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DUPLICATIONS AND EXPRESSION OF RADIALIS-LIKE GENES IN DIPSACALES

Geraldine S. Boyden,* Michael J. Donoghue,t and Dianella G. Howarth!*

*Department of Biological Sciences, St. John’s University, 8000 Utopia Parkway, Queens,
New York 11439, U.S.A.; and tDepartment of Ecology and Evolutionary Biology,
Yale University, P.O. Box 208106, New Haven, Connecticut 06520, U.S.A.

Evidence from Antirrbinum majus indicates that transcription factors CYCLOIDEA (CYC), DIVARICATA
(DIV), and RADIALIS (RAD) play a role in specifying floral symmetry. In bilaterally symmetrical flowers, CYC
and RAD are implicated in dorsal identity, while DIV patterns ventral identity. In this study, we examined
duplication events within the RAD-like gene family in Dipsacales and report the phylogenetic relationships of
the RAD-like genes across Pentapetaleae. Like CYC-like and DIV-like genes, we found three Pentapetaleae
clades of RAD-like genes: RAD1, RAD2, and RAD3, with AmRAD in the RAD2 clade. Unlike CYC-like and
DIV-like gene families, only one of these duplications appears to have taken place around the diversification of
the Pentapetaleae: RAD1 spans the monocots and eudicots, while RAD2 and RAD3 are Pentapetaleae specific.
We found additional duplications within these gene clades in Dipsacales, especially within the Morinaceae,
Dipsacaceae, and Valerianaceae, which also contain additional duplications in CYC-like and DIV-like genes.
Using reverse transcription polymerase chain reaction, we show that most RAD copies are expressed across
floral and leaf tissues in Lonicera x bella. DipsRAD2B (orthologous to AmRAD) is expressed in a dorsoventral
pattern similar to DipsCYC2B, which is similar to the result in A. majus. We argue that this favors the
hypothesis that a similar interaction between CYC and RAD may occur outside of the Lamiales.

Keywords: RADIALIS, floral symmetry, Dipsacales, gene duplication, core eudicots, gene expression, MYB

transcription factors.

Online enhancement: appendix table.

Introduction

Shifts in the symmetry of flowers between radial symmetry
(polysymmetry, actinomorphy) and bilateral symmetry (mono-
symmetry, zygomorphy) have been common within angiosperms
(Weberling 1989; Endress 1996, 1999). Such morphological
shifts are of special interest in relation to shifts in pollination
(see Neal 1998) and, ultimately, perhaps to shifts in rates of
diversification (Sargent 2004). It has also been suggested that
the various forms of bilateral symmetry found among aster-
ids (Donoghue et al. 1998) might reflect underlying develop-
mental constraints in this lineage, especially in relation to the
basic orientation of the flower, which results in a medially
positioned petal in the abaxial or ventral portion of the flower
(Donoghue and Ree 2000). This orientation sets up the flower
in such a way that the two dorsal petals develop in tandem,
the two lateral petals develop in tandem, and the single ventral
petal is independent.

Research on the evolution of floral symmetry has been
greatly advanced by the discovery of three clades of potential
candidate genes, CYCLOIDEA (CYC; Luo et al. 1996),
DIVARICATA (DIV; Galego and Almeida 2002), and RADIALIS
(RAD; Corley et al. 2005). All three of these gene groups
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were initially characterized in Antirrhbinum majus (referred
to here as Antirrhinum), with function in dorsal (CYC, RAD)
or ventral (DIV) portions of the flower. These genes fall into
two major transcription factor families: TCP (Cubas et al.
1999a) and MYB (classified by the strong conservation of im-
perfect repeats; Martin and Paz-Ares 1997). A model for these
genes in Antirrhinum hypothesizes that the TCP genes CYC
and DICH (a duplicate in Antirrhineae; Hileman and Baum
2003) are expressed in dorsal portions of the corolla and an-
droecium and control the activation of the MYB gene, RAD.
RAD in turn inhibits another MYB gene, DIV, restricting DIV
to function only in the ventral portion of the corolla (Corley
et al. 2005). Thus mutants of cyc + dich and rad result in ra-
dially symmetrical, ventralized flowers (Luo et al. 1996; Cor-
ley et al. 2005), while mutants of div (in a cyc + dich
background) result in radially symmetrical, lateralized flowers
in Antirrbinum (Almeida et al. 1997). Similar phenotypes
resulting from CYC loss of function have been corroborated
in the closely related Linaria vulgaris (Cubas et al. 1999b) as
well as in two legumes, Lotus japonica and Pisum sativum
(Feng et al. 2006; Wang et al. 2008). Additionally, CYC
orthologs in Asteraceae play a role in specifying disk versus
ray florets (Broholm 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, Dipsacales,
Lupinus, and Malpighiaceae (Cubas et al. 2001; Citerne
et al. 2006; Howarth and Donoghue 2006; Busch and
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Zachgo 2007; Zhou et al. 2008; Zhang et al. 2010; Howarth
et al. 2011). All of these data support parallel recruitment of
CYC-like genes in specifying floral symmetry and therefore
a similar functional system across rosids and asterids (Preston
and Hileman 2009). Unlike CYC, however, little is known
outside of Antirrhinum about the expression or function of
the MYB genes (DIV and RAD). Two studies using expres-
sion data in other Veronicaceae and in Bournea (Gesneria-
ceae), however, are consistent with the model of CYC-like,
DIV-like, and RAD-like gene interaction being conserved at
least across Lamiales (Zhou et al. 2008; Preston et al. 2009).
Additionally, our previous data on DIV expression in Hepta-
codium (Dipsacales) indicated that there is a dorsoventral ex-
pression pattern of a DIV ortholog in the corolla, supporting
the possibility that the pathway is similarly co-opted across
asterids (Howarth and Donoghue 2009).

MYB transcription factors, including RAD and DIV, com-
prise the largest gene family in Arabidopsis, with 198 para-
logs (Yanhui et al. 2006), thus contributing to challenges in
determining orthology across taxa. MYB genes are highly
variable in sequence but are characterized by three a-helices
that form a compact bundle with three regularly spaced
Trp residues (Stevenson et al. 2006). One subset, the MYB-
related family, which contains a total of 64 members in Arabi-
dopsis, includes RAD and DIV. This group is further divided
into five subfamilies of genes in which the I-box-like subfamily
includes RAD and the R-R-type subfamily includes DIV (Yan-
hui et al. 2006). These two subfamilies appear to be sister
groups and were previously lumped by Riechmann and Rat-
cliffe (2000) together under the name I-box-like because of the
similarity of the first MYB domain of DIV to the single MYB
domain of RAD. It is possible that I-box-like genes such as
RAD were the result of the loss of the second MYB domain of
an R-R-type gene such as DIV (Stevenson et al. 2006). RAD,
which is only 93 aa long, shares significant similarity with the
N terminal MYB domain of DIV in the first two helices. The
third helix contains only 30% sequence similarity, however,
and is notably longer in RAD. Stevenson et al. (2006) suggest
that the DNA binding domain of RAD and DIV are in the
third helix, and therefore these two proteins may not be bind-
ing to the same regions. This clade of I-box-like genes includes
six Arabidopsis sequences, six Antirrbinum sequences, and as
many as nine Oryza sequences (Yanhui et al. 2006; Baxter
et al. 2007). Orthology and evolution of the RAD-like gene
family have remained unclear because of a lack of taxon sam-
pling across eudicots.

