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Summary

� Petal pigmentation patterning is widespread in flowering plants. The genetics of these pat-

tern elements has been of great interest for understanding the evolution of phenotypic diver-

sification. Here, we investigate the genetic changes responsible for the evolution of an

unpigmented petal element on a colored background.
� We used transcriptome analysis, gene expression assays, cosegregation in F2 plants and

functional tests to identify the gene(s) involved in petal coloration in Clarkia gracilis ssp.

sonomensis.
� We identified an R2R3-MYB transcription factor (CgsMYB12) responsible for anthocyanin

pigmentation of the basal region (‘cup’) in the petal of C. gracilis ssp. sonomensis. A func-

tional mutation in CgsMYB12 creates a white cup on a pink petal background. Additionally,

we found that two R2R3-MYB genes (CgsMYB6 and CgsMYB11) are also involved in petal

background pigmentation. Each of these three R2R3-MYB genes exhibits a different spa-

tiotemporal expression pattern. The functionality of these R2R3-MYB genes was confirmed

through stable transformation of Arabidopsis.
� Distinct spatial patterns of R2R3-MYB expression have created the possibility that pigmen-

tation in different sections of the petal can evolve independently. This finding suggests that

recent gene duplication has been central to the evolution of petal pigmentation patterning in

C. gracilis ssp. sonomensis.

Introduction

A fundamental goal in evolutionary developmental biology is to
understand the types of genetic changes contributing to morpho-
logical diversity in nature. Identifying these genetic changes
allows us to explore questions about morphological evolution
including: Are these changes located in a single gene or multiple
genes (Shapiro et al., 2004; Hoekstra et al., 2006; Mackay et al.,
2009)? Have they arisen from novel or pre-existing genetic mate-
rial (Irish & Litt, 2005; Hedrick, 2013; Chau & Goodisman,
2017; Van de Peer et al., 2017)? And are certain types of genetic
changes disproportionately involved in morphological diversifica-
tion (Carroll, 2005; Hoekstra & Coyne, 2007; Carroll, 2008;
Stern & Orgogozo, 2008)?

Much effort has been devoted to addressing these questions in
different systems. One system that has long fascinated biologists
is color patterning (Mallet & Joron, 1999; Nachman et al., 2003;
Whibley et al., 2006; Hopkins & Rausher, 2011; Martins et al.,
2013; Nijhout, 2017; Stoddard & Hauber, 2017). Previous
investigations have demonstrated that cis-regulatory modifica-
tions of pre-existing developmental programs are often responsi-
ble for wing coloration divergence in insects, such as Drosophila
and butterflies (Gompel et al., 2005; Martin & Reed, 2010; Reed
et al., 2011; Martin et al., 2012; Martin & Reed, 2014;

Koshikawa et al., 2015; Wallbank et al., 2016; Martin &
Courtier-Orgogozo, 2017) and floral color differences in plants
(see later).

In plants, most of the evolutionary transitions in flower color
for which genetic changes have been characterized involve transi-
tions between different colors of completely pigmented flowers
(e.g. from blue to red flowers) or completely pigmented flowers
to flowers that completely lack pigments (e.g. from blue/red to
white/yellow flowers). Evolutionary transitions to white/yellow
(unpigmented) flowers tend to involve mutations (both coding
and cis-regulatory) in transcription factors, usually R2R3-MYB
proteins that regulate the enzyme-coding genes in the antho-
cyanin biosynthetic pathway (Fig. 1) (Quattrocchio et al., 1999;
Schwinn et al., 2006; Whittall et al., 2006; Streisfeld et al., 2013),
but sometimes also R3-MYB repressors (Yuan et al., 2013; Gates
et al., 2018). By contrast, transitions from blue to red flowers
tend to involve mutations in the enzyme-coding genes (Streisfeld
& Rausher, 2009a, 2010; Des Marais & Rausher, 2010; Smith
& Rausher, 2011; Wessinger & Rausher, 2012, 2014).

In addition to species with uniformly colored flowers, many
plants have flowers with contrasting color elements that create
particular patterns. To date, genetic evaluation of floral pigmen-
tation patterning has focused primarily on venation (pigment
stripes associated with veins) (Schwinn et al., 2006; Albert et al.,
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2011; Shang et al., 2011; Hsu et al., 2015) and spot formation
(Chiou & Yeh, 2008; Yamagishi et al., 2010, 2014, 2018;
Martins et al., 2013, 2017; Yuan et al., 2014; Hsu et al., 2015;
Yamagishi, 2018). These studies show a striking similarity:
R2R3-MYB transcription factors are important in regulating
these patterns. By contrast, little is known about genetic changes
underlying the evolution of another common flower-color ele-
ment: unpigmented (white) regions on a homogeneously pig-
mented background (but see Saito et al., 2006; Yuan et al., 2016,
who implicate a substrate competition process). One of the objec-
tives of this study was to identify the genetic changes that pro-
duce white petal regions, and specifically, to determine whether
they are changes involving transcription factors or enzyme-coding
genes.

