted in
a matrix of 109 taxa, including 94 Dipsacales sequences
and 15 sequences from other eudicot species. Additional
sequences hypothesized to be alleles were not included
in this matrix (discussed below). The final matrix included
192 bases from the first MYB domain and 222 bases from
the second MYB domain for a total length of 414 bases.
Alignments were unambiguous for this region. The coding
region between the two MYBs and an intron were removed
from the matrix as they were unalignable. These data can be
obtained from TreeBASE (http://www.treebase.org).

UsingBayesian inferenceandrootingwithasinglecopy
obtained fromAquilegia, there are three well-supportedDIV-
like genes in Dipsacales (posterior probabilities equal 0.85,
1.0, and 0.88). Additionally, each of the three Dipsacales
clades is sister to rosid sequences from Arabidopsis,
Populus, and/or Medicago, indicating that these copies
characterize a much larger core eudicot clade (posterior
probabilities equal 0.85, 1.0, and 0.97). Here we refer
to these clades as DIV1 (this includes DIVARICATA
and DVL1 from Antirrhinum), DIV2, and DIV3 (fig. 2).

Table 2
Primers Used in This Study

Initial Primers
DIVF-1 CCNGGNAARACNGTNKGNGAYGTNAT
DIVR-1 RAARTAYTTYTGNGCRTGNSWNGCNACYTG
DIVF-2 GTGGGGGAYGTGATCAAACAGTAYAG
DIVR-2 CCATACTTRTTWAGCCCSAGCAAAAATTGCCTG

Copy specific
DIV1F-1 TGGACHARAGARGAGAACAAG
DIV1R-1 GTKSTRATGTCRTGRATRCTWGG
DIV1F-2 GATATWGAARMHGGDNDDRTYCCVVTTCCNGG
DIV1R-2 GAKATRTTYCTCCARTMYCC
DIV2F GATGTSATYAAACARTAYMRVGMAYTRGA
DIV2R TGCCTRTGYTCYTCYTCNKTCC
DIV3F-1 TGGACDVYDGHWGAKAACAA
DIV3R-1 TACTTYTGNGCRTGRCTNGCNACYTG
DIV3F-2 GAYGTBAGYDRYATHGARGCHGG
DIV3R-2 GADATRTTYCTCCARTCBCCYTTBCC

Heptacodium rtPCR
HeptDIV1AF AGTATTGAAGCTGGGCTAGTTCCAATTCCTGGTTATAATACTAATACTTCTCC
HeptDIV1AR CCGGGAGATATTTCTCCAGTCCCCCTTTCCGTACTTTTTAAGCCCCAAG
HeptDIV1BF GTAGTATTGAAGCTGGACTCATTCCAATTCCGGGGTATAGTACCTCTCC
HeotDIV1BR GTCGGCGTTCTAGTGATTACGAAATTGCGAGAAATATTTCTCCAGTCG
HeptDIV2AF AAATGGGCTAGTTCCGATTCCCGGGTACATAACCAAATCCTC
HeptDIV2AR CTGAGTTGGTGTCTTAGTGATCACAAAGTTCCGCGAGATGTTCCTCCAA
HeptDIV2BF GTTACTGATATAGAAGCTGGGTTGGTTCCAATTCCAGGGTATCTCACCTC
HeptDIV2BR CCG GGA TAT GTT CCT CCA GTC CCC TCG ACC GTG CTT CTC
HeptDIV3BF GTGATATTGAGGCCGGTCTAATACCAATACCCGGGTACACTACTAGTGA
HeptDIV3BR GCGAGATATGTTTCTCCAGTCCCCTTTTCCATACTTTTTAAGCCCTAGC
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We refer to the entire clade, including Aquilegia and
DIV1, DIV2, and DIV3, as the core RR DIV clade.

Additional R-R-type sequences from Arabidopsis,
Populus, and Oryza fall outside of the core RR DIV clade.
Due to long branches, analyses of different taxa and align-
ments provided different placements of the root within the
core RR DIV clade. All analyses, however, displayed the
three major lineages of core eudicot genes: DIV1, DIV2,
and DIV3, with the exception that some outgroups placed
the root within the DIV1 clade, causing the rosid sequences
(Arabidopsis and Populus) from DIV1 to fall outside of the
core RR DIV clade.