The greatest angiosperm diversity of species and floral
forms is found in the Pentapetaleae (core eudicots excluding
Gunnerales; see Cantino et al. 2007), which makes up approx-
imately 70% of extant angiosperms. Although lineages of the
eudicots are more labile with multiple shifts in merosity and
phyllotaxy, flowers of the Pentapetaleae are based on a pen-
tamerous ground plan (as opposed to the dimerous ground
plan that characterizes the so-called basal eudicots) and de-
marcated floral whorls (Magallon et al. 1999; Soltis et al.
2003; Endress 2010, 2011). It has been argued that a large
proportion of plant diversity may have arisen following the
duplication and subsequent adaptation of preexisting genes
(Flagel and Wendel 2009; Van de Peer et al. 2009). Genome
comparisons point to a whole genome duplication or even

a hexaploidization event that may have occurred before the
diversification of the rosids and may be coincident with the
origin of the Pentapetaleae (Bowers et al. 2003; De Bodt
et al. 2005; Jaillon et al. 2007). This hypothesis has been
since supported by other genomic analyses (Tang et al. 2008;
Cenci et al. 2010; Chan et al. 2010; Schmutz et al. 2010).
Our previous data from other members of the floral symme-
try pathway, specifically the ECE clade of CYC-like genes
(Howarth and Donoghue 2006) and the core RR DIV clade
of DIV-like genes (Howarth and Donoghue 2009), support
this hypothesis, with evidence that two duplications oc-
curred in each group around the divergence of the Pentapeta-
leae. In this study, we therefore aimed to determine whether
RAD-like genes also duplicated around the divergence of the
Pentapetaleae.

Similar to our recent studies in CYC-like and DIV-like
genes, we utilize here the Dipsacales clade as a focal point,
along with sequences from published genomes, to determine
duplication patterns of RAD-like genes across Pentapetaleae.
Our focus on Dipsacales was motivated by several factors.
The Dipsacales phylogeny is quite well resolved based on a se-
ries of molecular and morphological phylogenetic analyses
(Judd et al. 1994; Backlund and Donoghue 1996; Bell et al.
2001; Donoghue et al. 2001, 2003; Pyck 2001; Zhang et al.
2003; Jacobs et al. 2011). This backbone lineage phylogeny
(fig. 1) provides a solid basis for inferring the location of evo-
lutionary changes in flower characters (Donoghue et al. 2003),
as well as a secure framework within which to infer the evo-
lution of the RAD-like gene family, including the location of
gene duplications.

A variety of floral forms are found within Dipsacales, in-
cluding radial symmetry, bilateral symmetry, and asymmetric
flowers (Donoghue et al. 2003). Recent phylogenetic analyses
of campanulid angiosperms support the radially symmetrical
Paracryphiaceae as sister to Dipsacales (Winkworth et al.
2008; Tank and Donoghue 2010), which supports an ances-
tral condition of radial symmetry in the entire clade. The pri-
mary split within Dipsacales separates radially symmetrical
Adoxaceae (including Viburnum, Sambucus, and Adoxa and
its relatives) from the bilaterally symmetrical Caprifoliaceae
sensu lato (including Diervilleae, Caprifolieae, Linnaeeae,
Morinaceae, Dipsacaceae, and Valerianaceae; Fukuoka 1972;
Donoghue et al. 2003). It now appears that Linnaeeae
may not be monophyletic, with some more closely related to
Morinaceae (Jacobs et al. 2011). In any case, Caprifoliaceae

% Adoxaceae

— Diervilleae

HE Caprifolieae

Linnaeeae
Morinaceae

__:Dipsacaeae

Valerianaceae

aeaoeljoyuden

Fig. 1 Simplified Dipsacales phylogeny showing the major lineages.
The Dipsacales are divided into two major clades, the radially sym-
metrical Adoxaceae and the bilaterally symmetrical Caprifoliaceae.
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appear to represent an independent derivation of bilateral
symmetry within the Asteridae, widely separated from the
origin of bilateral flowers in the clade that includes Antir-
rhinum. Within the Caprifoliaceae, there are several forms
of bilateral symmetry present. Two-lipped flowers in which
two dorsal petals are differentiated from the two lateral
petals plus the medial ventral petals (the 2:3 form) are
widespread within the clade and appear to be ancestral.
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 in Lownicera and Triosteum, and
polysymmetric flowers appear to have re-evolved within
Symphoricarpos. There have also been several shifts within
the Caprifoliaceae in other floral traits that could be af-
fected by the floral symmetry pathway, including stamen
abortion, the number of corolla lobes, a bilaterally symmetri-
cal calyx, and the formation of an epicalyx (Donoghue et al.
2003).

Along with broad duplications leading to three paralogs of
CYC-like and DIV-like genes in Pentapetaleae, several addi-
tional duplications have also occurred within Dipsacales.
Within the CYC2 and CYC3 clades, for instance, duplica-
tions occurred around the divergence of the Caprifoliaceae,
coincident with the shift to bilateral symmetry (Howarth and
Donoghue 2005). Duplications within Dipsacales also oc-
curred in all three lineages of DIV-like genes (DIV1, DIV2,
and DIV3), although it remains unclear whether these du-
plications span the Caprifoliaceae or the entire Dipsacales
(Howarth and Donoghue 2009). Additional duplications
also occurred in these gene lineages in Morinaceae, Dipsa-
caceae, and Valerianaceae. Based on these findings and the
presumed functional interactions among these genes, we hy-
pothesized that RAD-like genes might also have duplicated
within the Dipsacales.

In this article, we address the evolution of RADIALIS-like
genes within the Dipsacales and relate this to general patterns
of gene family evolution in eudicots. This study provides the
opportunity to examine the coevolution of three independent
transcription factors that interact to govern a major floral
trait. In addition to highlighting RAD duplications in the
Dipsacales and across the Pentapetaleae, we present reverse
transcriptase PCR (RT-PCR) expression data from one Dip-
sacales species, Lonicera x bella, a hybrid cultivar between
L. morrowii A. Gray and L. tartarica L., for each of these
copies.

