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ABSTRACT 13 
 14 
Bilaterally symmetric flowers have evolved over a hundred times in angiosperms, yet orthologs of the transcription 15 
factors CYCLOIDEA (CYC), RADIALIS (RAD), and DIVARICATA (DIV) are repeatedly implicated in floral symmetry 16 
changes. We examined these candidate genes to elucidate the genetic underpinnings of floral symmetry changes in 17 
florally diverse Rhododendron, reconstructing gene trees and comparing gene expression across floral organs in 18 
representative radial and bilateral species. Radially symmetric R. taxifolium and bilaterally symmetric R. beyerinckianum 19 
had four and five CYC orthologs, respectively, from shared tandem duplications. CYC orthologs were expressed in the 20 
longer dorsal petals and stamens and highly expressed in R. beyerinckianum pistils; whereas they were either 21 
ubiquitously expressed, lost from the genome, or weakly expressed in R. taxifolium. Both species had two RAD and DIV 22 
orthologs uniformly expressed across all floral organs. Differences in gene structure and expression of Rhododendron 23 
RAD compared to other asterids suggest that these genes may not be regulated by CYC orthologs. Our evidence 24 
supports CYC orthologs as the primary regulators of differential organ growth in Rhododendron flowers, while also 25 
suggesting certain deviations from the typical asterid gene regulatory network for flower symmetry. 26 
 27 
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INTRODUCTION 32 
 33 
Flower symmetry is a feature of angiosperms that influences pollinator attraction, visitation, and overall specialization 34 
[1]. In contrast to radial symmetry, which exhibits multiple planes of symmetry, bilateral flower symmetry has a single 35 
dorsoventral plane of symmetry and is associated with increased species richness [2] and increased diversification rates 36 
[3]. The fossil record suggests that bilateral symmetry evolved in various lineages at least 50 my after the origin of 37 
angiosperms, when specialized insect pollinators were diversifying [4]. Bilateral symmetry has evolved at least 130 38 
times from radial symmetry in angiosperms [5], potentially due to pollinator-mediated selection. 39 
 40 
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The gene regulatory network controlling floral symmetry in the asterid Antirrhinum majus (snapdragon) is a model for 41 
bilateral symmetry development in other angiosperms. The best characterized candidate genes for floral symmetry are 42 
transcription factors belonging to the TCP gene family, CYCLOIDEA (CYC) and its paralog DICHOTOMA (DICH) [6– 43 
10], and the MYB family, RADIALIS (RAD) and DIVARICATA (DIV) [11,12]. CYC and DICH are dorsal identity genes 44 
initially expressed dorsally within the floral meristem and later expressed in dorsal petals and staminode [6,7]. DICH 45 
expression is further restricted to the dorsal half of each dorsal petal [7]. CYC and DICH activate the transcription of 46 
their direct target RAD by binding to its promoter and intron [13]. RAD is also expressed in dorsal petals and staminode 47 
[12,14] and acts cell-non-autonomously in lateral petals to suppress ventralizing DIV in both dorsal and lateral petals 48 
[12].    49 
 50 
The TCP gene family encodes plant-specific DNA-binding transcription factors that are involved in cell growth and 51 
division [15,16]. TCP genes in the ECE clade are specific to angiosperms [17] and contain a TCP domain [15], an R 52 
domain [15], and an ECE motif [18]. Within the ECE clade, three paralogous clades are found in the core eudicots, CYC1- 53 
3 [17], and likely originated from an ancient whole genome triplication approximately 120 mya [19]. In core eudicots, 54 
floral symmetry changes are associated with genes from the CYC2 lineage [17], which have undergone independent 55 
duplications, as in Antirrhinum (CYC/DICH), and have been repeatedly recruited to floral symmetry function [4,20]. In 56 
bilaterally symmetric core eudicots, similar patterns have emerged where one paralog from the CYC2 lineage is more 57 
dorsally restricted than the other paralog(s), suggesting that independent evolution of bilateral symmetry has occurred 58 
through repeated restrictions of CYC ortholog expression [21]. Additionally, genes from the CYC2 lineage have 59 
independently shifted between dorsally restricted expression in bilaterally symmetric flowers to loss of expression or 60 
ubiquitous expression in radially symmetric flowers [4,21–23].  61 
 62 
The MYB gene family encodes transcription factors that regulate developmental processes and defense responses in 63 
plants [24]. MYB proteins typically contain one to three MYB domains [24], with DIV containing two MYB domains 64 
(MYBI-II) and RAD containing one [25]. Three paralogous clades of RAD-like, RAD1-3, and DIV-like, DIV1-3/EudiDIV1- 65 
3, genes have also been identified in eudicots [26–28]; although genes from the RAD1 and RAD3 lineages are not 66 
respectively monophyletic in recent studies [28,29]. Genes from the RAD2 and DIV1 lineages are involved in floral 67 
symmetry control in Antirrhinum as described above [26,27]; however, little was known about the function of these 68 
genes outside of Antirrhinum, until recently [30].  69 
 70 
Dorsal expression of RAD orthologs is shared across bilaterally symmetric asterid flowers [27,31–33]. Additionally, 71 
duplications in RAD orthologs have been associated with duplications in CYC orthologs [27]. Similarly, loss of 72 
expression or function of CYC orthologs in radially symmetric asterid flowers is correlated with loss of expression or 73 
function of RAD orthologs [31,33–37]. In other cases, ubiquitous expression of RAD orthologs, in conjunction with a 74 
CYC ortholog, is correlated with radial symmetry [33,38]. In rosids, however, RAD orthologs are not expressed dorsally 75 
in flowers; instead, they are expressed in other reproductive and/or vegetative tissue [39–42]. Therefore, the co-option 76 
of RAD orthologs to floral symmetry may be asterid specific [4].  77 
 78 
In Antirrhinum, DIV affects the growth and shape of petals, as well as cell types within these organs [11]. Even though 79 
DIV is expressed in all floral organs, its expression is reduced in dorsal regions later in flower development, likely due 80 
to post-transcriptional inhibition [11]. DIV has duplicated in Antirrhinum to produce DIV-LIKE1 (DVL1) [26,28], which 81 
is also expressed in all floral organs at early stages but becomes expressed mainly in ovules later in development [11]. 82 
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Similarly, in other asterids, DIV orthologs have duplicated and diverged in their expression patterns, with one paralog 83 
expressed throughout all floral organs and the other in dorsal and ventral petals [26]. Duplications in CYC orthologs 84 
likely have cascading effects that result in duplications of their interacting RAD and DIV orthologs [18,26,27], 85 
warranting their joined investigation in more asterids. 86 
 87 
The genus Rhododendron, which includes azaleas, contains over 1,000 species that exhibit variation in flower symmetry 88 
[43] and belongs to the order Ericales, an early-diverging lineage of asterids [44]. Multiple transitions between bilaterally 89 
and radially symmetric corollas have been reconstructed in the group [45]. However, variation in flower symmetry in 90 
this group is achieved through structural symmetry variation in the reproductive organs, stamens and styles, as well as 91 
in the petals (Figure 1). In fact, correlated evolution among floral organ symmetry has been shown in the group [45], 92 
between curvature of the corolla, stamens, and/or styles. Many temperate Rhododendron species exhibit stamens and 93 
styles that are abaxially positioned (Figure 1A, F), aiding in pollen deposition on the underside of the pollinator [46]. In 94 
contrast, tropical species in sect. Schistanthe [47], known as vireyas, exhibit a unique form of bilateral symmetry 95 
compared to temperate species. Some have evolved red, adaxially curved corolla tubes and adaxially positioned 96 
stamens (Figure 1E) that are thought to be bird-pollinated, aiding in pollen deposition on the back of the pollinator [46].  97 
 98 
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 100 
Figure 1. Flower symmetry variation across Rhododendron (Ericaceae). (A) bilateral petal symmetry and abaxially 101 
curved stamens and style in R. vaseyi; five petals are ancestral for the genus. (B) radial petal symmetry in R. laetum. (C) 102 
radial petal symmetry due to merosity change (six petals) and dimorphic stamen length in R. rubineiflorum. (D) abaxially 103 
curved corolla tube in R. tuba. (E) adaxially curved corolla tube in R. christi. (F) lower stamens longer than upper stamens 104 
and abaxially curved stamens and style in R. triflorum var. bauhiniiflorum. (G) radial petal symmetry and adaxially 105 
curved style in R. charitopes subsp. tsangpoense. (H) straight style in R. macgregoriae. DP = dorsal petal, LP = lateral petal, 106 
VP = ventral petal, US = upper stamen, LS = lower stamen, Pi = pistil. 107 
 108 
Here, we set out to investigate whether conserved patterns of gene expression of CYC, RAD, and DIV orthologs in 109 
asterids were also found in Rhododendron. Our hypothesis was that duplication and/or loss of CYC orthologs played a 110 
role in the evolution of flower symmetry in Rhododendron. We predicted that (1) CYC orthologs underwent gene 111 
duplication and subsequent loss in Rhododendron, (2) RAD and DIV orthologs subsequently underwent compensatory 112 
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duplication and/or loss, and (3) paralogs evolved different expression patterns across floral organs (petals, stamens, and 113 
pistils) in radially versus bilaterally symmetric species. To that end, we isolated CYC, RAD, and DIV orthologs from 114 
eight Rhododendron species across four subgenera to reconstruct gene trees in order to identify gene duplications and 115 
losses across the genus. We then selected two closely related species from two sister clades in sect. Schistanthe that 116 
exhibit different floral symmetries and compared expression patterns of paralogs across different developmental stages 117 
and floral organs. 118 

                         119 
RESULTS 120 
 121 
Characterization of CYC, RAD, and DIV orthologs in Rhododendron 122 
 123 
To obtain orthologs of the flower symmetry candidate genes CYC, RAD, and DIV, we used publicly available genomes 124 
[48–52], polymerase chain reaction (PCR), and/or in-house transcriptomes [53] from eight Rhododendron species across 125 
four subgenera (Figure 2, insert) and five Ericales outgroups (Supplementary Tables S1-S3). Sampling included two 126 
experimental species with different floral symmetries, R. beyerinckianum (bilateral) and R. taxifolium (radial). Sequences 127 
were analyzed in a phylogenetic context to verify orthology and identify gene duplications and losses.  128 
 129 