Dipsacales Clades

DIV1

DIV1 includes three Arabidopsis sequences, two
Populus sequences, and DIVARICATA and DVL1 from
Antirrhinum. WithinDipsacales, thiscladeappears to include
two copies in Adoxaceae and two copies in Caprifoliaceae.
The relationships of these copies vary in different analyses.
Bayesian analyses indicate that there is a single Adoxaceae
clade including both copies, which is sister to the DipsDI-
V1A clade of Caprifoliaceae (fig. 2). ML analyses indicate
that the Adoxaceae copies are paraphyletic with respect to
the DipsDIV1A clade of Caprifoliaceae. Other analyses
(not shown) collapsed one Adoxaceae clade into a polyto-
my, suggesting uncertainty in this relationship. Within
Caprifoliaceae, the gene tree of DipsDIV1 genes generally
matches that of the species tree, with a few discrepancies.
Within Caprifoliaceae DipsDIV1A, Kolkwitzia is sister to
Morina rather than Linnaea, and Valerianella falls within
Sixalix (ML) or as sister to the rest of the Linnina clade
(Bayesian). Heptacodium, which has been especially hard
to place in previous studies (see Winkworth, Bell, and Do-
noghue 2008), is sister to Caprifolieae in DipsDIV1A and
sister to the Linnina clade in DipsDIV1B. DIV1 contains
more duplications and potential allelic variation than the
other copies. Duplications appear to have occurred in
Morina and Sixalix (or perhaps in the entire Dipsacaceae
þ Valerianaceae clade) in DipsDIV1A, and in Morina
twice and in the Valerianella þ Fedia clade in Dips-
DIV1B. Additionally, allelic variation (determined by
looking at differences in length and base sequence in in-
trons and areas outside of the MYB domains) was found
in Sambucus, Viburnum, Diervilla, and Sixalix within the
DipsDIV1A clade.

DIV2

DIV2 includes the most rosid sequences, with two
Arabidopsis copies, two Populus copies, and the single
copy found so far from Medicago. Bayesian analyses
indicate that together these rosid species are sister to
a well-supported Dipsacales clade (fig. 2, ML bootstrap
of 83). Within Dipsacales, no DIV2 copies were recovered
from the radially symmetrical Adoxaceae. It is possible that
they were not successfully identified in our screen; how-
ever, at least seven different taxa were sampled with mul-
tiple primer pairs with no success, suggesting that this copy

may not occur in Adoxaceae. As in DIV1, however, there
is a duplication resulting in two separate well-supported
Caprifoliaceae clades (ML bootstrap 77 and 86). DipsDI-
V2A (fig. 2) generally supports the species phylogeny with
the exception of the reversed positions of Dipelta and
Sixalix. DipsDIV2B (fig. 2) also supports the species phy-
logeny. Heptacodium appears as sister to the Linnina clade
in DipsDIV2A, and in DipsDIV2B it is sister to Caprifolieae
plus Linnina. There are no other duplications of DIV2
within the Caprifoliaceae.

DIV3

DIV3 includes two rosid sequences, both from Popu-
lus. Within the known genome of Arabidopsis, there appear
to be no sequences in this clade. Within Dipsacales, there is
a single clade of Viburnum and a single clade of Sambucus
(both Adoxaceae). The relationships of these two clades are
unresolved in Bayesian analyses. Within Caprifoliaceae,
there was a duplication leading to two well-supported
clades (ML bootstrap of 99 and 90). DipsDIV3A contains
sequences from only five taxa; however, they span the
Caprifoliaceae phylogeny and are concordant with the spe-
cies phylogeny. DipsDIV3A is also subtended by a much
longer branch than any of the other clades, containing many
protein sequence differences within the region between the
two MYB domains. DipsDIV3B is more thoroughly sam-
pled across Caprifoliaceae and also generally supports
the species phylogeny, with the exception of the unresolved
placement of Morina and the Sixalix þ Triplostegia clade.
Morina appears to contain a duplication in DipsDIV3B.