Material and Methods

Dipsacales Sampling

Twenty-one individuals were sequenced representing all
major lineages within Dipsacales. We primarily used total ge-
nomic DNAs, obtained in many cases from extractions used
in previous phylogenetic studies. Some species were sampled
using floral cDNA, extracted from whole flower bud tissue.
Appendix A provides a list of included taxa, voucher speci-
mens, and GenBank accession numbers for each gene copy.
All primers were designed on either end of the single MYB
domain. DNA was amplified from each sampled species using
combinations of the primers listed in table B1, available in

the online edition of the International Journal of Plant Sci-
ences. Multiple primer pairs were used for each taxon. Am-
plification 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 Tag DNA
polymerase (Promega) in 25 uL, with final concentrations of
2.5 mM MgCl,, 0.5 uM of each primer, 0.8 uM dNTPs.
Amplified products were cloned using the StrataClone PCR
Cloning Kit (Stratagene). Between 10 and 40 colonies were
screened for all potentially different copies or alleles of the
RAD-like genes obtained. Colonies were selected and used to
inoculate a PCR cocktail. After a 10-min start at 95°C, am-
plifications utilized the following cycling program: 95°C for
30 s, 55°C for 45 s, and 72°C for 60 s, repeated for 30 cy-
cles. Amplification products of the appropriate size were
cleaned using a PEG 8000/NaCl precipitation protocol and
directly sequenced.

Genome Mining

In our primary analyses RAD-like genes were included
from four non-Dipsacales taxa, Antirrhinum majus, Arabi-
dopsis thaliana, Populus trichocarpa, and Vitis vinifera.
Antirrbinum and Arabidopsis each have six published cop-
ies, which were included in our analysis (Yanhui et al.
2006; Baxter et al. 2007). We additionally searched the ge-
nomes of Populus (http://genome.jgi-psf.org/Poptr1_1/Poptr1_1
.home.html) and Vizis  (http://www.genoscope.cns.fr/externe
/GenomeBrowser/Vitis/) to determine their complement of RAD-
like copies.

In order to determine the rooting of the Pentapetaleae
genes, we used published genomic data from the eudicot Ag-
uilegia coerulea and the monocot Oryza sativa in some anal-
yses. These analyses included RAD-like genes obtained from
an Agquilegia EST database search (http://www.phytozome
.net/aquilegia.php) and published Oryza sequences (Yanhui
et al. 2006).

Alignment and Phylogenetic Analyses

All clones from each DNA extraction (obtained using mul-
tiple primer pairs) were compiled into Sequencher 4.2 (Gene
Codes, Ann Arbor, MI). All sequenced genes with a MYB do-
main were included in the matrix. Positive clones were sepa-
rated into different “clusters” based on shared differences
among the clones. These clusters were essentially identical to
each other but varied by obvious polymerase error (single
base differences in one or two clones out of dozens, with dif-
ferent clones being mutated at different sites). 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 gener-
ated for each cluster and exported for phylogenetic analysis.
Protein sequences for each potential copy/allele obtained
were aligned by eye in MacClade 4 (Maddison and Maddison
2003), and the protein-aligned nucleotide matrix was used in
subsequent phylogenetic analyses. We hypothesize gene dupli-
cation instead of allelic variation when each “copy” is found
across multiple species, since gene flow across multiple geo-
graphically and phylogenetically divergent species would be un-
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likely, although we cannot rule out entirely the possibility of
deep coalescence or lineage sorting.

The matrix for each analysis included the entire region
between the primer pairs, with only a single amino acid
alignment ambiguity within the MYB domain. Parameters
for the Bayesian and maximum likelihood (ML) analyses
were estimated using jmodeltest 0.1 (Posada and Crandall
1998). The Akaike Information Criterion (AIC; Akaike
1973) was used to recommend the following models for each
analysis: TVMef+i+g for the total Pentapetaleae matrix,
TIM3+i+g for the clade of Dipsacales copy 1 (156 aligned
bases), and K80+G for Dipsacales copy 3 (83 aligned bases).
Each analysis was run with the recommended model as well
as a general time-reversible (GTR) model with added parame-
ters for invariable sites and a gamma distribution (GTR-+i+g)
to test the robustness of the data sets. All matrices described
here were analyzed using both Garli (ver. 0.951 or 0.96; http://
www.bio.utexas.edu/faculty/antisense/garli/Garli.html; ~ Zwickl
2006) and MrBayes 3.12 (Huelsenbeck and Ronquist 2001).
At least 10 runs from random starting seeds were performed
to check convergence of likelihood scores and topology. ML
bootstrap values were estimated on each data set using Garli
with 100 random replicates. In MrBayes 3.12, we used the
Metropolis-coupled Markov chain Monte Carlo method as
implemented in Mr. Bayes (ver. 3.2) to run four chains (three
heated). We ran 5 million generations, sampling every 1000
generations, with a burn-in of 1000 trees (1 million genera-
tions). Adequate convergence and mixing were assessed by
both comparison of the consensus topologies generated
from each run and by comparing pairs of individual runs in
the program AWTY (Wilgenbusch et al. 2004). Likelihood
scores by generation were graphed in Tracer (ver. 1.4.1;
http://tree.bio.ed.ac.uk/software/tracer/) to determine the burn-
in. A consensus tree was generated in MrBayes, which in-
cluded branch lengths and posterior probabilities. Because of
the difficulties of long branches of possible outgroups, we
opted to root these trees with the RAD1 clade, based on where
outgroups clustered and on divergent intron location.

Gene Expression

Plant tissue was collected from Lomnicera x bella, a hybrid
cultivar between L. morrowii and L. tartarica, at the corner
of the Grand Central Parkway access road and Midland
Parkway in Jamaica, New York. A voucher specimen is
housed at YU. Large branches were collected from plants
that contained flower buds at multiple stages. These branches
were transported to the laboratory and immediately dis-
sected. Dissected material was kept in a freezer at —80°C un-
til RNA extraction could be performed.

The samples utilized for RT-PCR were generated in
Howarth et al. (2011). The RNA dissections and extractions
contained three separate corolla lobe samples consisting of
dorsal (two dorsal lobes), lateral (two lateral lobes), and ven-
tral (single ventral lobe). Corolla lobes were separated from
corolla tubes of multiple flower buds from early-stage (first
stage possible to dissect) to nearly open flower buds. Through
all dissectible bud stages, floral parts were already well devel-
oped and only elongating. Bud stages were mixed because of
a limited supply of buds from a species with a limited flower-

ing period. Dissections targeted only the lobes, excluding fused
corolla tube tissue. Whole-bud and leaf tissues were used for
comparison.