Analyses of stripe and spot formation have revealed that multi-
ple R2R3-MYB genes regulate different pattern elements, suggest-
ing that gene duplication has played a role in pattern evolution.
However, whether this is true for the evolution of other types of

pattern elements, such as white regions and pigmented anthers or
stigmas, is currently unknown. A second objective of this study
was thus to determine whether gene duplication contributed to
the evolution of white regions.

In this study, we address these issues by examining the bio-
chemical, genetic and developmental basis of loss of anthocyanin
pigmentation in a petal sector in Clarkia gracilis ssp. sonomensis
(Onagraceae), a distinct pattern element termed ‘cup’ (Fig. 2;
Gottlieb & Ford, 1988). Natural populations of C. gracilis ssp.
sonomensis are polymorphic for the presence of a ‘white cup’, and
Gottlieb & Ford (1988) concluded that this polymorphism is
controlled by a single locus, with the ‘white’ allele being recessive.
However, the identity of the gene responsible for this phenotypic
variation remains unknown.

In theory, absence of anthocyanin pigmentation may result
from functional or regulatory mutations in any of the genes asso-
ciated with the anthocyanin biosynthetic pathway (Fig. 1). How-
ever, the types of genetic changes that can cause this loss without

Fig. 1 A simplified schematic diagram of the
anthocyanin biosynthetic pathway in Clarkia

gracilis. Core enzymes are shown in circles:
CHS, chalcone synthase; CHI, chalcone
isomerase; F3H, flavanone-3-hydroxylase;
F30H, flavonoid 30-hydroxylase; F3050H,
flavonoid 30,50-hydroxylase; DFR,
dihydroflavonol-4-reductase; ANS,
anthocyanidin synthase; UF3GT, UDP-
glucose:flavonoid 3-O-glucosyltransferase.
The pathway is regulated by a protein
complex composed of the MYB, bHLH and
WDR transcription factors. Colors of the
cyanidin-derived anthocyanins range from
red to magenta to purple. Colors of the
delphinidin-derived anthocyanins tend to be
blue-purple or red-purple.
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eliminating pigment production in the rest of the petal are likely
more limited. In particular, we consider three scenarios that
could explain loss of pigmentation only in the cup region of the
C. gracilis ssp. sonomensis petal: Scenario 1, functional or cis-regu-
latory mutations in a copy of an anthocyanin enzyme-coding
gene that is only expressed in the cup region; Scenario 2, func-
tional or cis-regulatory mutations in a transcription factor that is
only expressed in the cup region; Scenario 3, expression of a gene
product that inhibits expression of anthocyanin enzyme-coding
genes or their transcriptional activators.

Our study was designed to determine which of the earlier-
mentioned scenarios best explains white cup formation in C.
gracilis ssp. sonomensis. To address this goal, we identified the
enzyme-coding genes and associated transcription factors in the
anthocyanin biosynthetic pathway that are expressed in the pig-
mented and unpigmented regions of the petal. We then
addressed the following specific questions:
(1) What are the genetic changes responsible for the presence of
a white cup?
(2) Does the background color development differ from the cup
color development?
(3) If so, are different genes regulating background and cup pig-
mentation?

Materials and Methods

Study system

The annual plant Clarkia gracilis (Onagraceae) is composed of
four subspecies native to northern California. It is the only poly-
ploid in the section Rhodanthos and is thought to be derived from
two diploid species: C. amoena ssp. huntiana and an extinct
species related to C. lassenensis and C. arcuata (Abdel-Hameed &
Snow, 1968, 1972). All subspecies have petals with a pink

background, but differ with respect to the presence and position
of red petal spots: C. gracilis ssp. sonomensis (C. L. Hitchc.) H.
Lewis & M. Lewis has central spots, C. gracilis ssp. albicaulis and
C. gracilis ssp. tracyi have basal spots, and C. gracilis ssp. gracilis
lacks petal spots (Martins et al., 2013). The position of the spot
is determined by variation at a single locus (Gottlieb & Ford,
1988), which has been identified as an R2R3-MYB anthocyanin
regulator (CgMYB1) (Martins et al., 2013, 2017). The difference
in spot position between subspecies has been shown to be due to
a cis-regulatory variation in CgMYB1 (Martins et al., 2017).
Because this gene is expressed only in spots, some other,
unknown, R2R3-MYB gene(s) likely regulate(s) anthocyanin pro-
duction in the petal background.