Floral cDNA Expression

Full-length Heptacodium sequences were obtained us-
ing RACE for the five DIV-like copies found (DipsDIV1A
and DipsDIV1B, DipsDIV2A and DipsDIV2B, and Dips-
DIV3B). rtPCR results using specific primers for each copy
are shown in figure 3. All of the extracted tissues contained
similar concentrations of RNA with the exception of calyx
tissue, which unfortunately yielded very little RNA, and
subsequently little G3PDH expression. Most of the copies
were expressed in nearly all sampled tissues (DipsDIV1B,
DipsDIV2A and DipsDIV2B, and DipsDIV3A). DipsDI-
V1A, on the other hand, is found only in extractions that
included corolla tissue (although the calyx could not be
ruled out due to low yield). Additionally, DipsDIV1A, un-
like any published pattern for floral symmetry genes, ap-
pears to be expressed in dorsal and ventral petals, but
not in lateral petals. Its sister copy, DipsDIV1B, however,
was heavily expressed in all tissues, even in the calyx,
which contained less mRNA than the other tissues. Dips-
DIV2A, DipsDIV2B, and DipsDIV3A were expressed across
all tissues (excluding the calyx).

Although only five DIV-like copies were uncovered in
Heptacodium, there are six copies in the Dipsacales. Genes
from all six of these DIV-like Dipsacales clades are ex-
pressed in flowers as evidenced by the cDNA sequences
shown in figure 2. Floral cDNA was used in place of ge-
nomic DNA for several species in order to uncover all
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FIG. 2.—Phylogeny of core RR DIV genes using Bayesian analysis. Clades with 0.5 posterior probability are displayed with numbers above the
lines of the major clades. Phylogeny with all taxa sampled. The placement of DIVARICATA and DVL1 from Antirrhinum are bolded. The three major
clades are labeled: 1, 2, or 3 and each duplication in Caprifoliaceae is labeled A or B. The Dipsacales lineages are shown on the right side. Arab 5
Arabidopsis, Pop 5 Populus, and Med 5 Medicago.
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potential copies and define the intron/exon boundaries. For
instance, copies with long introns may have been too long
to amplify and therefore missed in our screens. These data
support the expression of each of these copies from multiple
Dipsacales species. Most of the copies found from cDNA
fall into the DipsDIV1B clade, which supports the clear ex-
pression of this clade in all tissues in Heptacodium (fig. 3).

Intron Utility in Low-Level Phylogenies

DIVARICATA may be a useful marker for phylogeog-
raphy and species-level phylogenies. The two conserved
MYB domains flank a variable intron. In Dipsacales, this
intron varies from 76 to 1,280 bases and averages 435 ba-
ses. There was no clear distinction in size among DIV1,
DIV2, and DIV3 sequences. We show an example of a max-
imum parsimony tree generated from the DipsDIV1A cop-
ies of S. atropurpurea (fig. 4). The sequences, obtained
from two different individuals of S. atropurpurea, cluster
into two types, indicating an additional duplication event
(labeled 1Aa and 1Ab). The intron sequences between these
two copies were not alignable. Within each copy, the raw
sequence variation varied between 0.026 and 0.039 (copy
1Aa) and 0.01 and 0.043 (copy 1Ab). Both MP and ML
analyses produced a single well-supported tree.

Discussion
The Core RR DIV Clade

The entire clade of R-R-type MYB genes includes
nine Arabidopsis sequences and seven Oryza sequences
(Yanhui et al. 2006). DIVARICATA from Antirrhinum
and our data from Dipsacales all fall into a crown clade
within this group, which also contains five Arabidopsis se-
quences but no Oryza sequences. There are additional rosid
sequences within this clade as well, obtained from genome

analyses of Populus and Medicago. Therefore, this gene
clade appears to have duplicated after the divergence of
monocots and eudicots. Using the one Aquilegia sequence
to root this clade, it would appear that there were two sep-
arate duplications that occurred after the split between the
ranunculids from the rest of the eudicots (fig. 2). These du-
plications resulted in three major clades of DIV-like sequen-
ces in core eudicots (fig. 2). Based on the Aquilegia rooting,
the first duplication separated DIV1 from the ancestor of
DIV2 and DIV3. The DIV1 clade includes DIV and
DVL1 from Antirrhinum, which form a clade that is sister
to our Dipsacales DIV1 sequences.

Unfortunately, the placement of the root of the core
RR DIV clade varies depending on outgroup taxon sam-
pling and data partitions. For instance, in analyses using
different subsets of data or outgroup sampling, Aquilegia
is sometimes sister to the entire core RR DIV clade (as
shown in fig. 2), sister to the DIV1 clade alone, sister to
the DIV2 and DIV3 clades together, or forms a polytomy
with all three DIV clades. Aside from this rooting issue,
however, there are consistently three broad DIV clades
within eudicots, with the single copy from Aquilegia falling
as sister to one, two, or all three of these clades.