Frozen tissues were pulverized with the Bio101 FastPrep
system (Qbiogene) and subsequently extracted using an
RNeasy kit with the optional DNase step (Qiagen). The sam-
ples were subsequently treated with DNase I (NEB), to fur-
ther eliminate DNA contamination. Standard PCR controls
were also run with no reverse transcriptase to test the total
RNA for DNA contamination. The ¢cDNA was generated
with gene-specific primers using the one-step RT-PCR kit
(Invitrogen) according to manufacturer instructions with
a 55°C annealing temperature and between 36 and 40 cycles.
We determined the linear range by running a whole-bud sam-
ple with each primer set and removing 2 mL of the reaction
every four cycles from 28-40 cycles. For future reactions, we
utilized the number of cycles in which a band first became
clear in whole-bud tissue. Reactions amplifying RAD-like
genes and DipsCYC2A and DipsCYC2B were in 25-uL reac-
tions (half reactions), while GAPDH controls were in 12.5-uL
reactions (quarter reactions).

Gene-specific primers were used to amplify DipsRADIA,
DipsRAD1B, DipsRAD2A, DipsRAD2B, and DipsRAD3
(table B1). Amplification of DipsCYC2A and DipsCYC2B
was performed by Howarth et al. (2011) and is included here
for comparison. GAPDH control reactions used primers from
Strand et al. (1997). These results were separated on a 1%
agarose gel in sodium borate buffer, and copies were verified
by sequencing. New sequences were submitted to GenBank
(JX123689-]JX123751; app. A).

Results

RAD-Like Genes

Multiple copies of RAD-like genes (up to seven) were
obtained from each Dipsacales species examined. A combina-
tion of these hypothesized copies resulted in a matrix of 84
taxa, including 63 Dipsacales sequences and 21 sequences
from the other eudicot species. The final matrix included 291
bases, although the majority of the taxa were only between
84 and 156 bases in length as a result of primer placement.
These data can be obtained from TreeBASE (http:/purl.org
/phylo/treebase/phylows/study/TB2:512770).

Using either TVMef+i+g or GTR+i+g models of evolu-
tion resulted in the same tree topology for the Pentapetaleae
taxa (fig. 2). There were no incongruencies among the trees
generated by Bayesian inference and maximum likelihood, al-
though the latter had better resolution. We illustrate the tree
from Garli 0.96 using the TVMef+i+g model, with Bayesian
posterior probabilities on deep nodes (fig. 2). As anticipated,
owing to the very short lengths of individual RAD sequences,
no nodes had ML bootstrap support values of over 50%.

The phylogeny was divided into three supported clades
(posterior probabilities of 0.86, 1.0, and 0.89). Each clade
contained copies from Vitis, Populus, Arabidopsis, Antirrhi-
num, and Dipsacales, indicating that each of these gene clades
characterize a much larger Pentapetaleae clade. Here we refer
to these clades as RAD1, RAD2, and RAD3 (fig. 2). Each
clade contained two Arabidopsis sequences and a single Vitis
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Fig. 2 Maximum likelihood phylogram of Pentapetaleae RAD-like genes as estimated in Garli (ver. 0.96). Clades labeled 1, 2, and 3
correspond to the three RAD-like clades of Pentapetaleae genes, RAD1, RAD2, and RAD3, respectively. Bold branches indicate a Dipsacales
clade, with black circles highlighting broad Dipsacales duplications. Numbers above the branches are Bayesian posterior probabilities. Dashed
lines indicate Bayesian posterior probabilities less than 0.5. Samples isolated from cDNA are labeled.

sequence along with the sequences outlined below. RAD1 in-
cluded a single Antirrbinum sequence, 21 Dipsacales sequences,
and a single Populus sequence. RADIALIS from Antirrhi-
num, along with its known orthologs in Lamiales, was nested
in RAD2 along with 37 Dipsacales sequences and a single se-
quence from Populus. RAD3 included RAD-like2 (RL2),
RL3, and RL4 from Antirrhinum, five Dipsacales sequences, and

two sequences from Populus. A sixth Antirrbinum sequence,
RLS, is not displayed in the final tree because of its long
branch and uncertain placement; however, our data indicate
that it may be another copy within the RAD3 clade.

We also included non-Pentapetaleae copies from Aquilegia
and Oryza to attempt to determine the root of these three
Pentapetaleae clades. Through genome mining, we uncovered
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three I-box-like Agquilegia paralogs (app. A). Yanhui et al.
(2006) found nine I-box-like paralogs in Oryza genome
searches, although several of these do not align well with the
rest of the sequences. Unfortunately, because of the short se-
quence length of RAD and the long branches of these out-
group taxa, the placement of non-Pentapetaleae copies from
Aquilegia and Oryza was not well supported. Variation in
taxon sampling, the model used, and alignments led to differ-
ences in the placement of the non-Pentapetaleae groups.
However, with taxon sampling including all three Aquilegia
paralogs and only the four Oryza paralogs with the closest
sequence similarity to RAD, multiple models and algorithms
converged on a single topology. One copy of Oryza and two
copies of Aquilegia together fall out in the same group as
two of the Pentapetaleae clades, RAD2 (which includes
RADIALIS) and RAD3. The other three Oryza copies and
a single Aquilegia copy fall out with the third Pentapetaleae
clade, RAD1. Taken at face value, these data suggest that the
duplication separating RAD1 from RAD2 and RAD3 oc-
curred before the diversification of monocots and eudicots.
The duplication separating RAD2 from RAD3 appears to
have happened around the divergence of the Pentapetaleae.
However, our data do not rule out the possibility that the
emergence of each of these gene clades predated the diversifi-
cation of the eudicots (with each Aquilegia sequence falling
out with each Pentapetaleae clade) or that they occurred
around the diversification of the Pentapetaleae (with Aquile-
gia and Oryza forming a grade subtending all three Pentape-
taleae clades). In any case, all analyses recovered three clades
of Pentapetaleae genes: RAD1, RAD2, and RAD3.

Heptacodium miconoides
0.68 Lonicera x bella
Lonicera maackii

0.69 (A)&

Dipsacales Duplications

In the RAD1 clade, which possibly diverged from RAD2
and RAD3 before the diversification of the monocots and eudi-
cots, we uncovered 21 Dipsacales sequences from 15 species
(fig. 3). There appears to have been a duplication preceding
the divergence of the Dipsacales. RAD1A (posterior proba-
bility = 0.69) contains Adoxaceae, Caprifolieae, Linnaeeae,
Morinaceae, Dipsacaceae, and Valerianaceae, while RAD1B
(posterior probability = 0.69) contains Adoxaceae, Caprifo-
lieae, Diervilleae, Linnaeeae, and Morinaceae. We suspect
that missing groups are due to lack of sampling and not gene
loss. There is no evidence of duplication in RAD1A, although
sampling is minimal. It is possible that there is a duplication
within Morinaceae in RAD1B.