 130 
 131 
Figure 2. Evolution of CYCLOIDEA (CYC) homologs in Rhododendron (Ericaceae) and outgroups. Reconstructed 132 
Bayesian CYC phylogeny with posterior probabilities at all nodes. Three gene duplications in the CYC2 lineage that are 133 
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shared by subgenera Azaleastrum, Hymenanthes, and Rhododendron, indicated by filled red stars, occurred in 134 
Rhododendron history after its divergence from R. camtschaticum. A subsequent lineage-specific duplication in subgenus 135 
Rhododendron is indicated by an empty red star. Experimental species are highlighted with a blue triangle (bilateral 136 
symmetry) and green circle (radial symmetry). Insert shows species phylogeny for Rhododendron taxa sampled; Aza = 137 
subg. Azaleastrum, Hym = subg. Hymenanthes, Rho = subg. Rhododendron, and The = subg. Therorhodion. 138 
 139 
Both shared and independent duplications and losses in Rhododendron CYC orthologs  140 
 141 
We recovered Rhododendron orthologs for all three CYC lineages (CYC1-3). CYC2 and CYC3 lineages formed 142 
monophyletic groups with posterior probabilities (PPs) of 0.88 and 0.99, respectively, but the CYC1 lineage was not 143 
recovered as a clade (Figure 2). From our expanded sampling of Rhododendron species and Ericales outgroups in the 144 
CYC2 clade, we found lineage-specific duplications in subgenus Therorhodion, sister to the remaining members of the 145 
genus, resulting in three paralogs in R. camtschaticum. We identified three unresolved or weakly-supported duplications 146 
in the CYC2 clade that were shared by the remaining subgenera Azaleastrum, Hymenanthes, and Rhododendron and 147 
occurred after their divergence from R. camtschaticum (Figure 2, filled red stars). Members of subgenus Rhododendron 148 
shared a more recent duplication in the CYC2 clade (PP = 0.91; Figure 2, empty red star). The subgenera Azaleastrum 149 
and Hymenanthes also had lineage-specific duplications in the CYC2 clade as illustrated by R. simsii and R. delavayi/R. 150 
williamsianum, respectively. Additional lineage-specific duplications were found in subgenus Rhododendron, e.g., in R. 151 
edgeworthii and R. meliphagidum. In the two experimental species, we found five paralogs in R. beyerickianum (RhbCYC2.1- 152 
RhbCYC2.5) and four paralogs in R. taxifolium (RhtCYC2.1-RhtCYC2.4) from the CYC2 lineage, which suggests the loss 153 
of an RhtCYC2.5 paralog in R. taxifolium. In spite of weaker resolution, we were able to detect additional losses of one 154 
paralog in sect. Schistanthe, one in R. meliphagidum, and two in R. williamsianum from the CYC2 lineage. In summary, we 155 
identified three main duplications in Rhododendron in the CYC2 clade that were shared by subgenera Azaleastrum, 156 
Hymenanthes, and Rhododendron and were difficult to resolve. We also uncovered at least seven lineage-specific 157 
duplications at the subgeneric or species level and at least five losses at the sectional or species level in the CYC2 clade. 158 
 159 
Tandem gene duplication and genetic variation in Rhododendron CYC orthologs  160 
 161 
The paralogous CYC2 clades from subgenera Azaleastrum and Hymenanthes may be difficult to resolve because these 162 
genes appeared to be tandemly duplicated and may be recombining. We recovered three CYC orthologs tandemly 163 
arranged along chromosome (linkage group [LG]) 11 in R. williamsianum, four genes along scaffold3761 in R. delavayi, 164 
and five genes along chromosome 10 in R. simsii (Figure 2, Supplementary Table S2). Therefore, we expect CYC 165 
orthologs from subgenus Rhododendron to also be tandemly duplicated, from shared duplications with subgenera 166 
Azaleastrum and Hymenanthes.  167 
 168 
Full-length open reading frames (ORFs) of CYC orthologs from sampled Rhododendron species varied from 762 to 825 169 
bp and consisted of two exons and one intron. Partial coding sequences (CDS) of CYC orthologs in the two experimental 170 
species, R. beyerinckianum and R. taxifolium, ranged from 643 to 781 bp (Supplementary Figure S1), and these orthologs 171 
were 98-99% identical at the nucleotide level and 96-99% identical at the amino acid level. Paralogs within R. 172 
beyerinckianum had 87-94% identity in nucleotides and 76-89% identity in amino acids; whereas paralogs within R. 173 
taxifolium had 90-93% identity in nucleotides and 84-88% identity in amino acids. Among the CYC2 proteins from the 174 
experimental species, most of the differences were at the C-terminus (Supplementary Figure S2). In R. beyerinckianum, a 175 
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5-bp insertion at the 5’ end of RhbCYC2.3 caused a frameshift mutation that resulted in an early stop codon; despite this 176 
N-terminus truncation, an alternative downstream start site was in use, based on recovered transcripts. CYC orthologs 177 
from the experimental species did not have the characteristic ECE motif but instead had an ESE, GSE, or GCE motif at 178 
this location, except for RhtCYC2.2, which had a GSD motif (Supplementary Figure S2). Additionally, the conserved 179 
LxxLL motif in the second helix of the TCP domain in the CYC2 clade [54] was IDWLL instead across Rhododendron 180 
CYC orthologs. In summary, CYC orthologs were relatively similar between experimental species R. beyerinckianum and 181 
R. taxifolium, but paralogs of R. beyerinckianum showed more variation than those of R. taxifolium; we also detected 182 
departures from conserved motifs across Rhododendron CYC orthologs. 183 
 184 
A shared duplication in Rhododendron RAD orthologs arose from an Ericalean ancestor 185 
 186 
Rhododendron RAD homologs were analyzed in a phylogenetic context to identify duplications and losses in the RAD2 187 
lineage. We recovered Rhododendron orthologs from all three RAD clades (RAD1-3), with RAD2 forming a monophyletic 188 
group (PP = 0.59), excluding Vitis vinifera RAD (Figure 3). However, the RAD1 and RAD3 lineages were not recovered 189 
as monophyletic groups. Instead, orthologs from the RAD1/RAD3 lineages together formed a monophyletic group (PP 190 
= 0.60). From our expanded sampling of Rhododendron species and Ericales outgroups in the RAD2 clade, we identified 191 
one main duplication in the RAD2 lineage that was shared by Actinidia and Ericaceae and likely was present in an 192 
ancestor of Ericales (PP = 0.99; Figure 3, red star). No subsequent duplications or losses were found in Rhododendron 193 
RAD orthologs. We found two paralogs in the RAD2 lineage in both experimental species, R. beyerinckianum 194 
(RhbRAD2.1-RhbRAD2.2) and R. taxifolium (RhtRAD2.1-RhtRAD2.2), that were inherited from the duplication observed 195 
in an ancestor of Ericales. In summary, one ancient duplication in the RAD2 lineage, in an Ericalean ancestor, resulted 196 
in two paralogs in Rhododendron, with no subsequent duplications or losses. 197 
 198 
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Figure 3. Evolution of RADIALIS (RAD) homologs in Rhododendron (Ericaceae) and outgroups. Reconstructed 200 
Bayesian RAD phylogeny with posterior probabilities at all nodes. One gene duplication in the RAD2 lineage, indicated 201 
by a filled red star, occurred in an ancestor of the Ericales. Experimental species are highlighted with a blue triangle 202 
(bilateral symmetry) and a green circle (radial symmetry). 203 



Plants 2021, 10, x FOR PEER REVIEW 9 of 33 
 

 

 204 
Structural and genetic variation in Rhododendron RAD orthologs  205 
 206 
Full-length ORFs of RAD orthologs from sampled Rhododendron species varied from 243 to 317 bp. One paralog was 207 
intronless due to an early stop codon, consisting of a single exon; whereas the other paralog consisted of two exons and 208 
one intron (Supplementary Figure S1). The full-length CDS of R. beyerinckianum and R. taxifolium RAD orthologs ranged 209 
from 246 to 297 bp (Supplementary Figures S1, S3), and these orthologs were 99-100% identical at the nucleotide level 210 
and 97-100% identical at the amino acid level. Paralogs within R. beyerinckianum had 81% identity in nucleotides and 211 
78% identity in amino acids. Similarly, paralogs within R. taxifolium had 81% identity in nucleotides and 78% identity 212 
in amino acids. Differences between paralogs were evenly distributed throughout the MYBI domain and more 213 
concentrated in the C-terminal region (Supplementary Figure S3). In summary, RAD orthologs were nearly identical 214 
between R. beyerinckianum and R. taxifolium, and paralogs had similar amounts of variation in each species; however, 215 
paralogs were quite different due to the loss of an intron and exon in one paralog. 216 
 217 
A shared duplication in Rhododendron DIV orthologs arose from an Ericalean ancestor 218 
 219 
Finally, we analyzed Rhododendron DIV homologs in a phylogenetic context to identify duplications and losses in the 220 
DIV1 lineage. We recovered orthologs from all three DIV clades (DIV1-3/EudiDIV1-3), each with moderate to strong 221 
support (PPs = 0.87-1.00) (Figure 4). Expanded sampling of Rhododendron species and Ericales outgroups in the 222 
EudiDIV1/DIV1 clade identified one main duplication in the EudiDIV1 lineage that again appeared shared by Actinidia 223 
and Ericaceae and likely was present in an ancestor of Ericales, except one of the paralogs was presumably lost in 224 
Actinidia (PP = 1.00; Figure 4, red star). No subsequent duplications or losses were identified in Rhododendron DIV 225 
orthologs. We found two paralogs in the EudiDIV1 lineage for R. beyerinckianum (RhbDIV1.1-RhbDIV1.2) and R. 226 
taxifolium (RhtDIV1.1-RhtDIV1.2) that were inherited from the duplication in the Ericalean ancestor (Figure 4). Both RAD 227 
and DIV orthologs underwent one ancient duplication before the origin of Rhododendron, potentially in an ancestor of 228 
Ericales, with no recent duplications or losses, and preceded duplications and losses of CYC orthologs in Rhododendron. 229 
 230 
Figure 4. Evolution of DIVARICATA (DIV) homologs in Rhododendron (Ericaceae) and outgroups. Reconstructed 231 
Bayesian DIV phylogeny with posterior probabilities at all nodes. One gene duplication in the EudiDIV1 (DIV1) lineage, 232 
indicated by a filled red star, occurred in an ancestor of the Ericales. Experimental species are highlighted with a blue 233 
triangle (bilateral symmetry) and a green circle (radial symmetry). 234 
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 235 

Figure 4. Evolution of DIVARICATA (DIV) homologs in Rhododendron (Ericaceae) and outgroups. Reconstructed 236 
Bayesian DIV phylogeny with posterior probabilities at all nodes. One gene duplication in the EudiDIV1 (DIV1) lineage, 237 
indicated by a filled red star, occurred in an ancestor of the Ericales. Experimental species are highlighted with a blue 238 
triangle (bilateral symmetry) and a green circle (radial symmetry). 239 
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 240 
Genetic variation in Rhododendron DIV orthologs  241 
 242 
Full-length ORFs of DIV orthologs from sampled Rhododendron species varied from 855 to 909 bp and consisted of two 243 
exons and one intron (Supplementary Figures S1, S4). The full-length CDS of R. beyerinckianum and R. taxifolium DIV 244 
orthologs ranged from 855 to 888 bp, and these orthologs were 99-100% identical at the nucleotide level and 99% 245 
identical at the amino acid level. R. beyerinckianum paralogs were 74% identical in nucleotides and 66% identical in 246 
amino acids. Similarly, R. taxifolium paralogs had 74% identity in nucleotides and 66% identity in amino acids. The 247 
RhbDIV1.2/RhtDIV1.2 paralogs contained a mutation that coded for an early stop codon, presumably resulting in a 248 
protein that was 11 amino acids shorter at the C-terminus than RhbDIV1.1/RhtDIV1.1 (Supplementary Figure S4). Most 249 
of the amino acid differences between paralogs occurred in the C-terminus, downstream from the MYBI and MYBII 250 
domains. In summary, DIV orthologs were nearly identical between R. beyerinckianum and R. taxifolium, and paralogs 251 
had similar amounts of variation in each species; however, paralogs were quite variable outside of the conserved MYB 252 
domains. 253 
 254 
Comparative expression analyses of flower symmetry genes in Rhododendron 255 
 256 
We chose two Rhododendron species with different floral symmetries from sister clades [55], R. beyerinckianum and R. 257 
taxifolium, to compare expression of flower symmetry genes. Bilateral symmetry in R. beyerinckianum flowers results 258 
from differential growth across all floral organs. The corolla tube is curved adaxially, upper petals (the dorsal petal in 259 
particular) and stamens are longer than lower petals and stamens, and the style is curved downwards at maturity 260 
(Figure 5). In contrast, R. taxifolium flowers are more radial, without corolla tube curvature, exhibiting petals and 261 
stamens subequal in length (the latter alternating in length) and a style that is slightly curved downwards at maturity 262 
(Figure 5). Therefore, we sought to examine whether distinct floral morphologies correlated with changes in candidate 263 
gene expression in the two species, by reverse transcription PCR (RT-PCR) in dissected floral organs (petals, stamens, 264 
and pistils). We first examined expression patterns across flower development to determine the most appropriate stage 265 
for comparing across floral organs. 266 
 267 
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 269 
Figure 5. Morphology of open flowers in two Rhododendron species with different floral symmetries. (A) Bilateral 270 
flower of R. beyerinckianum. (B) Radial flower of R. taxifolium. Whole flowers are shown with the dorsal side towards the 271 
top. Dissected floral organs are shown below each flower: dorsal petal (DP), lateral petals (LP), ventral petals (VP), 272 
upper stamens (US), lower stamens (LS), and pistil (Pi).  273 
 274 
Uniform versus increasing expression of CYC orthologs across Rhododendron flower development  275 
 276 
We examined gene expression patterns ontogenetically, using RT-PCR across leaf and floral developmental stages of R. 277 
beyerinckianum and R. taxifolium, to determine whether there was differential expression in CYC2, RAD2, and DIV1 278 
lineages (Figure 6, Supplementary Figure S5). In R. taxifolium, four paralogs from the CYC2 lineage were expressed 279 
throughout flower development, in early and late floral buds and open flowers. Three of the paralogs (RhtCYC2.2- 280 
RhtCYC2.4) showed similar expression patterns consisting of increasing expression from early to late floral stages. The 281 
fourth paralog RhtCYC2.1 showed less expression than the other three and was consistent across all floral 282 
developmental stages. Expression in leaves was barely detectable for RhtCYC2.1-RhtCYC2.3 or lacking for RhtCYC2.4. 283 
Five paralogs from the CYC2 lineage were expressed in R. beyerinckianum flowers across all developmental stages. We 284 
observed similar expression levels across all floral developmental stages for three of the paralogs, RhbCYC2.1- 285 
RhbCYC2.3. For two other paralogs, RhbCYC2.4 and RhbCYC2.5, expression increased from early to late floral stages. In 286 
contrast to R. taxifolium, none of the R. beyerinckianum paralogs showed expression in leaves. In summary, even though 287 
all paralogs from the CYC2 lineage were expressed across all floral developmental stages in both species, we noted 288 
differences in expression among paralogs within and between species. In R. taxifolium, RhtCYC2.1 was expressed at 289 
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lower levels than the other paralogs; whereas, in R. beyerinckianum, RhbCYC2.4 and RhbCYC2.5 showed higher 290 
expression in late floral stages. Comparing both species, RhbCYC2.1 was expressed at similar levels to other paralogs; 291 
whereas RhtCYC2.1 was expressed at lower levels. Additionally, RhtCYC2.5 was apparently lost in R. taxifolium, as we 292 
did not recover it through PCR nor transcriptome assembly. Despite differences in expression among paralogs, all CYC 293 
orthologs showed increasing or uniform expression across floral developmental stages in Rhododendron species with 294 
different floral symmetries. 295 
 296 