Another potential conflict concerns the rosid sequen-
ces in the DIV1 clade. A clade of five rosid sequences
(three from Arabidopsis and two from Populus) is either
sister to the other members of DIV1, or forms a polytomy
with all three DIV clades, or falls outside of the entire
clade including Aquilegia and the core RR DIV clade.
However, when the three Arabidopsis sequences are re-
moved from the analysis, the remaining Populus sequen-
ces are more likely to form a sister group to the DIV1
clade. This uncertainty is most likely due to minimal taxon
sampling across the eudicots. Having only a few sequen-
ces from the rosids, especially given the long branches of
the Arabidopsis copies, is complicating the analysis. Con-
fident rooting of this clade clearly will require data from
additional outgroup angiosperms. In the meantime, the
tree displayed in figure 2 is our best hypothesis of the re-
lationships of these sequences.

FIG. 4.—Parsimony generated tree of alleles from DipsDIV1A from
two individuals of Sixalix atropurpurea, Carlson 144 and Carlson 151.
Two separate putative copies are labeled: 1Aa and 1Ab. Bootstrap support
is given above the line. Hatch marks indicate that the branches are much
longer than those shown.FIG. 3.—Image of agarose gel electrophoresis of cDNA from

Heptacodium miconioides. Includes expression of five copies of DIV
found in H. miconioides. A G3PDH control is included. Bird’s eye view
of flower is included showing the differentiation between the dorsal (D),
lateral (L), and ventral (V) petal(s).
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Our findings on DIV evolution provide a striking com-
plement to recent studies of TCP and MADS-box genes. Pro-
teins within the TCP and MYB families pattern the dorsal–
ventral identity of Antirrhinum flowers (Luo et al. 1995; Al-
meida et al. 1997; Corley et al. 2005; Costa et al. 2005),
whereas MADS-box proteins pattern floral organ identities
(Coen and Meyerowitz 1991; Meyerowitz et al. 1991). The
ECE clade of CYC-like TCP genes apparently duplicated
twice before the diversification of the core eudicots
(Howarth and Donoghue 2006). Likewise, it appears that
members of each of the major functional categories of floral
MADS-box genes—APETALA1 (AP1, A class), APETA-
LA3 (AP3, B class), AGAMOUS (AG, C class), and SEPAL-
LATA—underwent a duplication in a similar location near
the base of the core eudicots (Litt and Irish 2003; Kim et al.
2004; Kramer et al. 2004; Kramer and Hall 2005; Zahn
et al. 2005). Our analyses of DIV-like genes suggest that
the DIV-like MYB genes also duplicated at around the time
of the diversification of core eudicots.

Bowers et al. (2003) and De Bodt et al. (2005) com-
pared the genomes of Arabidopsis, Populus, and Oryza and
hypothesized a whole genome duplication before the diver-
sification of the clade including asterids and rosids but after
the split from the monocots. With the completion of the
Vitis genome, however, Jaillon et al. (2007) were able to
more precisely suggest that there were instead two duplica-
tion events (or a single hexaploid ancestor) that predate the
diversification of the rosids. Our data from the ECE clade of
CYC (Howarth and Donoghue 2006) and now the core RR
DIV clade, along with data from MADS-box genes, support
the hypothesis that there were three independent copies of
the gene when the core eudicots diversified. First, there are
two or three copies (we assume that in the case of two cop-
ies, one was lost) of members of each of these different gene
families (MADs, TCP, and MYB). Second, all of these du-
plications appear to have taken place after the divergence
between the ranunculids (represented by Aquilegia) and the
rest of the eudicots, which places these duplications more
precisely than the whole genome comparisons.

It is possible that these major duplication events
played an important role in the major changes in flower
form that mark the core eudicot clade. Most importantly, per-
haps, flowers of the core eudicots (excluding Gunnerales) are
based on a pentamerous ground plan, as opposed to the di-
merous ground plan that characterizes the so-called basal
eudicots (Magallon et al. 1999; Soltis et al. 2003). The
switch to pentamery entails the establishment of the differ-
entiation of dorsal and ventral portions of the flower in re-
lation to the axis on which they are borne. It is possible that
the shift in floral morphology that marks the core eudicot
clade is at least in part the result of the duplication and
maintenance of genes from three separate transcription fac-
tor gene families that are of known importance in flower
development.