The RAD2 clade, which includes the orthologs of AmRAD,
also yielded the greatest sampling from Dipsacales, with 37
sequences from 19 species. While this data set was insuffi-
cient to generate support for larger clades, a duplication
near the divergence of the Dipsacales was clearly evident in
RAD?2 (fig. 4). Clade RAD2A is weakly supported (posterior
probability = 0.52) and contains Adoxaceae sequences and
sampling from Diervilleae, Caprifolieae, and Linnaeeae. It
also does not conflict with the topology to hypothesize that
one group of Morinaceae falls within this group (labeled A?
in fig. 4). We did not amplify any Dipsacaceae or Valeriana-
ceae from RAD2A, although this is likely due to sampling
and not gene loss. The Caprifoliaceac RAD2B clade is rela-
tively well supported (posterior probability = 0.84) and
contains clades of all major groups of bilaterally symmetri-

Sambucus canadensis [JAdoxaceae
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e Symphoricarpos occidentalis
Dipelta floribunda JLinnaeeae
Cryptothladia chinensis
0.81 Morinaceae
- Acanthocalyx alba
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Fig. 3 Phylogram estimated by Bayesian inference of the RAD1 clade of Dipsacales sequences. The two major clades in Dipsacales are labeled
A and B. The numbers above the branches are Bayesian posterior probabilities. Lineages within the Dipsacales are labeled on the right.
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Fig. 4 Phylogram estimated by Bayesian inference of the RAD2 clade of Dipsacales sequences. The two major clades in Dipsacales are labeled
A and B. Two additional clades are hypothesized to potentially be a part of these two clades (labeled A? and B?). The numbers above the branches
are Bayesian posterior probabilities. Lineages within the Dipsacales are labeled on the right.

cal Dipsacales (Caprifoliaceae sensu lato; fig. 1). It is possi-
ble that Viburnum (Adoxaceae) also falls into this group,
given that it is not closely related to the Adoxaceae clade in
RAD2A (fig. 4, node labeled B¢), in which case there was
a Dipsacales-wide duplication event in this clade. However,
we cannot rule out the possibility that the duplication spans
only the bilaterally symmetrical Caprifoliaceae, given the
lack of support for the placement of the Adoxaceae sequences.
We see no evidence for subsequent duplication in any lineage
in RAD2A. RAD2B, on the other hand, contains duplications
in the same groups that show duplications in CYC-like genes,
i.e., independently within Morinaceae, Dipsacaceae, and Vale-
rianaceae (fig. 4).

Dipsacales sequences were identified within the RAD3
clade, including transcripts from Morinaceae and Caprifolia-
ceae (fig. 2), although we were not able to sample heavily in
RAD3. As a result of the short sequence length with only

a single conserved MYB domain, successful amplification of
any of these gene copies was challenging. We were able to
amplify RAD3 from other taxa, but because of primer place-
ment, the sequences were less than 20 bases long and could
not be used in the matrix.

RT-PCR

Gene expression was examined by amplifying each gene—
DipsRAD1A, DipsRAD1B, DipsRAD2A, DipsRAD2B, and
DipsRAD3—through RT-PCR on dissections of Lonicera x bella
samples (fig. 5). Expression from DipsCYC2A and Dips-
CYC2B is provided for comparison along with a GAPDH
control. All of the extracted tissues contained similar con-
centrations of RNA. Most of the RAD-like copies were
expressed across the petal dissections, in whole buds, and in
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leaves (DipsRAD1A, DipsRAD1B, DipsRAD2A, and Dips-
RAD3). DipsRAD2B, on the other hand, which is an ortho-
log of AmRAD, was lacking or very weak in the ventral
petal dissection. This is similar to the expression of Dips-
CYC2B (fig. 5).

Discussion

The RAD-Like Clade

Here we provide a first attempt to determine the phyloge-
netic relationships and duplication history of RAD-like genes.
The full sequence of AmRAD is only 93 amino acids long, of
which approximately 59 residues make up the MYB domain
(Stevenson et al. 2006). The shortness of this data set creates
serious challenges for phylogenetic analyses of amplified
genes, which include data only within a single conserved do-
main. Specifically, clade support may not be as strong as in

Lonicera x bella

DipsCYC2
©,

._
Q

g

o E———
N
:g®

| ——

GAPDH DipsRAD3

Fig. 5 Expression of RAD-like and DipsCYC2 copies from
Lonicera x bella using RT-PCR. Dorsal, lateral, and ventral corolla
lobe dissections are displayed along with whole bud and leaf. Floral
diagram indicates petal designations. GAPDH is used as an endogenous
control.

larger data sets. The absence of maximum likelihood boot-
straps over 50% clearly reflects the shortness of the sequences
because more characters are generally needed to achieve high
bootstrap support as compared to high posterior probabilities
(Erixon et al. 2003). In a set of experiments in which we suc-
cessively duplicated our data set, we recovered, as expected,
dramatically increased support for the RAD1, RAD2, and
RAD3 clades. For their part, posterior probabilities are more
sensitive to model misspecification, underparameterization,
and slight differences in taxon and character sampling (Douady
et al. 2003; Erixon et al. 2003). In simulations, posterior
probabilities always assigned support to an equal or greater
number of correct clades compared to ML bootstraps at mul-
tiple arbitrary cutoffs (including 70% and 95%; Alfaro et al.
2003). It is comforting to note, therefore, that despite the nec-
essarily limited amount of data, we uncovered the same gen-
eral topology for the clades discussed here under all analyzed
models and taxon sampling schemes.

Our data provide support for three distinct clades of RAD-
like genes in the Pentapetaleae (fig. 2). These three clades,
which we have named RAD1, RAD2, and RAD3, agree with
the three duplets of Arabidopsis copies found in smaller data
sets (Baxter et al. 2007; Zhou et al. 2008), with each duplet
falling, separately, within each of these clades. These data in-
dicate that there were at least two broad duplications of I-
box-like genes predating the divergence of the Pentapetaleae.

Because of the short usable sequence region, support for the
placement of non-Pentapetaleae taxa, and therefore the root-
ing of these three clades, was weak. When multiple models
and taxon sampling were used, the topology found most fre-
quently showed the general pattern of Aquilegia and Oryza
copies clustering with RAD1 and with RAD2 and RAD3
together, even though posterior probabilities and maximum
likelihood bootstrap support values were <0.5 and 50%, re-
spectively. Better sampling will be needed to confidently re-
solve these broad relationships. The hypothesis that RAD2
and RAD3 are sister clades is also supported by the intron
placement in Arabidopsis and Vitis, where the copies from
RAD2 and RAD3 all have an intron in the 3’ end of their cod-
ing sequences, differing from the copies from RAD1, where
the intron is in the 3’ untranslated region (Baxter et al. 2007).
Antirrhinum appears to also follow this pattern in RAD2 and
RAD3 genes; however, AmRAD1 (from RAD1) is incomplete,
and therefore intron placement is unknown. Intron placement
in Aquilegia and Oryza may be more labile, although several
gene sequences are incomplete. Given these data, we hypothe-
size that the duplication separating RAD1 from RAD2 and
RAD3 predated the monocot-eudicot split. The duplication
leading to RAD2 and RAD3 appears to have occurred
around the divergence of the Pentapetaleae.