 297 
Figure 6. Gene expression of CYCLOIDEA (CYC), RADIALIS (RAD), and DIVARICATA (DIV) orthologs across flower 298 
development in two Rhododendron species with different floral symmetries. Gene expression shown by RT-PCR. 299 
Floral developmental stages sampled are early floral bud (EFB), late floral bud (LFB), and open flower (OF). Vegetative 300 
(Lf) and negative (neg) controls are also shown. ACTIN5 (ACT5) is used as a reference gene. (A) Bilaterally symmetric 301 
R. beyerinckianum. (B) Radially symmetric R. taxifolium.  302 
 303 
Increasing expression of RAD orthologs across Rhododendron flower development  304 
 305 
Unlike CYC orthologs, RAD orthologs had less differential expression between paralogs across floral stages in the two 306 
experimental species (Figure 6, Supplementary Figure S5). In R. taxifolium, both paralogs from the RAD2 lineage had 307 
higher expression in late floral buds and open flowers than in early floral buds. Differential expression between the two 308 
paralogs consisted of RhtRAD2.2 having higher expression in open flowers than in late floral buds; whereas RhtRAD2.1 309 
was similarly expressed in both stages. Additionally, RhtRAD2.2 showed strong expression in leaves, whereas 310 
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RhtRAD2.1 was barely detectable. We observed similar expression patterns between paralogs in R. beyerinckianum as in 311 
R. taxifolium. Both paralogs in R. beyerinckianum showed increasing expression levels across floral developmental stages. 312 
RhbRAD2.2 expression was highest in open flowers across stages, but we did not observe consistent patterns for 313 
RhbRAD2.1. RhbRAD2.2 was strongly expressed in leaves, whereas RhbRAD2.1 was barely detectable. Taken together, 314 
Rhododendron paralogs from the RAD2 lineage were expressed similarly in the two species, with differential expression 315 
mainly occurring between leaves and open flowers. Thus, all RAD orthologs showed increasing expression across floral 316 
developmental stages in Rhododendron species with different floral symmetries. 317 
 318 
Increasing expression of DIV orthologs across Rhododendron flower development  319 
 320 
There was differential expression between paralogs from the DIV1 lineage within and between the experimental species 321 
(Figure 6, Supplementary Figure S5). Similar to CYC and RAD orthologs, we observed increasing expression of DIV 322 
orthologs from early to late floral stages in both species. However, in R. taxifolium, RhtDIV1.1 appeared to have higher 323 
expression than RhtDIV1.2 across floral stages; whereas, in R. beyerinckianum, RhbDIV1.2 appeared to have higher 324 
expression than RhbDIV1.1 across floral stages. Both paralogs showed moderate and comparable expression in leaves 325 
for both species. Taken together, paralogs from the DIV1 lineage were differentially expressed in both species; one 326 
paralog was expressed more than the other across floral development. Despite differences in expression between 327 
paralogs, all DIV orthologs showed increasing expression across floral developmental stages in Rhododendron species 328 
with different floral symmetries. 329 
 330 
Dorsally restricted expression of CYC orthologs in bilateral flowers versus ubiquitous expression in radial flowers  331 
 332 
Expression of flower symmetry candidate genes increased from early to late floral stages in R. beyerinckianum and R. 333 
taxifolium; therefore, we selected the intermediate stage of late floral buds to compare gene expression across floral 334 
organs. Paralogs from the CYC2 lineage were differentially expressed across floral organs within and between species 335 
(Figure 7, Supplementary Figure S6). In R. taxifolium, RhtCYC2.1 showed low levels of expression primarily across petals 336 
and little to no expression in stamens and pistils. RhtCYC2.2 showed the highest expression across all organs and 337 
paralogs. RhtCYC2.3 was expressed at higher levels in the upper petals (dorsal and lateral petals) than in the ventral 338 
petals, stamens, and pistils. RhtCYC2.4 was expressed across all floral organs but with decreasing expression in the 339 
stamens and pistils. In R. beyerinckianum, we observed more striking differential expression across floral organs and 340 
paralogs. All five paralogs showed higher expression in dorsal and lateral petals than ventral petals and higher 341 
expression in upper stamens than lower stamens; most of these paralogs were barely detectable in ventral petals and 342 
stamens. RhbCYC2.1 exhibited the highest expression in dorsal petals, lateral petals, and upper stamens among paralogs. 343 
RhbCYC2.5 showed the most restricted dorsal expression of all paralogs, with its highest expression in dorsal petals; 344 
while RhbCYC2.4 showed the least restricted expression, decreasing from dorsal to ventral organs. RhbCYC2.3 showed 345 
the lowest expression overall, and RhbCYC2.1 was highest for pistils. This is in contrast to RhtCYC2.1, which had much 346 
lower expression in pistils of R. taxifolium. Taken together, we observed differential expression among paralogs from 347 
the CYC2 lineage both within and between the two species. Despite within-species differences, expression of CYC 348 
orthologs was more uniform across floral organs in the radial flowers of R. taxifolium, whereas it was more restricted to 349 
the dorsal region in bilateral flowers of R. beyerinckianum.   350 
 351 
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 352 