Duplications

Gene duplication has been important in the genesis of
complicated networks of interacting genes. If a gene dupli-
cate is not quickly lost, it is likely to undergo subfunction-

alization in which the two duplicates take on different,
complementary, roles (Lynch and Force 2000). Also, owing
to dosage effects, duplications of interacting gene partners
often are maintained together (Birchler et al. 2001; Papp
et al. 2003; Amoutzias et al. 2004). Therefore, uncovering
duplications in genes that are potentially interacting partners
in a pathway (CYC and DIV in Antirrhinum) are of interest in
understanding patterning pathways and their evolution.

The data on the expression and function of DIV are
confined to Antirrhinum in the DIV1 clade only (Almeida
et al. 1997). Corley et al. (2005) hypothesize that CYC and
its immediate sister copy DICH (both in the CYC2 clade:
Howarth and Donoghue 2006) together turn on RADIALS
(RAD, another MYB transcription factor in a separate
clade). RAD, in turn, may down regulate or compete with
DIV, given that RAD has a single MYB domain resembling
a truncated DIV gene. Stevenson et al. (2006) did not find
evidence of dimerization domains in RAD, but they hypoth-
esized that RAD could mimic either of the MYB domains of
DIV. Cyc þ dich mutants and rad mutants result in dorsal-
ized radially symmetrical flowers, whereas div mutants (in
a cycþ dich mutant background) result in ventralized radial
flowers (Luo et al. 1995, 1999; Almeida et al. 1997; Corley
et al. 2005). Although the exact nature of the interactions
between CYC and DIV is unknown, they evidently interact
in the same floral pathway in Antirrhinum. Although it is
unknown whether this pathway is also utilized outside of
Antirrhinum, data from Bournea suggest that it may be con-
served at least across the Lamiales (Zhou et al. 2008). Costa
et al. (2005) recently showed that Antirrhinum CYC cannot
turn on RAD-like genes in Arabidopsis, however, it is un-
known whether TCP1 (the endogenous CYC ortholog in
Arabidopsis) can turn on Arabidopsis RAD-like genes.

Although there are no published data confirming sim-
ilar DIV function outside of Antirrhinum, data do indicate
that a downstream target of DIV has broader function. Am-
MYBML1 is another transcription factor, sister to MIXTA, in
the R2R3 clade of MYB genes (Perez-Rodriguez et al.
2005). Both AmMYBML1 and MIXTA affect petal mor-
phology in Antirrhinum, with the former being specific
to the ventral petal. Perez-Rodriguez et al. (2005) showed
that AmMYBML1 had a similar effect in Nicotiana when it
was ectopically expressed and that it is a downstream target
of DIV. This suggests that DIV function may extend at least
across the asterid clade Lamiidae (sensu Cantino et al.
2007). In contrast, expression data from Arabidopsis indi-
cate that the RAD-like genes may not function in the same
way in that model (Baxter et al. 2007). RAD-like genes were
not expressed in a dorsal–ventral pattern in Arabidopsis,
although location of expression was not found for
At4g39250. This pattern could mean that the pathway of
interactions between RAD, DIV, and CYC may be specific
to the entire Asteridae or to the Lamiidae. It could also
mean, however, that Arabidopsis and its relatives, with ra-
dial, four-merous flowers, have lost a pathway that other-
wise spans the core eudicots.

Within CYC-like genes, data from other core eudicots
strongly suggest that genes from the CYC2 clade play a role
in dorsal–ventral patterning. Specifically, genes from the
CYC2cladearedorsallyexpressedinAntirrhinum,Arabidopsis,
Iberis, Lonicera, Lotus, and Lupinus (Luo et al. 1995; Cubas
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et al. 2001; Citerne et al. 2006; Feng et al. 2006; Howarth and
Donoghue 2006; Busch and Zachgo 2007), and mutants in the
rosid Lotus also confer a radial flower (Feng et al. 2006), sug-
gesting conserved function. Preliminary data from CYC3,
the sister clade of CYC2, indicates that this clade may also
play a role in dorsal–ventral patterning. In Lonicera, Dips-
CYC3Bismoreclearlyexpressedin theventralportionof the
corolla (theoppositepatternofCYC2)(HowarthandDonog-
hue 2006). Therefore, two core eudicot sister copies ofCYC-
like genes may both be important in dorsal–ventral pattern-
ing. Additionally, many independent duplication events
within different lineages of core eudicots (predominately
in bilaterally symmetrical species) occur in both the
CYC2 and the CYC3 clades (Howarth and Donoghue
2005, 2006).