Our findings on RAD evolution provide a striking comple-
ment to recent studies of floral symmetry and floral organ iden-
tity (MADS-box) genes. Proteins within the TCP and MYB
families pattern the dorsoventral identity of Amntirrhinum
flowers (Luo et al. 1996; Almeida et al. 1997; Corley et al.
2005; Costa et al. 2005), whereas MADS-box proteins pat-
tern floral organ identity (Coen and Meyerowitz 1991;
Meyerowitz et al. 1991). Both the ECE clade of CYC-like
TCP genes and the core R-R-type clade of DIV-like genes ap-
parently duplicated twice before the diversification of the
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Pentapetaleae (Howarth and Donoghue 2006, 2009). Like-
wise, it appears that members of each of the major functional
categories of floral MADS-box genes—APETALA1 (AP1, A
class), APETALA3 (AP3, B class), AGAMOUS (AG, C
class), and SEPALLATA—underwent a duplication in a simi-
lar location near the base of the Pentapetaleae (Litt and Irish
2003; Kim et al. 2004; Kramer et al. 2004; Kramer and Hall
2005; Zahn et al. 2005). More specifically, AP1 and SEP
both duplicated twice around the diversification of the Penta-
petaleae, while AP3 and AG appear to have duplicated only
once (or lost a third copy) around the same time. Addition-
ally, these gene networks may cross since there is evidence that
a RAD ortholog in Gossypium may be controlled in part by AG
(Zhang et al. 2011). Our analyses of RAD-like genes lead us
to hypothesize that these genes duplicated a single time pre-
ceding the Pentapetaleae diversification, much like AP3 and
AG (Kim et al. 2004; Kramer et al. 2004), as opposed to twice
as in the remaining MADS-box gene clades and the other two
floral symmetry gene clades, CYC and DIV (Howarth and
Donoghue 2006, 2009). The duplications found among these
groups combine to place the potential hexaploidization event
hypothesized by Jaillon et al. (2007) between the diversification
of the Ranunculales and the rest of the eudicots (Bowers et al.
2003; De Bodt et al. 20035; Jaillon et al. 2007).

Dipsacales Duplications

Owing to the short sequence lengths of the RAD-like
genes, we did not expect to resolve relationships among
groups within the Dipsacales to the same degree that we pre-
viously demonstrated with CYC-like and DIV-like genes
(Howarth and Donoghue 2005, 2006, 2009). Nevertheless,
we were able to pinpoint major duplication events in the
Dipsacales based on clades with >0.5 Bayesian posterior
probabilities and the number of copies obtained (figs. 3, 4).

The RAD1 clade, which appears to span monocots + eudicots,
had reasonable sampling from Dipsacales and showed clear
evidence of a broad duplication event predating the diver-
gence of the Dipsacales (fig. 3). DipsRAD1A contained sam-
pling from Adoxaceae and across Caprifoliaceae sensu lato.
DipsCYC1B also contained sampling from Adoxaceae and
several groups of Caprifoliaceae but was missing the Dipsa-
caceae and Valerianaceae. It is likely that these were simply
unsampled. The only other possible duplication in Dipsacales
is within DipsRAD1B, where there is a possible duplication
in Morinaceae (fig. 3), although this could also be allelic var-
iation in Cryptothladia.

RAD?2, which contains the orthologs of AmRAD, was the
copy most frequently cloned and sequenced. Based on primer
sequence, there is no reason to hypothesize that this copy
would be preferentially amplified over copies from RAD1
and RAD3. Nevertheless, we uncovered the greatest number
of duplications in RAD2 in Dipsacales (fig. 4). This is similar
to other floral symmetry genes where we also found the
greatest numbers of duplications within the CYC2 clade
(orthologs of AmCYC) and the DIV1 clade (orthologs of
AmDIV). Our interpretation of the RAD2 Dipsacales data
set entails a duplication predating the divergence of the Dip-
sacales (fig. 4). There are two independent groups of radially
symmetrical Adoxaceae and bilaterally symmetrical Caprifo-

liaceae species, and our data do not conflict with these form-
ing two clades.

The DipsRAD2A clade, with posterior probability of 0.69,
contains Adoxaceae and three lineages of Caprifoliaceae
(Diervilleae, Caprifolieae, and Linnaeeae). We also hypothe-
size that the separate clade of Morinaceae labeled A¢ in fig-
ure 4 may fall into this group, given its distinctness from the
other clade of Morinaceae, which falls into DipsRAD2B. We
assume that the apparent absence from Dipsacaceae and
Valerianaceae is simply due to our failure to sample these
genes, although it is possible that DipsRAD2A has been lost in
this group of Dipsacales. There is no evidence for additional
duplications within any Dipsacales lineages within Dips-
RAD2A. A second clade of DipsRAD2 genes, DipsRAD2B,
is supported by a posterior probability of 0.84 and includes
a better sample from across Caprifoliaceae. It does not con-
flict with the topology for the second copy from Viburnum
acerifolium (Adoxaceae) to be sister to this DipsRAD2B Cap-
rifoliaceae clade. This would be similar to the patterns seen
in all three clades of DIV-like genes (Howarth and Dono-
ghue 2009). It is also possible, however, that this copy falls
into the DipsRAD2A clade and that the duplication in RAD2
coincided with the shift to bilateral symmetry around the diver-
gence of the Caprifoliaceae, similar to the patterns seen in the
DipsCYC2 and DipsCYC3 clades (Howarth and Donoghue
2005). Within the Caprifoliaceae DipsRAD2B clade, we also
see clear evidence for a duplication within the Morinaceae and
at least one duplication in the Dipsacaceae and Valerianaceae
clades. These three groups have also contained duplications in
multiple clades of CYC-like and DIV-like genes (Howarth and
Donoghue 2005, 2009).

DipsRAD3 was difficult to amplify from Dipsacales with
only sequences from Caprifolieae (Symphoricarpos) and
Morinaceae obtained. The presence of these two groups indi-
cates, however, that there is a DipsRAD3 clade of Dipsacales
genes. Through specific primer design we were able to am-
plify other gene copies that we hypothesize to be DipsRAD3
copies; however, because of their short sequence (fewer than
20 bases without the flanking primer sequences), they could
not be included in the matrix. Future work could include ob-
taining full-length gene sequence for these copies using ran-
domly amplified cDNA ends, which would allow us to design
more specific primers outside of the conserved MYB domain.