Plant growth and crosses

The seeds of C. gracilis ssp. sonomensis used as parental plants in
this study were kindly provided by Talline Martins (University of
Florida, Gainsville, FL, USA) (Supporting Information
Table S1). Seeds were germinated by placing them inside the
folds of damp paper towels, which were then placed in sandwich
zip bags to minimize moisture loss. The bags were placed in a
growth room at 15–18°C in the dark. When the radicles
appeared, the seeds were transferred to wet Fafard 4P soil (Sun
Gro Horticulture, Agawam, MA, USA) in 3.1-inch9 2.2-
inch9 2.3-inch cells. Germinated seeds were grown in the
growth room with 16-h day length. After 3–4 wk, seedlings were
transferred to 5-inch pots and grown in the Duke University’s
Biological Sciences Greenhouse (20–24°C).

To verify single-locus inheritance of cup color, we crossed a
central-spotted, white-cupped plant to an unspotted, pink-
cupped plant (Fig. 2a). The anthers of the pollen recipient flow-
ers were removed several days before the stigmas became recep-
tive to avoid self-pollination. The emasculated flowers were

(a)

(d) I II III IV V

(b) (c)

Fig. 2 Flowers of Clarkia gracilis ssp.
sonomensis. (a) The parental plants used in
the crosses: central-spotted, white-cupped
and unspotted, pink-cupped. (b) The flower
of the F1 plants. (c) The dissection sections of
a white-cupped petal. (d) The five flower
phenotypes in the F2 population. Phenotype
I: central spot or central and basal spots, pink
cup (n = 110). Phenotype II: central and basal
spots, white cup (n = 20). Phenotype III:
central spot, white cup (n = 12). Phenotype
IV: basal spot, pink cup (n = 49). Phenotype
V: basal spot, white cup (n = 13).
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pollinated by touching the stigmas with dehiscing anthers from
the desired sire. A single F1 individual was selfed to generate an
F2 population.

Pigment identification

We characterized the pigments in different petal regions (Fig. 2c)
of the F2 flowers (Fig. 2d) using high-performance liquid chro-
matography (HPLC). Anthocyanidins, the aglycone precursors of
anthocyanins, were extracted following Harborne (1984) with
modifications (Methods S1).

Transcriptomics

As a first step to identify anthocyanin genes in C. gracilis ssp.
sonomensis, we constructed two transcriptomes of the dissected
petals that were collected c. 1 d before flowering from four plants
of the white-cupped parental line. One was from the distal/top
region of the petal (pink background), while the other was from
the white cup region. RNA extracted from these regions was used
to construct libraries for sequencing, which was performed on an
Illumina HiSeq 4000 platform. The details of the protocol are
provided in Methods S2. Reads were assembled into transcrip-
tomes using the TRINITY 2.4.0 software package (Grabherr et al.,
2011). Gene expression levels were estimated as FPKM values
using RSEM 1.3.0 (Li & Dewey, 2011), which is built into the
TRINITY package. Scripts used to run these analyses are listed in
Methods S3. Raw sequence reads were deposited at the NCBI
Sequence Read Archive (SRR12327457–SRR12327458; Bio-
Project PRJNA648391), and the assembled transcriptomes
were deposited at the NCBI Transcriptome Shotgun Assembly
under the accession nos. GISU00000000 and GISV00000000.
Trimmed reads and FPKM data are available at http://doi.org/
10.5281/zenodo.3977749.

Candidate genes associated with the anthocyanin biosynthetic
pathway were identified by BLAST (Camacho et al., 2009), using
sequences of anthocyanin genes from Arabidopsis thaliana and
Punicia granatum as queries (Table S2). Punicia granatum was
chosen because it is the only species in the same order as Clarkia,
the Myrtales, for which sequences of anthocyanin genes are avail-
able. We also searched for the R3-MYB repressors in our tran-
scriptomes. One caveat of this candidate gene approach is that it
may not recover relevant genes that are not included as queries.
Another is that this approach may fail to identify causal genes
that could be identified by other techniques such as quantitative
trait locus (QTL) mapping.