We provide the first phylogenetic analyses of DIV-like
genes, which indicate that the DIV-like genes have gener-
ally duplicated in parallel with CYC-like genes, one of their
potential interacting partners. It is striking, for instance, that
DIV and CYC both maintain three copies in core eudicots,
and that several further duplications appear to have oc-
curred along the same branches in the species tree for Dip-
sacales, coincident with certain changes in flower
symmetry. Clearly, it will be important to assay the other
two DIV-like copies (DIV2 and DIV3) to see if either of
these plays a role in flower development, especially because
it appears that a second CYC-like copy (CYC3) may do so
(Howarth and Donoghue 2006). Our preliminary rtPCR
data point to DipsDIV2A as the most likely candidate given
its heavier expression in corolla tissue (fig. 3).

In DIV-like genes, there have been multiple duplica-
tions in the two major clades of Dipsacales, the radially
symmetrical Adoxaceae and the bilaterally symmetrical
Caprifoliaceae. It is not clear, however, exactly how the
Adoxaceae and Caprifoliaceae clades of DIV-like genes
are related. DIV1 contains two copies in Adoxaceae and
two copies in Caprifoliaceae. The Adoxaceae DIV1 copies
tend to link with the DipsDIV1A clade of Caprifoliaceae,
but it is possible that the Dipsacales sequences within
DIV1 have been mis-rooted using the Antirrhinum sequen-
ces and that a duplication event took place before the diver-
sification of the Dipsacales. DIV2 contains two clades of
Caprifoliaceae and no sampled sequences from Adoxaceae.
The absence from Adoxaceae could be real, given that we
sampled heavily from several lineages to find a copy in this
clade. Finally, DIV3 is similar to CYC2 and CYC3 with
a single Adoxaceae clade and a duplication inferred along
the line leading to the bilaterally symmetrical Caprifoliaceae.
Adoxaceae does not appear clearly to be sister to both
Caprifoliaceae clades, however, and instead appears as
a polytomy or as a paraphyletic grade to DipsDIV3A.

Additional duplications in specific lineages within
Dipsacales have also been identified, as they were in the
CYC-like genes (Howarth and Donoghue 2005). As in
the CYC-like genes, the largest number of copies is found
in Morina, which contains two copies of DipsDIV1A, three
copies of DipsDIV1B, and two copies of DipsDIV3B.
Morina is the only taxon in which we see evidence for du-
plication outside of the DIV1 clade. Chromosome counts
from Morina indicate that it is a polyploid (Verlaque
1985; Benko-Iseppon 1992); however, it appears that not

all copies in each clade have been maintained. Other dupli-
cations are seen in Sixalix of the Dipsacaceae (or perhaps
across Dipsacaceae þ Valerianaceae) in DipsDIV1A and
in Valerianella þ Fedia in DipsDIV1B; these show no
clear evidence of genome doubling (Verlaque 1985; Benko-
Iseppon 1992).

The presence of additional copies in these lineages is
potentially of great interest, as these clades are marked by
several major floral changes. Morinaceae are characterized
by an unusual bilateral calyx (in addition to a bilateral co-
rolla). Specifically, it appears from developmental studies
that the calyx inMorina has only four lobes, with the medial
dorsal lobe aborting very early in development (Hofmann
and Göttmann 1990). It is possible that the additional du-
plications in DIV-like genes, along with the duplications in
the potentially interacting CYC-like genes in this lineage,
are related to the new function of producing a bilaterally
symmetrical calyx. There is evidence that the expansion
of CYC expression can result in the abortion of two lateral
stamens in the Antirrhinum relative, Mohavea (Hileman
et al. 2003), and we have previously postulated that the ex-
pansion of expression outward to the calyx could cause ca-
lyx lobe abortion (Howarth and Donoghue 2005).