Both Antirrhinum and Bournea appear to have only a sin-
gle copy in the RAD2 clade, although Antirrhinum has at
least three RAD3 copies. Duplications may not be as fre-
quent in RAD2 as in CYC2 and DIV1 (Galego and Almeida
2002; Reeves and Olmstead 2003; Howarth and Donoghue
2005, 2006, 2009; Zhou et al. 2008; Jabbour et al. 2009),
but within the Dipsacales these duplications are still com-
mon. We show evidence in RAD2 for a broad Dipsacales du-
plication as well as subsequent duplications in Morinaceae,
Dipsacaceae, and Valerianaceae.

It is clear that the lineages Morinaceae, Valerianaceae, and
Dipsacaceae contain common duplications within each of the
CYC (Howarth and Donoghue 2005), DIV, and RAD gene
families. These are all groups with divergent floral morphol-
ogies including such characteristics in different groups as a bi-
laterally symmetrical calyx, an epicalyx (sometimes also
bilateral), an asymmetric corolla, ventral and asymmetric sta-
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men abortion, and multiple flower symmetries within a single
head inflorescence. Morinaceae, for instance, are character-
ized by an unusual bilateral calyx, which appears from devel-
opmental studies to have only four lobes, with the medial
dorsal lobe aborting very early in development (Hofmann
and Goéttmann 1990). It is possible that the additional dupli-
cations in the potentially interacting RAD-like, DIV-like, and
CYC-like genes are related to the new function of producing
a bilaterally symmetrical calyx.

Expression of DipsRAD

In Antirrhinum, the only species in which endogenous
RAD function has been studied, Corley et al. (2005) hypoth-
esize that CYC and its immediate sister copy DICH (both in
the CYC2 clade; Howarth and Donoghue 2006) together ac-
tivate RAD. RAD, in turn, may downregulate or compete
with DIV, given that RAD has a single MYB domain resem-
bling a truncated portion of the DIV gene. Stevenson et al.
(2006) did not find evidence of dimerization domains in
RAD, but they hypothesized that RAD could mimic either of
the MYB domains of DIV. CYC, RAD, and DIV interact in
a regulatory network to pattern floral symmetry in Antirrbi-
num, although the exact nature of the interactions, and even
whether this pathway is utilized outside of Antirrbinum, re-
mains unknown. Expression data from Bowurnea, Gratiola,
and Veromica suggest that it may be recruited at least across
the Lamiales (Zhou et al. 2008; Preston et al. 2009). Costa
et al. (2005) showed that Antirrbinum CYC cannot turn on
RAD-like genes in Arabidopsis; however, it is unknown
whether TCP1 (the endogenous CYC ortholog in Arabidop-
sis) can turn on Arabidopsis RAD-like genes. In fact, in con-
trast, expression data from Arabidopsis indicate that the
RAD-like genes may not function in the same way in that spe-
cies (Costa et al. 2005; Baxter et al. 2007) because there is no
expression in the corolla (although the location of expression
was not found for one of the RAD2 clade genes, AtRL1). A re-
cent study in Gossypium (also a radially symmetrical rosid), ex-
amining GbRL1, which falls into the RAD2 clade (data not
shown), indicates that this gene is expressed strongly in co-
rolla and ovule tissues, with potential control of cotton fiber
growth, providing evidence for a novel function compared to
Antirrhinum (Zhang et al. 2011). This pattern could mean
that the pathway of interactions between RAD, DIV, and
CYC may be specific to Lamiidae or Asteridae. It could also
mean, however, that Arabidopsis, with four-merous radially
symmetrical flowers at maturity, utilizes a derived version of
a conserved regulatory network that otherwise does span the
Pentapetaleae.

Although RAD function has not yet been corroborated
outside Antirrbinum, data do indicate that a downstream tar-
get of the floral symmetry MYB gene, DIV, has broader func-
tion. Perez-Rodriguez et al. (2005) showed that AmMYBLI1,
an Antirrhinum gene, is a downstream target of DIV and its
ectopic expression in Nicotiana affected ventral petal mor-
phology. This suggests the possibility that DIV function may
also extend at least across the Lamiidae. Additionally, expres-
sion of DIV in Gesneriaceae and Dipsacales suggests broader
conservation in the pathway (Zhou et al. 2008; Howarth and
Donoghue 2009).

Here we present the first expression data supporting the
conservation of this floral symmetry regulatory network out-
side of Lamiidae. We examined all five Dipsacales RAD-like
genes (DipsRAD1A, DipsRAD1B, DipsRAD2A, DipsRAD2B,
and DipsRAD3) in Lonicera x bella via RT-PCR. Lonicera
flowers are strongly bilaterally symmetrical, but, unlike An-
tirrhinum, the two dorsal and the two lateral petals are
“up,” or dorsally oriented, while the single ventral petal re-
mains “down,” or is ventrally oriented (fig. 5). In Antirrbi-
num, evidence indicates that RAD is activated by CYC +
DICH and therefore expressed in the same zone (Corley
et al. 2005). While both CYC and DICH are expressed in
the dorsal petals and staminode, DICH is more restricted in
expression to the dorsal portion of the dorsal petals (Luo
et al. 1996, 1999). RAD expression is more similar to the ex-
pression of CYC than DICH (Corley et al. 2005). Therefore,
given a hypothesis of similar gene interaction of the floral
symmetry pathway in other Pentapetaleae, we would expect
a RAD2 clade homologue to express in a pattern similar to
that of CYC2 clade genes. In Lonicera, DipsCYC2A is
expressed in only the dorsal two petals, while DipsCYC2B
has an expanded expression into all four of the petals that
are oriented dorsally (fig. 5; Howarth et al. 2011). In Antir-
rhinum, RAD is expressed in the broadest zone across which
CYC2 members are expressed. Therefore, in Lonicera, we
would expect to find a RAD homologue expressed across the
most expanded expression of a CYC2 homologue. In fact,
this is what we have discovered in DipsRAD2B, which is
expressed in the same zone that DipsCYC2B is expressed.
Although we have examined only crude dissections of whole
petals, DipsRAD2B appears to be lacking from the ventral
petal, which is similar to the expanded zone of expression of
DipsCYC2B as opposed to the more restricted expression of
DipsCYC2A (fig. 5; Howarth et al. 2011).

Within the RAD2 clade, expression has been examined only
in Antirrbinum (and other Veronicaceae), Bournea, Arabi-
dopsis, and now Lonicera (Corley et al. 2005; Baxter et al.
2007; Zhou et al. 2008; Preston et al. 2009). In Veronicaceae,
Bournea, and Lonicera, a RAD2 homologue is expressed in
a pattern similar to that of a CYC2 homologue (Corley et al.
2005; Zhou et al. 2008; Preston et al. 2009). In Arabidopsis,
there are two copies, AtRL1 and A#RL2. Using in situ hybrid-
ization, Baxter et al. (2007) did not find AtRL2 in the corolla
but instead in portions of the ovules and embryos, although
perhaps in a dorsoventral pattern within the funiculus. They
were not able to detect AtRL1 using in situ hybridization, al-
though it was uncovered from whole-plant RT-PCR, so it is
still unknown where it is expressed (Baxter et al. 2007). In
Lonicera, while DipsRAD2B is expressed similarly to Dips-
CYC2B as described above, DipsRAD2A is expressed across
the corolla and in whole buds and leaves and does not ap-
pear to exhibit a dorsoventral expression pattern.