Figure 7. Gene expression of CYCLOIDEA (CYC), RADIALIS (RAD), and DIVARICATA (DIV) orthologs across floral 353 
organs in two Rhododendron species with different floral symmetries. Gene expression shown by RT-PCR. Floral 354 
organs sampled from late floral buds are dorsal petals (DP), lateral petals (LP), ventral petals (VP), upper stamens (US), 355 
lower stamens (LS), and pistils (Pi). Negative (neg) controls are also shown. ACTIN5 (ACT5) is used as a reference gene. 356 
(A) Bilaterally symmetric R. beyerinckianum. (B) Radially symmetric R. taxifolium.  357 
 358 
Ubiquitous expression of RAD orthologs in bilateral and radial Rhododendron flowers  359 
 360 
Rhododendron paralogs from the RAD2 lineage had relatively similar expression patterns across floral organs in both 361 
species, with minor differences (Figure 7, Supplementary Figure S6). In R. taxifolium, both paralogs were expressed at 362 
similar levels across floral organs with the exception of RhtRAD2.2, which was barely or not expressed in pistils. In R. 363 
beyerinckianum, we observed similar expression patterns across floral organs in both paralogs, where RhbRAD2.2 had 364 
lower expression in pistils than RhbRAD2.1. Taken together, RAD orthologs were uniformly expressed across floral 365 
organs in both species; we did not observe pronounced differential expression among Rhododendron RAD orthologs 366 
within or between species with different floral symmetries. 367 
 368 
Uniform expression of DIV orthologs in bilateral and radial Rhododendron flowers  369 
 370 
Rhododendron DIV orthologs showed more differential expression between paralogs and species than RAD orthologs. In 371 
R. taxifolium, RhtDIV1.1 was expressed at higher levels across floral organs than RhtDIV1.2 (Figure 7, Supplementary 372 
Figure S6). However, we did not observe strong differences in expression between the two paralogs in R. beyerinckianum. 373 
Both paralogs were expressed at similar levels across floral organs with the exception of RhbDIV1.2, which had lower 374 
expression in the pistil than RhbDIV1.1. Taken together, we observed differential expression between the two paralogs 375 
from the DIV1 lineage in radially symmetric R. taxifolium but not in bilaterally symmetric R. beyerinckianum. Despite 376 
differences in expression between paralogs, each Rhododendron DIV ortholog was uniformly expressed across floral 377 
organs in species with different floral symmetries. 378 
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 379 
DISCUSSION 380 
 381 
Our aim was to assess the genetic underpinnings of flower symmetry variation in Rhododendron, an early diverging 382 
lineage of asterids, to address the depth of conservation of this genetic network within asterids. To that end, we 383 
investigated the duplication history and expression pattern of orthologs of the candidate genes CYC, RAD, and DIV in 384 
species with radially and bilaterally symmetric flowers. We looked for evidence of gene duplication and loss in these 385 
genes and for differential expression among paralogs in radial and bilateral flowers. We found extensive evidence of 386 
duplication and loss in CYC orthologs among Rhododendron species, resulting in five paralogs in the bilaterally 387 
symmetric species R. beyerinckianum and four paralogs in the radially symmetric species R. taxifolium. In contrast to CYC 388 
orthologs, we did not find evidence of duplication nor loss in RAD or DIV orthologs in Rhododendron; the genus inherited 389 
two paralogs for each of these candidate genes from an ancient duplication present in an Ericalean ancestor. On the one 390 
hand, we observed dorsally restricted expression among paralogs from the CYC2 lineage in upper petals and upper 391 
stamens and strong expression in pistils for one paralog in the bilateral species. On the other hand, we observed more 392 
uniform expression across petals and stamens among paralogs from the CYC2 lineage and weak expression in pistils of 393 
the radial species (Figure 8). In contrast to CYC orthologs, we did not observe differential expression patterns in dorsal 394 
versus ventral organs of bilateral flowers across RAD and DIV orthologs. Both paralogs from the RAD2 and DIV1 395 
lineages were uniformly expressed across petals and stamens in both species (Figure 8). Our findings suggest that 396 
Rhododendron CYC orthologs have undergone gene duplications and losses and changes in expression patterns 397 
comparable to those observed in other bilaterally or radially symmetric asterids, with certain exceptions for RAD and 398 
DIV orthologs. One possible explanation for our results is that RAD orthologs were regulated differently in 399 
Rhododendron (e.g., not directly by CYC orthologs) and that they became involved in flower symmetry in later-diverging 400 
asterids.  401 
 402 
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 403 
Figure 8. Summary of gene expression patterns for CYCLOIDEA (CYC), RADIALIS (RAD), and DIVARICATA (DIV) 404 
orthologs across floral organs in two Rhododendron species with different floral symmetries. Gene expression from 405 
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RT-PCR was quantified and averaged across three biological replicates for each species, then summarized on floral 406 
diagrams in cross-section. Color intensity denotes expression level; white denotes no expression. Bilateral = bilaterally 407 
symmetric R. beyerinckianum; radial = radially symmetric R. taxifolium. Note: A CYC2.5 ortholog could not be found in 408 
R. taxifolium. 409 
 410 
Evolution of Rhododendron CYC orthologs compared to other asterids 411 
 412 
Tandem gene duplication creates diversity in Rhododendron CYC orthologs  413 
 414 
We observed extensive gene duplication in Rhododendron CYC orthologs that was shared by subgenera or that was 415 
lineage-specific in certain taxa. Based on genomic mining of CYC orthologs from R. delavayi, R. simsii, and R. 416 
williamsianum, we determined that these duplications resulted from tandem gene duplication, as duplicates occurred 417 
sequentially along a scaffold or chromosome (Supplementary Table S3). In fact, tandem and proximal duplications have 418 
contributed to approximately 26% of gene family expansion in R. simsii and are associated with stronger positive 419 
selection [52]. Both whole genome duplication (WGD) and tandem duplication have contributed to the evolution of 420 
TCP genes in Antirrhinum; the Plantaginaceae-specific WGD is responsible for the CYC/DICH paralogs found in this 421 
species [10]. Asterales has undergone extensive gene duplication in CYC orthologs that resulted in part from tandem 422 
duplication; in Helianthus, five CYC orthologs have evolved from four duplication events, with three of them tandemly 423 
located on LG9, and the other two translocated to two other LGs [56]. Tandemly arrayed, duplicated genes tend to occur 424 
in high recombination regions (‘hotspots’) and are likely caused by unequal crossing over [57]. Therefore, CYC orthologs 425 
in Rhododendron are likely in such hotspots, making phylogenetic inference difficult due to recombination. Given that 426 
selection is considered more efficient in high recombination regions [57], these hotspots likely provided the raw material 427 
for selection to act upon to contribute to the floral diversity observed in Rhododendron.  428 
 429 
Conserved patterns of dorsally restricted expression of CYC orthologs in bilateral Rhododendron flowers 430 
 431 
In the bilaterally symmetric R. beyerinckianum, differential expression was observed across petals and stamens in all five 432 
paralogs from the CYC2 lineage, where expression was higher in dorsal and lateral petals and upper stamens, and often 433 
barely detectable in ventral petals and lower stamens (Figure 8). RhbCYC2.3 showed the weakest expression among 434 
paralogs, which was likely due to the truncated protein at the N-terminus. Subfunctionalization was likely in RhbCYC2.5, 435 
since it had the most restricted dorsal expression among paralogs, with the highest expression in the dorsal petal across 436 
organs. This differential expression pattern likely contributed to the dorsal petal being the longest in R. beyerinckianum 437 
(Figure 5). Besides Antirrhinum, similar patterns have been observed in other bilaterally symmetric species in asterids, 438 
where one CYC ortholog is more dorsally restricted than the other(s) [32,58–63]. Therefore, in Rhododendron, we see 439 
conserved patterns of differential expression of CYC orthologs in dorsal versus ventral regions of the flower that are 440 
associated with bilateral symmetry. 441 
 442 
Differential expression of CYC orthologs in bilateral Rhododendron flowers is associated with differential growth in petals and 443 
stamens 444 
 445 
CYC orthologs can promote or repress growth of different floral organs in a variety of lineages through the control of 446 
genes involved in cell proliferation and expansion [4,13]. However, unlike Antirrhinum where CYC expression correlates 447 
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with repression of growth in the dorsal region of the flower early in development [6], R. beyerinckianum expression 448 
correlates with promotion of growth in the dorsal region of the flower, where longer dorsal and lateral organs have 449 
higher gene expression than the shorter ventral organs (Figures 5, 8). CYC orthologs are also known to promote petal 450 
growth in Asterales [30] and in Antirrhinum at later floral stages [6]. However, to our knowledge, no other studies have 451 
reported the promotion of growth in stamens associated with the expression of CYC orthologs as observed here for R. 452 
beyerinckianum. 453 
 454 
CYC orthologs contribute to asymmetric organ growth in bilateral Rhododendron flowers  455 
 456 
We observed curvature of lateral and ventral petals in R. beyerinckianum, which contributed to an adaxially curved 457 
corolla tube and bilateral symmetry in this species (Figure 5). In Antirrhinum, CYC expression promotes dorsal identity 458 
in the dorsal petals, contributing to overall floral bilateral symmetry; whereas DICH expression promotes asymmetry 459 
within each dorsal petal [7]. In another asterid, Sinningia (Lamiales), the CYC ortholog (SsCYC) appears responsible for 460 
different morphologies in the dorsal, lateral, and ventral petals associated with bilateral symmetry: petal outward 461 
curvature, midrib asymmetry, and dilation of the tube, respectively [64]. Therefore, CYC orthologs may also be acting 462 
differentially within an organ in Rhododendron, potentially contributing to asymmetric growth of lateral and ventral 463 
petals in R. beyerinckianum.  464 
 465 
Styles are often curved in bilaterally symmetric Rhododendron species, with the style usually curved downwards in 466 
adaxially curved corollas (Figure 5) [46]. In R. beyerinckianum, all paralogs from the CYC2 lineage were expressed in 467 
pistils, and RhbCYC2.1 showed the strongest expression, in contrast to RhtCYC2.1, which had barely detectable 468 
expression in the short pistils of R. taxifolium (Figure 8). This difference in expression in pistils suggests that CYC 469 
orthologs may also promote asymmetric growth in the pistil that contributes to style curvature in R. beyerinckianum. 470 
While expression of CYC orthologs in pistils has been observed in other asterids, it has not been associated with 471 
differences in floral symmetry [32,34,38,56,65,66]. Therefore, CYC orthologs may show a novel function in asymmetric 472 
growth of the pistil in Rhododendron. 473 
 474 
Multiple, conserved expression patterns of CYC orthologs in radial Rhododendron flowers  475 
 476 
We observed several differences in gene expression in R. taxifolium compared to R. beyerinckianum that likely contributed 477 
to radial symmetry in the former (Figure 8). First, the ortholog of RhbCYC2.5, which showed the dorsal-most restriction 478 
of expression in R. beyerinckianum, has been lost in R. taxifolium. Second, the ortholog of RhbCYC2.1, which exhibited the 479 
highest expression in dorsal and lateral petals and upper stamens of R. beyerinckianum, showed the weakest expression 480 
in R. taxifolium and appeared petal specific. Finally, three paralogs (RhtCYC2.2-RhtCYC2.4) were uniformly expressed 481 
across all organ types. Ubiquitous expression of CYC orthologs across petals and/or stamens has also been associated 482 
with radially symmetric asterids [34,38,60,67]. In other asterids, loss of expression or function of CYC orthologs is 483 
associated with radial symmetry [31,33–37]. Therefore, we see multiple conserved patterns in Rhododendron CYC 484 
orthologs in a radially symmetric species: ubiquitous expression across floral organs, reduced expression, and gene loss. 485 
 486 
Evolution of Rhododendron RAD and DIV orthologs compared to other asterids 487 
 488 
Divergent patterns of gene structure, duplication, and expression of Rhododendron RAD orthologs  489 
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 490 
In contrast to CYC orthologs, Rhododendron RAD and DIV orthologs reside on different scaffolds or chromosomes 491 
(Supplementary Table S3) and likely resulted from a WGD in an Ericalean ancestor [50,52,68]. These genes have not 492 
duplicated or undergone loss as in the Rhododendron CYC2 lineage. Moreover, one of the Rhododendron RAD orthologs 493 
(RhbRAD2.2/RhtRAD2.2) has a different structure from that reported in other asterids and rosids. Antirrhinum and 494 
Arabidopsis RAD orthologs have two exons with coding regions of similar length and an intron in a conserved position 495 
[39]; whereas this Rhododendron ortholog has a single exon, suggesting loss of the regulatory intron and second exon. 496 
However, these differences in gene structure between the two Rhododendron paralogs from the RAD2 lineage do not 497 
appear to affect gene expression (Figure 8). Thus, Rhododendron RAD orthologs diverge from other asterids in their gene 498 
structure and pattern of gene duplication. 499 
 500 
RAD is positively regulated by CYC in Antirrhinum and suppresses DIV from dorsal regions of the flower [13,14]. Dorsal 501 
expression of RAD orthologs corresponds with expression of CYC orthologs across bilaterally symmetric asterid flowers 502 
[27,31–33]. However, we did not observe similar expression patterns between RAD orthologs and CYC orthologs in 503 
bilaterally symmetric flowers of Rhododendron. Instead, we see ubiquitous expression of RAD orthologs across floral 504 
organs regardless of floral symmetry (Figure 8). This result implies that RAD orthologs are unlikely to be directly 505 
regulated by CYC orthologs in Rhododendron and that RAD orthologs may not contribute to floral symmetry through 506 
interactions with DIV orthologs in the same manner as in other asterids. Consistent with our findings, expression of 507 
RAD orthologs does not appear to be regulated by CYC orthologs outside of Antirrhinum, as the timing of expression 508 
between these two genes in petals is different in early diverging Lamiales [38]. 509 
 510 
Conserved ubiquitous patterns of expression of DIV orthologs in Rhododendron flowers 511 
 512 
Both paralogs from the DIV1 lineage are uniformly expressed across all floral organs in both bilaterally and radially 513 
symmetric flowers of Rhododendron (Figure 8). We did not expect to see differences in expression across floral organs in 514 
Rhododendron given that DIV is transcribed in all floral organs of Antirrhinum and is inhibited post-translationally in the 515 
dorsal region by RAD [11,12,14]. Furthermore, the expression of DIV orthologs throughout all floral organs appears to 516 
be shared across bilaterally and radially symmetric asterids [26,31,35,36]. Since DIV has been shown to be post- 517 
translationally regulated, this complicates inferences of function from expression patterns. However, we predicted that 518 
paralogs from the DIV1 lineage would have evolved different expression patterns, and we observed this to some extent 519 
in R. taxifolium (Figure 8). Similar expression patterns of paralogs from the DIV1 lineage across petals, stamens, and 520 
carpels have also been observed in the asterid Bournea (Lamiales) [31]. DIV orthologs may be inhibited post- 521 
translationally in Rhododendron; however, it is unlikely that they are inhibited by RAD orthologs as these do not appear 522 
to be regulated by CYC orthologs based on our findings. 523 
 524 
Future directions in Rhododendron floral symmetry research 525 
 526 
In this study, we sampled flowers from two derived species of tropical rhododendrons with bilateral and radial 527 
symmetry, respectively. While our study is a first step towards understanding the genetics of flower symmetry in this 528 
group, these two species clearly cannot capture the entire variation in floral symmetry within the section (Schistanthe) 529 
nor reconstruct the ancestral state. Increased sampling, to include representatives from other clades, should improve 530 
the reconstruction of the evolution of gene expression in Rhododendron CYC, RAD, and DIV orthologs. As shown in other 531 
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groups, e.g., Lamiales [33], radial symmetry can be derived from bilateral symmetry in different ways developmentally, 532 
including changes in merosity or in other flower symmetry genes. Therefore, future studies in Rhododendron should 533 
examine other transitions in symmetry outside of sect. Schistanthe to determine whether the genetic and developmental 534 
mechanisms involved are similar or different across the genus.  535 
 536 
Now that we have a model for CYC orthologs as promoting differential growth of floral organs in Rhododendron, we can 537 
use this to predict flower symmetry candidate gene expression in other bilaterally symmetric flowers in the genus. The 538 
ancestral Rhododendron presumably had a bilaterally symmetric corolla with abaxially positioned stamens and style 539 
(Figure 1F), similar to flowers of R. camtschaticum [45]. In this type of ancestral bilateral symmetry, we predict that 540 
differential expression of CYC orthologs in ventral stamens and styles promotes longer lower stamens and upward style 541 
curvature. Transitions from these temperate, bilaterally symmetric species to radially symmetric flowers in subgenus 542 
Azaleastrum (e.g., R. albiflorum) and in subgenus Rhododendron (e.g., former Ledum) may have recruited CYC orthologs 543 
in similar or different ways to tropically-derived radial symmetry. In contrast, transitions to radially symmetric flowers 544 
due to merosity changes, in the former Menziesia (i.e., reductions to 4-merous flowers) and in subgenera Hymenanthes 545 
(e.g., R. williamsianum) and Rhododendron (e.g., R. konori) (i.e., increases in petal lobe number; Figure 1C), may have 546 
deployed similar CYC genetic mechanisms as Plantago [34]. Finally, other tropical species that exhibit bilaterally 547 
symmetric flowers due to abaxial curvature of the corolla tube, e.g., R. tuba (Figure 1D), may have inverse expression 548 
patterns from those of R. beyerinckianum. In these bilaterally symmetric flowers, we predict that CYC orthologs will be 549 
differentially expressed in longer ventral petals, contributing to the abaxial curvature of the corolla tube. Bilaterally 550 
symmetric corollas in temperate species can also be due to differences in petal connation (Figure 1A), which likely 551 
involves different genetic mechanisms than CYC orthologs. Thus, the genus Rhododendron has a remarkable amount of 552 
variation in floral symmetry, which will require further study from a genetic and developmental perspective to fully 553 
understand the extent of evolutionary innovation in this group. 554 
 555 
MATERIALS AND METHODS 556 
 557 
Data mining for CYC, RAD, and DIV homologs in Rhododendron 558 
 559 
We obtained homologs of flower symmetry candidate genes from the following publicly available Rhododendron 560 
genomes: R. delavayi [48], R. simsii [52], and R. williamsianum [50] (Supplementary Table S2). A. majus CYC, DICH, RAD, 561 
and DIV sequences (Supplementary Table S2) were used to search these genomes using blastn, with default settings in 562 
BLAST+ v2.6.0 [69,70]. 563 
 564 
Isolation of Rhododendron CYC, RAD, and DIV orthologs 565 
  566 
To further investigate the duplication history of CYC, RAD, and DIV orthologs within Rhododendron, we sampled five 567 
additional species from two of the five subgenera [71] (Supplementary Table S1). Additionally, three closely related 568 