It is clear that the lineages Morinaceae, Valerianaceae,
and Dipsacaceae contain common duplications within both
the CYC (Howarth and Donoghue 2005) and DIV gene fam-
ilies. These are all groups with divergent floral morpholo-
gies including such characteristics in different groups as
a zygomorphic calyx, an epicalyx (sometimes also zygo-
morphic), an asymmetric corolla, ventral and asymmetric
stamens abortion, and multiple flower symmetries in a sin-
gle inflorescence head. These data, along with the largest
number of CYC duplications found to date in the florally
complexHelianthus (Chapman et al. 2008), imply that copy
number in these gene families may be correlated with di-
vergent floral traits. With our current taxon sampling we
cannot place these duplications precisely, and thus correlate
them with these floral transitions. However, future studies
will aim to pin down these duplications within these groups.

Expression Patterns

In Antirrhinum, flower symmetry has been shown to
involve the interplay between TCP genes (CYC and DICH)
and MYB genes (RAD and DIV) (Corley et al. 2005). CYC
and its duplicate in Antirrhineae, DICH (Hileman and
Baum 2003), pattern the dorsal portion of the flower
(Luo et al. 1995). DIV, on the other hand, has been shown
to confer ventral identity in Antirrhinum (Almeida et al.
1997). A model proposed by Corley et al. (2005) suggests
that CYC and DICH turn on RAD expression and that RAD
in turn inhibits DIV function. In Antirrhinum, DIV is ex-
pressed throughout the flower in early stages and becomes
localized to the corolla by stage 9 (Galego and Almeida
2002). In the ventral portion of Antirrhinum flowers,
DIV becomes further localized to the inner epidermis of
ventral and lateral petals, whereas it remains diffuse in dor-
sal regions (Galego and Almeida 2002).

The ECE clade (Howarth and Donoghue 2006) of TCP
genes (especially the CYC2 clade) has been the subject of
intense interest (see discussion above). Unlike CYC2
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genes, however, no functional data are available for DIV-
like genes outside of Antirrhinum. Therefore, it is unknown
where or when these genes may be utilized in a similar man-
ner to the model. Expression data from Bournea, however,
show similar early expression of DIV-like genes between it
and Antirrhinum (Zhou et al. 2008). Here we present the
first expression data from DIV outside of Lamiales (in-
cludes Antirrhinum and Bournea). Five copies of Heptaco-
dium (Dipsacales) were sequenced from this core RR DIV
clade, two of which are orthologous to Antirrhinum DIV
(DipsDIV1A and DipsDIV1B). Figure 3 shows the rtPCR
expression in varying tissues of each of these five copies.
We believe that the sixth Dipsacales copy was simply not
recovered by cloning, although it is possible that it is was
lost in Heptacodium.

Within DIV1 (which also includes Antirrhinum DIV),
expression of the gene copy in the DipsDIV1A clade shows
the greatest possibility for similar function to Antirrhinum
DIV, being expressed only in petal tissue. Additionally,
there is differing expression along the dorsal–ventral axis.
Although expression appears clear in ventral petals, it also
occurs unexpectedly in dorsal petals and is lacking in lateral
petals. It is possible, however, that this reflects the pattern of
expression only in the relatively late buds needed for dis-
section. In Antirrhinum, later stage DIV expression remains
diffuse in dorsal petals, localizes in lateral and ventral pet-
als, and ultimately wanes from lateral petals (Galego and
Almeida 2002). Just the end of this pattern may be what
we are seeing here. In any case, these data support that
DIV may play a role in dorsal–ventral patterning outside
of Antirrhinum, although we cannot say how similar it is
in expression or function to the model.

Unlike DipsDIV1A, DipsDIV1B is strongly expressed
in all tissues sampled and was also the copy most com-
monly amplified from floral cDNA across Dipsacales
(fig. 2). This is in stark contrast to the clearly paralogous
duplicate copy in Antirrhinum in this clade (DVL1), which
is found only weakly in ovules (Galego and Almeida 2002),
although there is no reason to expect these copies to be ex-
pressed in the same way because they are the result of in-
dependent duplications. Like DipsDIV1A, DipsDIV2A is
expressed strongly in corolla containing tissue, although
it is also present elsewhere. DipsDIV2B and DipsDIV3A
are expressed everywhere, including leaves.