In the RAD3 clade, the expression is less known. There are
three clear copies of AmRAD2 genes, AmRL2, AmRL3, and
AmRL4. Expression data are available only for AmRL3,
which is in the central pith of inflorescences and the outer
layers of the stem, although also possibly with a dorsoventral
pattern within bracts (Baxter et al. 2007). In Arabidopsis,
there are two copies in RAD3, AtRLS5 and A#RL6. In situ hy-
bridization did not uncover expression for AtRL5, although
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whole-plant RT-PCR did, indicating that it is expressed
(Baxter et al. 2007). AtRL6 is not expressed in flowers and
appears to be in micropylar endosperm (Boisnard-Lorig et al.
2001). We uncovered only a single copy in Dipsacales from
RAD3, which appears to be weakly expressed across flowers
and leaves (fig. ).

The RAD1 clade, which we hypothesize predates the diver-
gence of monocots from eudicots, also has little published ex-
pression data. In Antirrbinum, AmRL1 clearly falls in this
clade. AmRL1 appears to be weakly expressed in young flo-
ral meristems and around the pedicel. In Arabidopsis, there
are two copies, AtRL3 and AtRL4, which are expressed just
outside vascular bundles and not in flowers (Baxter et al.
2007). In Dipsacales, we show evidence for two independent
gene copies within RAD1. In Lonicera, both of these copies
appear to be expressed across floral and leaf tissue (fig. 5).

There is considerable diversity of expression in the RAD-
like gene copies, especially when comparing Lonicera, An-
tirrhinum, and Arabidopsis. Lonicera may seem to have
broader expression simply because these are RT-PCR results
that could pick up much weaker signals than in situ hybrid-
ization. Several of the genes do appear to have a dorsoventral
pattern of expression in whatever tissue they are expressed in,
and in all of these cases they are restricted adaxially, implying
that these genes could frequently be co-opted in patterning
symmetry. We argue from our circumstantial expression data
from Lonicera that genes from CYC2, DIV1, and RAD2 pos-
sibly form a network of interacting gene partners that are con-

served at least across asterids. These interacting gene partners
appear to have duplicated in tandem around the diversifica-
tion of the Pentapetaleae as well as within major clades of
Dipsacales. This more complete picture of duplications
within each of these three interacting gene lineages sets the
stage for an analysis of the coevolution of these genes in the
several distantly related lineages in which bilateral flower
symmetry originated.
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Appendix A
Voucher Information

Further duplicated genes in each group are separated by a colon. Taxon; voucher collection and (herbarium); GenBank acces-
sion numbers.

Dipsacales; RAD1A, RAD1B, RAD2A, RAD2B, RAD3. Acanthocalyx alba; Boufford et al. 28401 (A); JX123730,
JX123729, JX123727, JX123728, JX123721. Centranthus ruber, Bell 203 (YU); —, —, —, JX123699:]X123692, —. Cryp-
tothladia chinensis; Bufford, Donoghue and Ree 27870 (A); JX123736, ]JX123734:]JX123735, ]JX123732,
JX123731:JX123733, JX123720. Diervilla sessilifolia; Elisk and Zinman 3286 (A); —, JX123746, JX123745, JX123693,
—. Dipelta floribunda; Buckland and Kelly 32 (A), JX123743, JX123744, -, JX123742, —-. Dipsacus pilosus; F. Billiet
1445, Nat. Bot. Gard. of Belgium; —, —, —, JX123714:]JX123715:]X123716, —. Fedia cornucopiae; Bell, voucher lacking
cDNA; -, —, —, JX123689:]X123691:]X123690, —. Heptacodium miconioides; Howarth, live specimen Marsh Gardens
(YU), cDNA; JX123695, JX123698, JX123697, JX123696, —. Kolkwitzia amabilis; Elsik, Michener, and Bailey 844 (A);
-, -, JX123707, JX123706, —. Lonicera x bella; Howarth 1-2010 (YU); JX123719, JX123741, JX123709, JX123694,

JX123747. Lonicera maackii; Smith 20 (YU); JX123705, —, —, —, —. Lonicera morrowii; Smith 49 (YU); —, —, JX123708, -,
—. Morina longifolia; Eriksson s.n. 2 Nov. 1999 (SBT); —, JX123726, JX123723, JX123722:]JX123724, JX123725. Sambu-
cus canadensis; Donoghue, voucher lacking; JX123700, —, JX123704, —, —. Sixalix atropurpurea; Carlson 144 (YU);

JX123712, -, —, JX123713:]X123711, —. Symphoricarpos occidentalis; Donoghue, voucher lacking; JX123710, —, —, —, —.
Valerianella eriocarpa; Bell, voucher lacking, cDNA; JX123701, -, —, JX123703, —. Valerianella locusta; Bell 2006-64
(YU); =, —, —, JX123702, —. Viburnum acerifolium; Winkworth and Donoghue 27 (A and YU); —, JX123749, JX123748,
JX123717, —. Weigela hortensis; Kelly and Buckland 28 (A); —, JX123751, JX123750, JX123718, —. Others; RAD1,
RAD2, RAD3. Antirrhinum majus; Baxter et al.,, 2007; AJ791699 (AmRL1), RADIALIS, DQ375230
(AmRL2):DQ375227 (AmRL3):DQ375228 (AmRL4). Aquilegia coerulea; EST database; FTOX81088.g1, RAD2/3-Scaf-
fold 10.3357828.3358083:FTOX54583.b1. Arabidopsis thaliana; Baxter et al., 2007; DQ395345 (AtRL4):At4g36570
(AtRL3), At2g21650 (AtRL2):At4g39250 (AtRL1), Atlg19510 (AtRLS5):Atlg75250 (AtRL6). Bournea leiophylla; Zhou
et al., 2008, —, EF207557, —-. Gratiola officinalis; Preston et al., 2009; —, FJ649696, —. Oryza sativa; Genome database;
0s03g14810:0s03g63890:0s12g33950, RAD2/3-0s07g26150. Populus trichocarpa; Genome database; gw1.57.329.1, fge-
nesh4_pm.C_LG_IV000458, gw1.V.1367.1:eugene3.00020323. Veronica serpyllifolia; Preston et al., 2009, —, FJ649695,
—. Vitis vinifera; Genome database; GSVIVT01018944001, GSVIVT01031975001, GSVIVT01031982001.
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