Ericaceae outgroups were sampled for in-house molecular isolation of these genes (Supplementary Table S1). The 569 
following Rhododendron subgenera were sampled: Azaleastrum (R. simsii), Hymenanthes (R. delavayi, R. williamsianum), 570 
Rhododendron (R. beyerinckianum, R. edgeworthii, R. meliphagidum, R. taxifolium), and Therorhodion (R. camtschaticum). DNA 571 
was extracted from leaves or floral buds using the DNeasy® Plant Mini Kit (QIAGEN®, Valencia, CA, USA) in a modified 572 
protocol as described in Soza et al. [50].  573 
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 574 
Primers for CYC, RAD, and DIV orthologs were initially designed from the R. williamsianum genome. We designed 575 
degenerate primers to capture all CYC orthologs near the start and stop codons of the gene and further refined these 576 
after procuring additional Rhododendron sequences (Supplementary Table S3). We also designed degenerate primers in 577 
the conserved TCP and R domains to capture CYC orthologs from outgroups (Supplementary Table S3). We designed 578 
paralog-specific primers for RAD and DIV orthologs (Supplementary Table S3). Primers were designed to amplify the 579 
first exon of RAD orthologs; whereas primers amplified the first exon and the MYBI domain in the second exon of DIV 580 
orthologs. We used OligoAnalyzer Tool (Integrated DNA Technologies, Coralville, IA, USA) to confirm primer pair 581 
compatibility before initiating PCR. 582 
 583 
We used Phusion® High-Fidelity DNA Polymerase (New England Biolabs® Inc., Ipswich, MA, USA) in 20-µl reactions, 584 
according to manufacturer’s recommendations for PCR, with 1 µl of 1:10 template DNA. PCR was conducted in T100™ 585 
thermal cyclers (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with an initial denaturation at 98°C for 30 s; followed 586 
by 35 cycles of denaturation at 98°C for 10 s, annealing at 52-67°C for 30 s, and extension at 72°C for 30 s or 60 s; with a 587 
final extension at 72°C for 10 min (Supplementary Table S3). One ortholog of DIV and one ortholog of RAD readily 588 
sequenced by direct sequencing, but the other RAD and DIV orthologs as well as all CYC orthologs required cloning. 589 
PCR products were cleaned using MinElute® PCR Purification Kit or Gel Extraction Kit (QIAGEN®, Valencia, CA, USA ); 590 
then A-tailed with Taq (Promega Inc., Fitchburg, WI, USA) or Klenow Fragment (3’->5’ exo-) (New England Biolabs® 591 
Inc., Ipswich, MA, USA) and ligated into the pCR™2.1-TOPO® vector (Invitrogen™, Life Technologies™, Carlsbad, CA, 592 
USA); or ligated directly into the pCR™4Blunt-TOPO® vector (Invitrogen™, Life Technologies™, Carlsbad, CA, USA) 593 
without A-tailing. Plasmids were transformed into NEB® 5-alpha Competent E. coli (High Efficiency) (New England 594 
Biolabs® Inc., Ipswich, MA, USA) or One Shot™ TOP10 chemically competent E. coli cells (Invitrogen™, Life 595 
Technologies™, Carlsbad, CA, USA), following the manufacturer’s protocol. Transformants were plated onto selective 596 
agar media, and 12 (RAD/DIV orthologs) or 36-78 (CYC orthologs) clones from each reaction were screened by PCR 597 
using M13 primers (Supplementary Table S3). PCR was performed using an initial incubation at 94°C for 10 min; 598 
followed by an initial denaturation at 98°C for 30 s; then 30 cycles of denaturation at 98°C for 10 s, annealing at 55°C for 599 
30s, and extension at 72°C for 30 s or 60 s; with a final extension at 72°C for 10 min. PCR fragments of the expected size, 600 
as visualized on agarose gels, were treated with ExoSAP-IT® (Affymetrix, Inc., Cleveland, OH, USA) and sequenced in- 601 
house on a 3130xl Genetic Analyzer (Applied Biosystems®, Life Technologies™, Carlsbad, CA, USA) or by GENEWIZ 602 
(Seattle, WA, USA) with T3/T7 or M13 primers.  603 
 604 
We also generated in-house transcriptomes for R. beyerinckianum and R. taxifolium [53] to verify CYC, RAD, and DIV 605 
orthologs that were obtained from the PCR methods above and to elucidate gene structure. Only partial transcripts of 606 
CYC orthologs were obtained from the assemblies, but complete transcripts of RAD and DIV orthologs were used for 607 
gene structure inferences. Nucleotide and amino acid sequences were imported into Jalview v2.11.1.0 [72] for 608 
visualization and to calculate percent identity. 609 
 610 
Phylogenetic analyses of Rhododendron CYC, RAD, and DIV orthologs  611 
 612 
Sequences obtained from PCR were assembled in Sequencher v5.4.6 (Gene Codes Corporation, Ann Arbor, MI, USA) 613 
and aligned in Mesquite v3.6 [73], excluding primer sequences. We manually detected and removed recombinant 614 
sequences among clones from Rhododendron CYC orthologs. We confirmed the majority of recombinants with at least 615 
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one method in RDP4 [74] using a full exploratory recombination scan to include RDP [75], GENECONV [76], MaxChi 616 
[77,78], BootScan [79,80], and SiScan [81] across clonal sequences for each taxon. Analyses were run under the default 617 
settings as linear sequences and disentangling overlapping signals. We did not observe PCR-mediated recombination 618 
among RAD and DIV orthologs.  619 
 620 
An in-house transcriptome of R. camtschaticum [53] was used to verify the single PCR-based CYC ortholog found in this 621 
species. We used A. majus CYC and DICH sequences (Supplementary Table S2) and consensus sequences from clones 622 
generated above to search the R. camtschaticum transcriptome with blastn under default settings in BLAST+. After 623 
preliminary phylogenetic analyses of all clonal and transcript sequences, consensus sequences representing each 624 
monophyletic group of sequences from a taxon were generated inclusively, including SNPs if they occurred in more 625 
than one clone, for use in the final alignment.  626 
 627 
Orthologs of flower symmetry candidate genes were obtained from other publicly available Ericales genomes for 628 
phylogenetic analyses: Actinidia chinensis [51] and Vaccinium corymbosum [49] (Supplementary Table S2). We used R. 629 
delavayi CYC, RAD, and DIV orthologs (Supplementary Table S2) to search genomes with blastn under default settings 630 
in BLAST+. We also included sequences of A. majus, Arabidopsis thaliana, Solanum lycopersicum, and V. vinifera 631 
(Supplementary Table S2) from the CYC-, DIV-, and RAD1-3 lineages [19,28] to identify CYC, DIV, and RAD orthologs 632 
in Rhododendron. Only the conserved TCP and R domains were used for the CYC1, CYC3, and non-ericaceous CYC2 633 
lineages, as other regions were unalignable across these sequences. 634 
 635 
We reconstructed the phylogeny for each floral symmetry gene dataset using Bayesian analyses on the nucleotide 636 
alignment. Ambiguously aligned regions were excluded from analyses. The model of evolution was determined 637 
by jModelTest v2.1.10 [82,83] via the CIPRES Science Gateway v3.3 [84]. The models selected under the Akaike 638 
Information Criterion [85] were the transversion model (TVM), with a proportion of invariant sites and a gamma 639 
distribution of rate heterogeneity, for the CYC dataset and the general time reversible (GTR) model, with a proportion 640 
of invariant sites and a gamma distribution of rate heterogeneity, for the RAD and DIV datasets. We specified Aquilegia 641 
caerulea as the outgroup for the CYC dataset [19] and Magnolia grandiflora as the outgroup for both RAD and DIV 642 
datasets [28] (Supplementary Table S2). Bayesian analyses were conducted in MrBayes v3.2.7a [86,87] via the CIPRES 643 
Science Gateway. We used default priors of no prior knowledge for the parameters of the model. Bayesian analyses 644 
were conducted with three independent Markov Chain Monte Carlo [88] analyses of 10-60 million generations each. 645 
Metropolis coupling for each analysis was conducted under the default settings. Convergence was determined when 646 
the average standard deviation of split frequencies remained less than 0.01. The first 16% of CYC trees, 57% of RAD 647 
trees, and 13% of DIV trees were discarded before convergence. The remaining trees from each run were pooled to 648 
construct a 50% majority-rule consensus tree to obtain PPs, which was then visualized with FigTree v1.4.3 [89].   649 
 650 
RNA sample collection 651 
 652 
To investigate the expression of flower symmetry candidate genes, we collected leaves and floral tissue at three stages 653 
of development from two closely related Rhododendron species in sect. Schistanthe. All plant material was collected from 654 
the Rhododendron Species Botanical Garden, Federal Way, WA, USA. We collected two species from sister clades 655 
identified in Soza et al. [55]: R. beyerinckianum and R. taxifolium (Supplementary Table S1). R. beyerinckianum represents 656 
a derived form of bilateral symmetry in sect. Schistanthe, with curved floral tubes and longer dorsal than ventral petals 657 
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[55] (Supplementary Figure S5); whereas R. taxifolium represents a derived form of radial symmetry [55] 658 
(Supplementary Figure S5). Three clones from the same cultivated accession were used as biological replicates.  659 
 660 
The three floral developmental stages collected correspond to stages 1, 3, and 4 from De Keyser et al. [90]: early floral 661 
bud (closed bud, enclosed in inflorescence scales), late floral bud (“candle” stage, inflorescence scales abscised), and 662 
open flower, respectively. Leaves, late floral buds, and open flowers were immediately flash-frozen in liquid nitrogen 663 
and then stored at –70°C. We removed the indumentum from leaves by gentle rubbing prior to freezing. We collected 664 
inflorescence buds on ice, then dissected individual flower buds, flash-froze them, and stored them at –70°C. Early floral 665 
buds were 7-13 mm long for R. beyerinckianum and 4-8 mm for R. taxifolium. Late floral buds were 22-28 mm long for R. 666 
beyerinckianum and 11-17 mm for R. taxifolium. Open flowers were 33-37 mm long for R. beyerinckianum and 19-25 mm 667 
for R. taxifolium.  668 
 669 
Preliminary analyses showed that flower symmetry candidate genes had highest expression in late floral buds and open 670 
flowers; therefore, we selected late floral buds for examining gene expression across floral organs. Late floral buds were 671 
collected on ice and then carefully dissected into a single dorsal petal, two lateral petals, two ventral petals, five upper 672 
stamens (including dorsal and lateral stamens), five lower stamens (including ventral stamens), and a pistil, which was 673 
dissected from the flower just above the nectary disc. Floral organs were frozen in liquid nitrogen and stored at -70°C. 674 
 675 
RNA extraction and cDNA synthesis 676 
 677 
Total RNA was extracted from early floral buds, late floral buds, open flowers, and leaves using the Spectrum™ Plant 678 
Total RNA Kit (Sigma-Aldrich, St. Louis, MO, USA). Four samples from each floral developmental stage, or leaves, 679 
were pooled and homogenized in chilled mortars and pestles and immediately extracted for RNA or stored at –70°C. 680 
 681 
For dissected floral organs, organs from four (R. beyerinckianum) or 12 (R. taxifolium) late floral buds were pooled and 682 
homogenized. Total RNA was extracted using the Spectrum™ Plant Total RNA Kit according to the manufacturer’s 683 
protocol with the following modifications. Tubes were vortexed for 1 min after addition of the Lysis Solution, and 750 684 
µl of Binding Solution was used in the binding step. For difficult tissues with low yield, extraction was repeated using 685 
</= 50 mg of tissue, 1 mL of Lysis Solution, and 750 µl per 0.5 mL of Binding Solution in the binding step. For very low 686 
yields, multiple preps of the same tissue were performed, and then the RNA was eluted sequentially with the same 687 
elution buffer. In a few cases, extracts were cleaned and concentrated using Agencourt® RNAClean® XP (Beckman 688 
Coulter, Indianapolis, IN, USA) as needed. RNA quantity was estimated using a Qubit® 2.0 Fluorometer (Invitrogen™, 689 
Life Technologies™, Carlsbad, CA, USA).  690 
 691 
One µg of total RNA was used for cDNA synthesis with the SuperScript™ III First-Strand Synthesis System (Invitrogen™, 692 
Life Technologies™, Carlsbad, CA, USA). First, the RNA was treated with DNAse I (New England Biolabs® Inc., Ipswich, 693 
MA, USA) and then used as template for cDNA synthesis according to manufacturers’ protocols. The cDNA was 694 
checked for genomic contamination by performing RT-PCR with ELONGATION FACTOR 1-ALPHA (EF1A) primers 695 
that spanned introns (Supplementary Table S3). 696 
 697 
3’ RACE of Rhododendron CYC orthologs  698 
 699 
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In order to obtain 3’ untranslated region (UTR) sequence for locus-specific primer design for RT-PCR of Rhododendron 700 
CYC orthologs, we used a modified protocol of 3’ RACE [91,92] on R. beyerinckianum and R. taxifolium. We pooled cDNA 701 
from the developmental stages above and used 1 µl of 1:2 cDNA as template in PCR with Phusion® High-Fidelity DNA 702 
Polymerase and ReadyMadeTM Anchored Oligo dT (20) (Integrated DNA Technologies, Coralville, IA, USA) and 703 
Rbey_CYC2_3RACE_F1 primers (Supplementary Table S3). PCR conditions were an initial denaturation at 98°C for 30 704 
s; followed by 5 cycles of denaturation at 98°C for 10 s, annealing at 45°C for 30s, and extension at 72°C for 3 min; 705 
followed by 25 cycles of denaturation at 98°C for 10 s, annealing at 55°C for 30s, and extension at 72°C for 3 min; and a 706 
final extension at 72°C for 10 min. We only obtained 3’ RACE product from R. beyerinckianum; this was diluted 1:20 in 707 
Tris-EDTA for reamplification with the nested primer Rbey_CYC2_3RACE_F2 (Supplementary Table S3) and the 708 
ReadyMadeTM Anchored Oligo dT (20) primer using the same PCR conditions as the first round above. The second 709 
round of 3’ RACE was gel-excised and cloned as described above, using A-tailing with Taq, ligation into the pCR™2.1- 710 
TOPO® cloning vector, and 100 positive clones sequenced by GENEWIZ with M13 primers and an internal sequencing 711 
primer (Supplementary Table S3). We also designed a paralog-specific 3’ RACE nested primer for RhbCYC2.5 712 
(Rbey_CYC2.5_3RACE_F2, Supplementary Table S3) as the nested primer above did not capture the 3’ UTR from this 713 
paralog. We performed reamplification as above, sequencing nine positive clones.  714 
 715 
Due to the presence of alternative transcripts in 3’ UTRs of RhbCYC2.1, RhbCYC2.2, RhbCYC2.4, and RhbCYC2.5, we 716 
designed primers to amplify these regions from gDNA (Supplementary Table S3). We also attempted to use these 717 
primers to amplify 3’ UTR from gDNA of R. taxifolium but only obtained 3’ UTR for RhtCYC2.4. 3’ UTR PCR conditions 718 
were an initial denaturation at 98°C for 30 s; followed by 35 cycles of denaturation at 98°C for 10 s, annealing at 58-68°C 719 
for 30 s (Supplementary Table S3), and extension at 72°C for 90 s; with a final extension at 72°C for 10 min. PCR products 720 
were gel extracted or cleaned, then cloned using the TOPOTM XL-2 Complete PCR Cloning Kit (Invitrogen™, Life 721 
Technologies™, Carlsbad, CA, USA) according to manufacturer’s directions. Ten positive clones were sequenced by 722 
GENEWIZ with their M13 or T3/T7 primers and internal sequencing primers (Supplementary Table S3). Nucleotide 723 
sequences were assembled in Sequencher and aligned in Mesquite.  724 
  725 
Expression analyses of Rhododendron CYC, RAD, and DIV orthologs 726 
 727 
Paralog-specific RT-PCR primers were designed for CYC, DIV, and RAD orthologs in R. beyerinckianum and R. taxifolium 728 
from sequences obtained above. After trying several reference genes previously tested in Rhododendron [93,94], we chose 729 
ACTIN5 (ACT5). We used R. molle ACT5 [94] to search the R. delavayi and R. williamsianum genomes and R. 730 
beyerinckianum and R. taxifolium transcriptomes with BLAST+ to obtain additional sequences. We designed RT-PCR 731 
primers using Primer3web v4.1.0 [95] or manually and verified suitability using the OligoAnalyzer Tool 732 
(Supplementary Table S3). Primer pairs were constructed to generate RT-PCR products 206-550 bp. To verify that 733 
primers isolated individual paralogs of each gene, we amplified from both gDNA and cDNA, cloned, and confirmed 734 
via sequencing. 735 
 736 
To examine the expression of flower symmetry candidate genes in R. beyerinckianum and R. taxifolium, RT-PCR was 737 
performed in a 25-µl reaction containing 1X reaction buffer, 0.2 mM dNTPs, 5 pmol each primer, and 1.25 U of Phusion® 738 
High-Fidelity DNA Polymerase. cDNA was used at dilutions of 1:0-1:4 (as determined by ACT5 expression levels for 739 
each replicate). Reactions were processed in a T100™ Thermal Cycler with an initial denaturation at 98°C for 20 s; 740 
followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 56-68°C for 30 s, and extension at 72°C for 30 s; and 741 
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a final extension at 72°C for 5 min (Supplementary Table3). Loading volumes for each floral stage and dissected organ 742 
were determined by quantification of gel images using the Gel Doc™ EZ Imaging System and Image Lab v5.2.1 (Bio-Rad 743 
Laboratories, Inc., Hercules, CA, USA). Negative and positive controls were run alongside experimental samples. 744 
Loading volumes of 2-24 µl were run on a 1.2% TAE agarose gel containing a 1:10,000 dilution of GelRed® Nucleic Acid 745 
Gel Stain (Biotium, Inc., Hayward, CA, USA) for 90 min at 7.5 V/cm. Gels were visualized and photographed using the 746 
Gel Doc™ EZ Imaging System with auto-exposure settings. We reported gene expression from RT-PCR if the pattern 747 
was observed in at least two replicates. We also quantified gene expression from RT-PCR results using the Gel Doc™ EZ 748 
Imaging System and Image Lab and averaged this across the three biological replicates to summarize expression 749 
patterns for each gene in each species. 750 
 751 
CONCLUSIONS 752 
 753 
Rhododendron, an early diverging lineage of asterids, exhibits overall similar recruitment of CYC orthologs in 754 
establishing bilaterally symmetric flowers as other asterids. In the derived, tropical sect. Schistanthe, we found extensive 755 
tandem duplication in CYC orthologs and restriction of gene expression to the dorsal and lateral petals and upper 756 
stamens in bilaterally symmetric R. beyerinckianum. These CYC orthologs appear to promote differential petal, stamen, 757 
and pistil growth in this species, contributing to its adaxially curved and positioned floral organs. We also found a 758 
potentially novel role for CYC orthologs in style elongation and curvature. In a radially symmetric species from the 759 
sister clade, R. taxifolium, ubiquitous expression of three CYC orthologs, loss of one CYC ortholog, and reduced 760 
expression in another ortholog act in concert to produce shorter and equal petals, stamens, and styles. In contrast, we 761 
found ubiquitous expression of RAD and DIV orthologs in both species, as well as a difference in gene structure in a 762 
RAD ortholog that suggests that this may not be regulated by CYC orthologs. CYC orthologs appear to be the main 763 
regulators of floral symmetry in Rhododendron, promoting growth in the absence of interactions with RAD orthologs. 764 
Our study provides a glimpse of the potential variation in CYC orthologs in Rhododendron that likely contributed to the 765 
extensive diversity in floral symmetry in this genus. 766 
 767 
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 769 
The following are available online at www.mdpi.com/xxx/s1, Figure S1: Gene structure of Rhododendron beyerinckianum 770 
CYCLOIDEA (CYC), RADIALIS (RAD), and DIVARICATA (DIV) orthologs, Figure S2: Protein alignment of CYCLOIDEA 771 
(CYC) orthologs from Rhododendron sect. Schistanthe, Figure S3: Protein alignment of RADIALIS (RAD) orthologs from 772 
Rhododendron sect. Schistanthe, Figure S4: Protein alignment of DIVARICATA (DIV) orthologs from Rhododendron sect. 773 
Schistanthe, Figure S5: Gene expression of CYCLOIDEA (CYC), RADIALIS (RAD), and DIVARICATA (DIV) orthologs 774 
across floral developmental stages in two Rhododendron species with different floral symmetries, Figure S6: Gene 775 
expression of CYCLOIDEA (CYC), RADIALIS (RAD), and DIVARICATA (DIV) orthologs across floral organs in two 776 
Rhododendron species with different floral symmetries, Table S1: Rhododendron samples and outgroups collected for this 777 
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this study. 779 
 780 
AUTHOR CONTRIBUTIONS 781 
 782 