In summary, within the bilaterally symmetrical Capri-
foliaceae, there are six copies in this core RR DIV clade. Data
from cDNA (fig. 2) and from the Heptacodium dissections
(fig. 3) suggest that all are expressed in flowers. Additionally,
DipsDIV1A is expressed most clearly in the corolla. DipsDI-
V1A, like Antirrhinum DIV, may well play a role in dorsal–
ventral patterning and lacks expression in lateral petals.

Inferring Species Phylogeny

There has been increasing demand in plant systematics
for low-level phylogenetic markers, given that many of the
commonly sequenced regions are nearly identical at the
species level. Nuclear ribosomal internal transcribed spacer
(Baldwin et al. 1995) has been the marker of choice, but it is
often not variable enough, paralogous copies may be re-
tained, and, owing to concerted evolution, it loses important

information for understanding the dynamics of speciation
(e.g., hybridization) (Wendel et al. 1995; Buckler et al.
1997; Kim et al. 2008). Recent attention has focused on
nuclear introns, due to the potential for high variation,
low copy number, the possibility of universal priming sites
in flanking exons, and their bipaternal history. Introns from
genes involved in flower development, such as LEAFY,
PISTILLATA, APETALA3/TM6, and AGAMOUS, for in-
stance, have been used to examine closely related species
and to uncover hybridization (Barrier et al. 1999; Lee et al.
2002; Nishimoto et al. 2003; Howarth and Baum 2005;
Kim et al. 2008).

DIVARICATA contains an intron flanked by two con-
served MYB domains, making universal primer design fea-
sible. The location of this intron is conserved, at least in the
core RR DIV clade. The intron appears to have considerable
variation among and even within species (0.01–0.043 pair-
wise differences). In the S. atropurpurea sequences from
DipsDIV1A, the intron is AT rich (A 5 0.30, T 5 0.38,
C 5 0.14, and G 5 0.18), which is similar to other variable
introns (Carels and Bernardi 2000; Howarth and Baum
2005). Unlike other AT-rich introns, however, there are
no long strings of As or Ts, which necessitate cloning.
DIV could be directly sequenced in many individuals, al-
though indels among alleles would likely necessitate clon-
ing in a subset of individuals. Although duplications appear
to be common, homology assessments should be clear, as
introns from even closely related DIV-like copies in Dipsa-
cales are unalignable with one another.

Future Directions

The data we present here explore the diversification of
a family of genes that seem to be involved with CYC and
RAD in the flower symmetry pathway (Corley et al. 2005).
Understanding these gene trees could allow us to work out
the codiversification of these presumably interacting genes,
and the evolution of the whole system that results in sym-
metry and evolutionary changes in symmetry. It is encour-
aging that there does, so far, appear to be a relationship
between the diversification of DIV-like and CYC-like genes
(Howarth and Donoghue 2006), two different transcription
factors. We have focused on Dipsacales and have found
complex duplication patterns within this group in both of
these gene families. We now need to extend the sampling
further to pin down where critical duplication events oc-
curred in angiosperm phylogeny. This is especially the case
for the duplications that seem to have taken place near the
origin of the core eudicots in both CYC and DIV lineages as
well as in several separate classes of MADS-box genes (Litt
and Irish 2003; Kim et al. 2004; Kramer et al. 2004; Kramer
and Hall 2005; Zahn et al. 2005; Howarth and Donoghue
2006). These data, together with genome studies (Bowers
et al. 2003; De Bodt et al. 2005; Jaillon et al. 2007), imply
that the diversification of the core eudicots may have been
marked by a series of whole genome duplications, but it is
necessary to improve the comparability of the sampling of
key eudicot lineages to test more precisely the coincidence
of these duplication events.

Additionally, the expression work that we have started
here with rtPCR must be extended. Our data suggest thatDIV
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expression may be similar in Dipsacales and in Lamiales and
thus conserved at least across asterid angiosperms. It will be
important to determine, however, what parts of these path-
ways are similar across asterids and across core eudicots, and
whether the model really does apply across these groups.
Also, it is unknown how many of these duplicated gene cop-
ies actually interact with one another and thus potentially
play a role in floral symmetry. We are now expanding the
expression data with in situ hybridization and are beginning
to examine function using virus-induced gene silencing
(VIGS) to knockdown these genes in Dipsacales.
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