Plants 2021, 10, x FOR PEER REVIEW 27 of 33 
 

 

Conceptualization, V.L.S. and V.D.; methodology, E.R., V.L.S., and V.D.; validation, E.R., V.L.S., Y.J., H.D., and V.C.; 783 
formal analysis, E.R., V.L.S., and H.D.; investigation, E.R., V.L.S., Y.J., H.D., and V.C.; resources, B.D.H.; data curation, 784 
E.R., V.L.S., H.D., and V.C.; writing – original draft preparation, E.R., V.L.S., and Y.J.; writing – review and editing, E.R., 785 
V.L.S, Y.J., H.D., V.C., and V.D.; visualization, E.R., V.L.S., and Y.J.; supervision, E.R., V.L.S, B.D.H., and V.D.; project  786 
administration, E.R. and V.L.S.; funding acquisition, Y.J. and B.D.H. All authors except the deceased B.D.H. have read 787 
and agreed to the published version of the manuscript. 788 
 789 
FUNDING 790 
 791 
This research was funded by the international joint training program for top graduate students at South China Normal 792 
University. V.S.D. was funded in part by the National Science Foundation Division of Environmental Biology 793 
(Opportunities for Promoting Understanding through Synthesis – Mid-Career Synthesis) grant number 1911539. 794 
 795 
DATA AVAILABILITY STATEMENT 796 
 797 
The data presented in this study are openly available in TreeBASE for alignments and phylogenies 798 
(http://purl.org/phylo/treebase/phylows/study/TB2:S28224) and GenBank for sequences generated in this study 799 
(Supplementary Table S2). 800 
 801 
ACKNOWLEDGMENTS 802 
 803 
We thank Anne Mullenniex for preliminary project exploration; Dennis Bottemiller, Atsuko Gibson, and Steve Hootman 804 
at Rhododendron Species Botanical Garden, Federal Way, WA, USA, Raymond Larson at Washington Park Arboretum, 805 
Seattle, WA, USA, and Tony Conlon, Louise Galloway, and Pete Hollingsworth at Royal Botanic Garden Edinburgh, 806 
UK, for sampling assistance; Jacob Fong-Gurzinsky, Ryan Koning, and Kyle McKinney for technical assistance; and 807 
Shaoshan Li for graduate advising. 808 
 809 
CONFLICTS OF INTEREST 810 
 811 
The authors declare no conflict of interest. 812 
 813 
 814 
 815 
 816 
 817 
 818 
 819 
 820 
 821 
 822 
  823 



Plants 2021, 10, x FOR PEER REVIEW 28 of 33 
 

 

REFERENCES 824 
 825 
1.  Neal, P.R.; Dafni, A.; Giurfa, M. Floral Symmetry and Its Role in Plant-Pollinator Systems: Terminology, 826 
Distribution, and Hypotheses. Annu. Rev. Ecol. Syst. 1998, 29, 345–373, doi:10.1146/annurev.ecolsys.29.1.345. 827 
2.  Sargent, R.D. Floral Symmetry Affects Speciation Rates in Angiosperms. Proc. R. Soc. Lond. B Biol. Sci. 2004, 271, 828 
603–608, doi:10.1098/rspb.2003.2644. 829 
3.  O’Meara, B.C.; Smith, S.D.; Armbruster, W.S.; Harder, L.D.; Hardy, C.R.; Hileman, L.C.; Hufford, L.; Litt, A.; 830 
Magallón, S.; Smith, S.A.; et al. Non-Equilibrium Dynamics and Floral Trait Interactions Shape Extant Angiosperm 831 
Diversity. Proc. R. Soc. B Biol. Sci. 2016, 283, doi:10.1098/rspb.2015.2304. 832 
4.  Citerne, H.; Jabbour, F.; Nadot, S.; Damerval, C. The Evolution of Floral Symmetry. Adv. Bot. Res. 2010, Volume 54, 833 
85–137. 834 
5.  Reyes, E.; Sauquet, H.; Nadot, S. Perianth Symmetry Changed at Least 199 Times in Angiosperm Evolution. Taxon 835 
2016, 65, 945–964, doi:10.12705/655.1. 836 
6.  Luo, D.; Carpenter, R.; Vincent, C.; Copsey, L.; Coen, E. Origin of Floral Asymmetry in Antirrhinum. Nature 1996, 837 
383, 794–799, doi:10.1038/383794a0. 838 
7.  Luo, D.; Carpenter, R.; Copsey, L.; Vincent, C.; Clark, J.; Coen, E. Control of Organ Asymmetry in Flowers of 839 
Antirrhinum. Cell 1999, 99, 367–376, doi:10.1016/S0092-8674(00)81523-8. 840 
8.  Gübitz, T.; Caldwell, A.; Hudson, A. Rapid Molecular Evolution of CYCLOIDEA-like Genes in Antirrhinum and 841 
Its Relatives. Mol. Biol. Evol. 2003, 20, 1537–1544, doi:10.1093/molbev/msg166. 842 
9.  Hileman, L.C.; Baum, D.A. Why Do Paralogs Persist? Molecular Evolution of CYCLOIDEA and Related Floral 843 
Symmetry Genes in Antirrhineae (Veronicaceae). Mol. Biol. Evol. 2003, 20, 591–600, doi:10.1093/molbev/msg063. 844 
10.  Li, M.; Zhang, D.; Gao, Q.; Luo, Y.; Zhang, H.; Ma, B.; Chen, C.; Whibley, A.; Zhang, Y.; Cao, Y.; et al. Genome 845 
Structure and Evolution of Antirrhinum Majus L. Nat. Plants 2019, 5, 174–183, doi:10.1038/s41477-018-0349-9. 846 
11.  Galego, L.; Almeida, J. Role of <i>DIVARICATA<i> in the Control of Dorsoventral Asymmetry in Antirrhinum 847 
Flowers. Genes Dev. 2002, 16, 880–891, doi:10.1101/gad.221002. 848 
12.  Corley, S.B.; Carpenter, R.; Copsey, L.; Coen, E. Floral Asymmetry Involves an Interplay between TCP and MYB 849 
Transcription Factors in Antirrhinum. Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 5068–5073, doi:10.1073/pnas.0501340102. 850 
13.  Costa, M.M.R.; Fox, S.; Hanna, A.I.; Baxter, C.; Coen, E. Evolution of Regulatory Interactions Controlling Floral 851 
Asymmetry. Development 2005, 132, 5093, doi:10.1242/dev.02085. 852 
14.  Raimundo, J.; Sobral, R.; Bailey, P.; Azevedo, H.; Galego, L.; Almeida, J.; Coen, E.; Costa, M.M.R. A Subcellular 853 
Tug of War Involving Three MYB-like Proteins Underlies a Molecular Antagonism in Antirrhinum Flower Asymmetry. 854 
Plant J. 2013, 75, 527–538, doi:10.1111/tpj.12225. 855 
15.  Cubas, P.; Lauter, N.; Doebley, J.; Coen, E. The TCP Domain: A Motif Found in Proteins Regulating Plant Growth 856 
and Development. Plant J. 1999, 18, 215–222, doi:10.1046/j.1365-313X.1999.00444.x. 857 
16.  Navaud, O.; Dabos, P.; Carnus, E.; Tremousaygue, D.; Hervé, C. TCP Transcription Factors Predate the Emergence 858 
of Land Plants. J. Mol. Evol. 2007, 65, 23–33, doi:10.1007/s00239-006-0174-z. 859 
17.  Howarth, D.G.; Donoghue, M.J. Phylogenetic Analysis of the “ECE” (CYC/TB1) Clade Reveals Duplications 860 
Predating the Core Eudicots. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 9101–9106, doi:10.2307/30051904. 861 
18.  Howarth, D.G.; Donoghue, M.J. Duplications in CYC-like Genes from Dipsacales Correlate with Floral Form. Int. 862 
J. Plant Sci. 2005, 166, 357–370, doi:10.1086/428634. 863 



Plants 2021, 10, x FOR PEER REVIEW 29 of 33 
 

 

19.  Citerne, H.L.; Le Guilloux, M.; Sannier, J.; Nadot, S.; Damerval, C. Combining Phylogenetic and Syntenic Analyses 864 
for Understanding the Evolution of TCP ECE Genes in Eudicots. PLOS ONE 2013, 8, e74803, 865 
doi:10.1371/journal.pone.0074803. 866 
20.  Busch, A.; Zachgo, S. Flower Symmetry Evolution: Towards Understanding the Abominable Mystery of 867 
Angiosperm Radiation. BioEssays 2009, 31, 1181–1190, doi:10.1002/bies.200900081. 868 
21.  Specht, C.D.; Howarth, D.G. Adaptation in Flower Form: A Comparative Evodevo Approach. New Phytol. 2015, 869 
206, 74–90, doi:10.1111/nph.13198. 870 
22.  Jabbour, F.; Cossard, G.; Le Guilloux, M.; Sannier, J.; Nadot, S.; Damerval, C. Specific Duplication and 871 
Dorsoventrally Asymmetric Expression Patterns of CYCLOIDEA-like Genes in Zygomorphic Species of Ranunculaceae. 872 
PLoS ONE 2014, 9, e95727, doi:10.1371/journal.pone.0095727. 873 
23.  Hileman, L.C. Trends in Flower Symmetry Evolution Revealed through Phylogenetic and Developmental Genetic 874 
Advances. Philos. Trans. R. Soc. B-Biol. Sci. 2014, 369, 20130348, doi:10.1098/rstb.2013.0348. 875 
24.  Yanhui, C.; Xiaoyuan, Y.; Kun, H.; Meihua, L.; Jigang, L.; Zhaofeng, G.; Zhiqiang, L.; Yunfei, Z.; Xiaoxiao, W.; 876 
Xiaoming, Q.; et al. The MYB Transcription Factor Superfamily of Arabidopsis: Expression Analysis and Phylogenetic 877 
Comparison with the Rice MYB Family. Plant Mol. Biol. 2006, 60, 107–124, doi:10.1007/s11103-005-2910-y. 878 
25.  Raimundo, J.; Sobral, R.; Laranjeira, S.; Costa, M.M.R. Successive Domain Rearrangements Underlie the Evolution 879 
of a Regulatory Module Controlled by a Small Interfering Peptide. Mol. Biol. Evol. 2018, 35, 2873–2885, 880 
doi:10.1093/molbev/msy178. 881 
26.  Howarth, D.G.; Donoghue, M.J. Duplications and Expression of DIVARICATA-like Genes in Dipsacales. Mol. Biol. 882 
Evol. 2009, 26, 1245–1258, doi:10.1093/molbev/msp051. 883 
27.  Boyden, G.S.; Donoghue, M.J.; Howarth, D.G. Duplications and Expression of RADIALIS-like Genes in Dipsacales. 884 
Int. J. Plant Sci. 2012, 173, 971–983, doi:10.1086/667626. 885 
28.  Madrigal, Y.; Alzate, J.F.; González, F.; Pabón-Mora, N. Evolution of RADIALIS and DIVARICATA Gene Lineages 886 
in Flowering Plants with an Expanded Sampling in Non-Core Eudicots. Am. J. Bot. 2019, 106, 334–351, 887 
doi:10.1002/ajb2.1243. 888 
29.  Gao, A.; Zhang, J.; Zhang, W. Evolution of RAD- and DIV-like Genes in Plants. Int. J. Mol. Sci. 2017, 18, 1961, 889 
doi:10.3390/ijms18091961. 890 
30.  Garcês, H.M.P.; Spencer, V.M.; Kim, M. Control of Floret Symmetry by RAY3, SvDIV1B, and SvRAD in the 891 
Capitulum of Senecio Vulgaris. Plant Physiol. 2016, 171, 2055–2068, doi:10.1104/pp.16.00395. 892 
31.  Zhou, X.-R.; Wang, Y.-Z.; Smith, J.F.; Chen, R. Altered Expression Patterns of TCP and MYB Genes Relating to the 893 
Floral Developmental Transition from Initial Zygomorphy to Actinomorphy in Bournea (Gesneriaceae). New Phytol. 2008, 894 
178, 532–543, doi:10.1111/j.1469-8137.2008.02384.x. 895 
32.  Preston, J.C.; Kost, M.A.; Hileman, L.C. Conservation and Diversification of the Symmetry Developmental 896 
Program among Close Relatives of Snapdragon with Divergent Floral Morphologies. New Phytol. 2009, 182, 751–762, 897 
doi:10.1111/j.1469-8137.2009.02794.x. 898 
33.  Zhong, J.; Preston, J.C.; Hileman, L.C.; Kellogg, E.A. Repeated and Diverse Losses of Corolla Bilateral Symmetry 899 
in the Lamiaceae. Ann. Bot. 2017, 119, 1211–1223, doi:10.1093/aob/mcx012. 900 
34.  Preston, J.C.; Martinez, C.C.; Hileman, L.C. Gradual Disintegration of the Floral Symmetry Gene Network Is 901 
Implicated in the Evolution of a Wind-Pollination Syndrome. Proc. Natl. Acad. Sci. 2011, 108, 2343–2348, 902 
doi:10.1073/pnas.1011361108. 903 
35.  Reardon, W.; Gallagher, P.; Nolan, K.M.; Wright, H.; Cardeñosa-Rubio, M.C.; Bragalini, C.; Lee, C.-S.; Fitzpatrick, 904 
D.A.; Corcoran, K.; Wolff, K.; et al. Different Outcomes for the MYB Floral Symmetry Genes DIVARICATA and 905 



Plants 2021, 10, x FOR PEER REVIEW 30 of 33 
 

 

RADIALIS during the Evolution of Derived Actinomorphy in Plantago. New Phytol. 2014, 202, 716–725, 906 
doi:10.1111/nph.12682. 907 
36.  Hsin, K.-T.; Wang, C.-N. Expression Shifts of Floral Symmetry Genes Correlate to Flower Actinomorphy in East 908 
Asia Endemic Conandron Ramondioides (Gesneriaceae). Bot. Stud. 2018, 59, 24, doi:10.1186/s40529-018-0242-x. 909 
37.  Liu, J.; Wu, J.; Yang, X.; Wang, Y.-Z. Regulatory Pathways of CYC-like Genes in Patterning Floral Zygomorphy 910 
Exemplified in Chirita Pumila. J. Syst. Evol. 2020, n/a, doi:10.1111/jse.12574. 911 
38.  Zhong, J.; Kellogg, E.A. Stepwise Evolution of Corolla Symmetry in CYCLOIDEA2-like and RADIALIS-like Gene 912 
Expression Patterns in Lamiales. Am. J. Bot. 2015, 102, 1260–1267, doi:10.3732/ajb.1500191. 913 
39.  Baxter, C.E.L.; Costa, M.M.R.; Coen, E.S. Diversification and Co-Option of RAD-like Genes in the Evolution of 914 
Floral Asymmetry. Plant J. 2007, 52, 105–113, doi:10.1111/j.1365-313X.2007.03222.x. 915 
40.  Zhang, F.; Liu, X.; Zuo, K.; Zhang, J.; Sun, X.; Tang, K. Molecular Cloning and Characterization of a Novel 916 
Gossypium Barbadense L. RAD-like Gene. Plant Mol. Biol. Report. 2011, 29, 324–333, doi:10.1007/s11105-010-0234-9. 917 
41.  Zhang, F.; Liu, X.; Zuo, K.; Sun, X.; Tang, K. Molecular Cloning and Expression Analysis of a Novel SANT/MYB 918 
Gene from Gossypium Barbadense. Mol. Biol. Rep. 2011, 38, 2329–2336, doi:10.1007/s11033-010-0366-x. 919 
42.  Yang, B.; Song, Z.; Li, C.; Jiang, J.; Zhou, Y.; Wang, R.; Wang, Q.; Ni, C.; Liang, Q.; Chen, H.; et al. RSM1, an 920 
Arabidopsis MYB Protein, Interacts with HY5/HYH to Modulate Seed Germination and Seedling Development in 921 
Response to Abscisic Acid and Salinity. PLOS Genet. 2018, 14, e1007839, doi:10.1371/journal.pgen.1007839. 922 
43.  Stevens, P.F.; Luteyn, J.; Oliver, E.G.H.; Bell, T.L.; Brown, E.A.; Crowden, R.K.; George, A.S.; Jordan, G.J.; Ladd, 923 
P.; Lemson, K.; et al. Ericaceae. In The Families and Genera of Vascular Plants: Flowering plants, Dicotyledons, Celastrales, 924 
Oxalidales, Rosales, Cornales, Ericales; Springer-Verlag: Berlin Heidelberg, Germany, 2004; Vol. VI, pp. 145–194. 925 
44.  The Angiosperm Phylogeny Group An Update of the Angiosperm Phylogeny Group Classification for the Orders 926 
and Families of Flowering Plants: APG IV. Bot. J. Linn. Soc. 2016, 181, 1–20, doi:10.1111/boj.12385. 927 
45.  Berry, E.; Sharma, S.K.; Pandit, M.K.; Geeta, R. Evolutionary Correlation between Floral Monosymmetry and 928 
Corolla Pigmentation Patterns in Rhododendron. Plant Syst. Evol. 2018, 304, 219–230, doi:10.1007/s00606-017-1467-y. 929 
46.  Stevens, P.F. The Altitudinal and Geographical Distributions of Flower Types in Rhododendron Section Vireya, 930 
Especially in the Papuasian Species, and Their Significance. Bot. J. Linn. Soc. 1976, 73, 1–33. 931 
47.  Craven, L.A.; Danet, F.; Veldkamp, J.F.; Goetsch, L.A.; Hall, B.D. Vireya Rhododendrons: Their Monophyly and 932 
Classification (Ericaceae, Rhododendron Section Schistanthe). Blumea 2011, 56, 153–158, doi:10.3767/000651911X590805. 933 
48.  Zhang, L.; Xu, P.; Cai, Y.; Ma, L.; Li, S.; Li, S.; Xie, W.; Song, J.; Peng, L.; Yan, H.; et al. The Draft Genome Assembly 934 
of Rhododendron Delavayi Franch. Var. Delavayi. GigaScience 2017, 6, 1–11, doi:10.1093/gigascience/gix076. 935 
49.  Colle, M.; Leisner, C.P.; Wai, C.M.; Ou, S.; Bird, K.A.; Wang, J.; Wisecaver, J.H.; Yocca, A.E.; Alger, E.I.; Tang, H.; 936 
et al. Haplotype-Phased Genome and Evolution of Phytonutrient Pathways of Tetraploid Blueberry. GigaScience 2019, 937 
8, doi:10.1093/gigascience/giz012. 938 
50.  Soza, V.L.; Lindsley, D.; Waalkes, A.; Ramage, E.; Patwardhan, R.; Burton, J.N.; Adey, A.; Kumar, A.; Qiu, R.; 939 
Shendure, J.; et al. The Rhododendron Genome and Chromosomal Organization Provide Insight into Shared Whole 940 
Genome Duplications across the Heath Family (Ericaceae). Genome Biol. Evol. 2019, 11, 3353–3371, 941 
doi:10.1093/gbe/evz245. 942 
51.  Wu, H.; Ma, T.; Kang, M.; Ai, F.; Zhang, J.; Dong, G.; Liu, J. A High-Quality Actinidia Chinensis (Kiwifruit) Genome. 943 
Hortic. Res. 2019, 6, 117, doi:10.1038/s41438-019-0202-y. 944 
52.  Yang, F.-S.; Nie, S.; Liu, H.; Shi, T.-L.; Tian, X.-C.; Zhou, S.-S.; Bao, Y.-T.; Jia, K.-H.; Guo, J.-F.; Zhao, W.; et al. 945 
Chromosome-Level Genome Assembly of a Parent Species of Widely Cultivated Azaleas. Nat. Commun. 2020, 11, 5269, 946 
doi:10.1038/s41467-020-18771-4. 947 



Plants 2021, 10, x FOR PEER REVIEW 31 of 33 
 

 

53.  Ramage, E.; Soza, V.L.; Hall, B.D. Transcriptome Assemblies across the Genus Rhododendron (Ericaceae) 948 
manuscript in preparation. 949 
54.  Madrigal, Y.; Alzate, J.F.; Pabón-Mora, N. Evolution and Expression Patterns of TCP Genes in Asparagales. Front. 950 
Plant Sci. 2017, 8, 9, doi:10.3389/fpls.2017.00009. 951 
55.  Soza, V.L.; Kriebel, R.; Ramage, E.; Hall, B.D.; Twyford, A.D. The Symmetry Spectrum in a Hybridizing, Tropical 952 
Group of Rhododendrons manuscript in preparation. 953 
56.  Chapman, M.A.; Leebens-Mack, J.H.; Burke, J.M. Positive Selection and Expression Divergence Following Gene 954 
Duplication in the Sunflower CYCLOIDEA Gene Family. Mol. Biol. Evol. 2008, 25, 1260–1273, 955 
doi:10.1093/molbev/msn001. 956 
57.  Gaut, B.S.; Wright, S.I.; Rizzon, C.; Dvorak, J.; Anderson, L.K. Recombination: An Underappreciated Factor in the 957 
Evolution of Plant Genomes. Nat. Rev. Genet. 2007, 8, 77–84, doi:10.1038/nrg1970. 958 
58.  Gao, Q.; Tao, J.-H.; Yan, D.; Wang, Y.-Z.; Li, Z.-Y. Expression Differentiation of CYC-like Floral Symmetry Genes 959 
Correlated with Their Protein Sequence Divergence in Chirita Heterotricha (Gesneriaceae). Dev. Genes Evol. 2008, 218, 960 
341–351, doi:10.1007/s00427-008-0227-y. 961 
59.  Song, C.-F.; Lin, Q.-B.; Liang, R.-H.; Wang, Y.-Z. Expressions of ECE-CYC2 Clade Genes Relating to Abortion of 962 
Both Dorsal and Ventral Stamens in Opithandra (Gesneriaceae). BMC Evol. Biol. 2009, 9, 244, doi:10.1186/1471-2148-9-244. 963 
60.  Howarth, D.G.; Martins, T.; Chimney, E.; Donoghue, M.J. Diversification of CYCLOIDEA Expression in the 964 
Evolution of Bilateral Flower Symmetry in Caprifoliaceae and Lonicera (Dipsacales). Ann. Bot. 2011, 107, 1521–1532, 965 
doi:10.1093/aob/mcr049. 966 
61.  Yang, X.; Pang, H.-B.; Liu, B.-L.; Qiu, Z.-J.; Gao, Q.; Wei, L.; Dong, Y.; Wang, Y.-Z. Evolution of Double Positive 967 
Autoregulatory Feedback Loops in CYCLOIDEA2 Clade Genes Is Associated with the Origin of Floral Zygomorphy. 968 
Plant Cell 2012, 24, 1834, doi:10.1105/tpc.112.099457. 969 
62.  Zhong, J.; Kellogg, E.A. Duplication and Expression of CYC2-like Genes in the Origin and Maintenance of Corolla 970 
Zygomorphy in Lamiales. New Phytol. 2015, 205, 852–868, doi:10.1111/nph.13104. 971 
63.  Hsin, K.-T.; Lu, J.-Y.; Möller, M.; Wang, C.-N. Gene Duplication and Relaxation from Selective Constraints of 972 
GCYC Genes Correlated with Various Floral Symmetry Patterns in Asiatic Gesneriaceae Tribe Trichosporeae. PLOS 973 
ONE 2019, 14, e0210054, doi:10.1371/journal.pone.0210054. 974 
64.  Hsu, H.-C.; Wang, C.-N.; Liang, C.-H.; Wang, C.-C.; Kuo, Y.-F. Association between Petal Form Variation and 975 
CYC2-like Genotype in a Hybrid Line of Sinningia Speciosa. Front. Plant Sci. 2017, 8, 558, doi:10.3389/fpls.2017.00558. 976 
65.  Broholm, S.K.; Tähtiharju, S.; Laitinen, R.A.E.; Albert, V.A.; Teeri, T.H.; Elomaa, P. A TCP Domain Transcription 977 
Factor Controls Flower Type Specification along the Radial Axis of the <em>Gerbera</Em> (Asteraceae) Inflorescence. 978 
Proc. Natl. Acad. Sci. 2008, 105, 9117, doi:10.1073/pnas.0801359105. 979 
66.  Reardon, W.; Fitzpatrick, DavidA.; Fares, MarioA.; Nugent, JacquelineM. Evolution of Flower Shape in Plantago 980 
Lanceolata. Plant Mol. Biol. 2009, 71, 241–250, doi:10.1007/s11103-009-9520-z. 981 
67.  Pang, H.-B.; Sun, Q.-W.; He, S.-Z.; Wang, Y.-Z. Expression Pattern of CYC-like Genes Relating to a Dorsalized 982 
Actinomorphic Flower in Tengia (Gesneriaceae). J. Syst. Evol. 2010, 48, 309–317, doi:10.1111/j.1759-6831.2010.00091.x. 983 
68.  Larson, D.A.; Walker, J.F.; Vargas, O.M.; Smith, S.A. A Consensus Phylogenomic Approach Highlights 984 
Paleopolyploid and Rapid Radiation in the History of Ericales. Am. J. Bot. 2020, 107, 773–789, doi:10.1002/ajb2.1469. 985 
69.  Altschul, S.F.; Madden, T.L.; Schäffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and PSI- 986 
BLAST: A New Generation of Protein Database Search Programs. Nucleic Acids Res. 1997, 25, 3389–3402, 987 
doi:10.1093/nar/25.17.3389. 988 



Plants 2021, 10, x FOR PEER REVIEW 32 of 33 
 

 

70.  Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture 989 
and Applications. BMC Bioinformatics 2009, 10, 421, doi:10.1186/1471-2105-10-421. 990 
71.  Goetsch, L.; Eckert, A.J.; Hall, B.D. The Molecular Systematics of Rhododendron (Ericaceae): A Phylogeny Based 991 
upon RPB2 Gene Sequences. Syst. Bot. 2005, 30, 616–626, doi:10.1600/0363644054782170. 992 
72.  Waterhouse, A.M.; Procter, J.B.; Martin, D.M.A.; Clamp, M.; Barton, G.J. Jalview Version 2—a Multiple Sequence 993 
Alignment Editor and Analysis Workbench. Bioinformatics 2009, 25, 1189–1191, doi:10.1093/bioinformatics/btp033. 994 
73.  Maddison, W.P.; Maddison, D.R. Mesquite: A Modular System for Evolutionary Analysis; 2011; 995 
74.  Martin, D.P.; Murrell, B.; Golden, M.; Khoosal, A.; Muhire, B. RDP4: Detection and Analysis of Recombination 996 
Patterns in Virus Genomes. Virus Evol. 2015, 1, doi:10.1093/ve/vev003. 997 
75.  Martin, D.; Rybicki, E. RDP: Detection of Recombination amongst Aligned Sequences. Bioinformatics 2000, 16, 562– 998 
563, doi:10.1093/bioinformatics/16.6.562. 999 
76.  Padidam, M.; Sawyer, S.; Fauquet, C.M. Possible Emergence of New Geminiviruses by Frequent Recombination. 1000 
Virology 1999, 265, 218–225, doi:10.1006/viro.1999.0056. 1001 
77.  Smith, J.M. Analyzing the Mosaic Structure of Genes. J. Mol. Evol. 1992, 34, 126–129. 1002 
78.  Posada, D.; Crandall, K.A. Evaluation of Methods for Detecting Recombination from DNA Sequences: Computer 1003 
Simulations. Proc. Natl. Acad. Sci. U. S. A. 2001, 98, 13757–13762, doi:10.1073/pnas.241370698. 1004 
79.  Salminen, M.O.; Carr, J.K.; Burke, D.S.; McCutchan, F.E. Identification of Breakpoints in Intergenotypic 1005 
Recombinants of HIV Type 1 by Bootscanning. AIDS Res. Hum. Retroviruses 1995, 11, 1423–1425, 1006 
doi:10.1089/aid.1995.11.1423. 1007 
80.  Martin, D.P.; Posada, D.; Crandall, K.A.; Williamson, C. A Modified Bootscan Algorithm for Automated 1008 
Identification of Recombinant Sequences and Recombination Breakpoints. Aids Res. Hum. Retroviruses 2005, 21, 98–102, 1009 
doi:10.1089/aid.2005.21.98. 1010 
81.  Gibbs, M.J.; Armstrong, J.S.; Gibbs, A.J. Sister-Scanning: A Monte Carlo Procedure for Assessing Signals in 1011 
Recombinant Sequences. Bioinformatics 2000, 16, 573–582, doi:10.1093/bioinformatics/16.7.573. 1012 
82.  Darriba, D.; Taboada, G.L.; Doallo, R.; Posada, D. JModelTest 2: More Models, New Heuristics and Parallel 1013 
Computing. Nat. Methods 2012, 9, 772–772. 1014 
83.  Guindon, S.; Gascuel, O. A Simple, Fast, and Accurate Algorithm to Estimate Large Phylogenies by Maximum 1015 
Likelihood. Syst. Biol. 2003, 52, 696–704, doi:10.1080/10635150390235520. 1016 
84.  Miller, M.A.; Pfeiffer, W.; Schwartz, T. Creating the CIPRES Science Gateway for Inference of Large Phylogenetic 1017 
Trees. In Proceedings of the Proceedings of the Gateway Computing Environments Workshop (GCE), 2010; Institute of 1018 
Electrical and Electronics Engineers: New Orleans, LA, 2010; pp. 1–8. 1019 
85.  Akaike, H. A New Look at the Statistical Model Identification. IEEE Trans. Autom. Control 1974, AC19, 716–723. 1020 
86.  Huelsenbeck, J.P.; Ronquist, F. MRBAYES: Bayesian Inference of Phylogenetic Trees. Bioinformatics 2001, 17, 754– 1021 
755, doi:10.1093/bioinformatics/17.8.754. 1022 
87.  Ronquist, F.; Huelsenbeck, J.P. MrBayes 3: Bayesian Phylogenetic Inference under Mixed Models. Bioinformatics 1023 
2003, 19, 1572–1574, doi:10.1093/bioinformatics/btg180. 1024 
88.  Yang, Z.H.; Rannala, B. Bayesian Phylogenetic Inference Using DNA Sequences: A Markov Chain Monte Carlo 1025 
Method. Mol. Biol. Evol. 1997, 14, 717–724. 1026 
89.  Rambaut, A. FigTree Version 1.4.3; 2016; 1027 
90.  De Keyser, E.; Desmet, L.; Van Bockstaele, E.; De Riek, J. How to Perform RT-QPCR Accurately in Plant Species? 1028 
A Case Study on Flower Colour Gene Expression in an Azalea (Rhododendron Simsii Hybrids) Mapping Population. 1029 
BMC Mol. Biol. 2013, 14, 13, doi:10.1186/1471-2199-14-13. 1030 



Plants 2021, 10, x FOR PEER REVIEW 33 of 33 
 

 

91.  Loh, E. Anchored PCR: Amplification with Single-Sided Specificity. Methods Companion Methods Enzymol. 1991, 2, 1031 
11–19, doi:10.1016/S1046-2023(05)80121-5. 1032 
92.  Scotto–Lavino, E.; Du, G.; Frohman, M.A. 3′ End CDNA Amplification Using Classic RACE. Nat. Protoc. 2006, 1, 1033 
2742–2745, doi:10.1038/nprot.2006.481. 1034 
93.  Yi, S.; Qian, Y.; Han, L.; Sun, Z.; Fan, C.; Liu, J.; Ju, G. Selection of Reliable Reference Genes for Gene Expression 1035 
Studies in Rhododendron Micranthum Turcz. Sci. Hortic. 2012, 138, 128–133, doi:10.1016/j.scienta.2012.02.013. 1036 
94.  Xiao, Z.; Sun, X.; Liu, X.; Li, C.; He, L.; Chen, S.; Su, J. Selection of Reliable Reference Genes for Gene Expression 1037 
Studies on Rhododendron Molle G. Don. Front. Plant Sci. 2016, 7, 1547–1547, doi:10.3389/fpls.2016.01547. 1038 
95.  Untergasser, A.; Cutcutache, I.; Koressaar, T.; Ye, J.; Faircloth, B.C.; Remm, M.; Rozen, S.G. Primer3—New 1039 
Capabilities and Interfaces. Nucleic Acids Res. 2012, 40, e115–e115, doi:10.1093/nar/gks596. 1040 
 1041 
 1042 