Cloning of full-length coding sequences

From the transcriptomes of the two color regions in the petal, we
identified eight anthocyanin enzyme-coding genes, three R2R3-
MYB genes of subgroup 6, two bHLH genes and two WDR genes
(Table 1). We subsequently amplified full-length coding
sequences of these 15 genes with cDNA samples of pink back-
ground and white cup from the white-cupped parental plant (see
Methods S4 for cDNA synthesis). PCR primers were designed

based on the reference sequences retrieved from the transcrip-
tomes (Table S3). The full-length coding sequences were cloned
(Methods S5), and at least five colonies per ligation were
sequenced by Sanger Sequencing (Eton Bioscience, San Diego,
CA, USA). SEQUENCHER 5.0 (Gene Codes, Ann Arbor, MI, USA)
was used to correct basecalling errors and align sequence frag-
ments.

Target enrichment sequencing

To determine the phylogenetic relationships among the focal
R2R3-MYB genes reported here and other R2R3-MYB genes in
Clarkia, target enrichment sequencing (Horn, 2012; Methods
S6) was used to obtain the R2R3-MYB sequences from the
diploid C. rubicunda, which is closely related to C. amoena ssp.
huntiana and C. lassenensis, the purported progenitors of
C. gracilis. While this procedure will not identify all R2R3-MYB
genes in C. rubicunda, it should identify those with highest
sequence similarity, and thus phylogenetically closest to the petal
R2R3-MYB genes that are the focus of this study.

Phylogenetic analyses of R2R3-MYBs

To evaluate whether the identified R2R3-MYB genes are
homologs to the known anthocyanin regulators, we constructed a
phylogenetic tree of the Clarkia petal R2R3-MYB transcription
factors and the related R2R3-MYB proteins from other species.
The coding sequences of the Clarkia R2R3-MYB genes were
translated into amino acid sequences, and aligned with other
R2R3-MYB protein sequences using MUSCLE 3.8 (Edgar, 2004).
A neighbor-joining tree was constructed using MEGA X (Kumar
et al., 2018) with the JTT amino acid substitution model. Clade
support was estimated by 1000 bootstrap replicates.

In addition, we used MEGA X to construct an R2R3-MYB gene
tree with the sequences from C. gracilis and the targeted
sequences from C. rubicunda. Trees were constructed using the
General Time Reversible model, with initial trees for the heuristic
search obtained from Neighbor-Join and BioNJ algorithms
applied to a matrix of pairwise distances estimated using the max-
imum composite likelihood approach. Evolutionary rate differ-
ences among sites was modeled using a discrete Gamma
distribution with 5 categories (+G parameter = 2.0395). The
bootstrap concensus tree was obtained from 500 replicates.
Because the 30 portion of R2R3-MYB genes is highly variable
even among closely related copies, the analysis used 309 bp from
the more conserved R2R3 region of the genes.

Quantification of gene expression

Expression levels of the enzyme-coding genes and transcription
factors in the pink background and white cup were further ana-
lyzed using quantitative real-time polymerase chain reaction
(qPCR). Complementary DNA (cDNA) samples of the two
regions (collected from the plants of the parental line c. 1 d before
flowering) were prepared as described earlier, and were diluted to
2.5 ng µl�1 for qPCR. The qPCR primers are listed in Table S3.
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Primer specificity was examined by visualizing the PCR products
on 2% agarose gels and confirmed by sequencing the PCR prod-
ucts. The qPCR reactions were performed with five biological

replicates for each petal region and two technical replicates for
each sample. A cDNA sample from the pink background was
arbitrarily chosen as a control sample and was included in each
run. Protocols of qPCR conditions and data analysis are
described in Methods S7. Selection of the reference gene used in
qPCR is described in Methods S8 and Tables S4 and S5.

Genotyping F2 plants at CgsMYB12

Because CgsMYB12 was expressed only in the cup (see Results
section), the coding sequences of CgsMYB12 from the pink-
cupped and the white-cupped parents were sequenced. We found
a 1-bp deletion in the exon 3 of CgsMYB12 from the white-
cupped parent, which generates a premature stop codon (see
Results section), and presumably eliminates the function of
CgsMYB12. To determine whether this deletion cosegregates
with cup color, we scored the presence/absence of the deletion in
the parents, the F1, and 40 F2 plants (eight from each of the five
flower phenotypes) (Fig. 2a,b,d), by genotyping with the poly-
merase chain reaction-restriction fragment length polymorphism
(PCR-RFLP) method (Ota et al., 2007). A CgsMYB12 fragment
covering a portion of intron 2 and the whole exon 3 (GenBank
nos. MT425543–MT425544) was amplified with the primers
cMYB12-7F and cMYB12-4R (Table S3) using genomic DNA
(gDNA) as the templates. gDNA was extracted from the petal or
leaf tissue using the cetyltrimethylammonium bromide (CTAB)
protocol (Doyle & Doyle, 1987). PCR products were digested
with the restriction enzyme BbvI (New England BioLabs,
Ipswich, MA, USA). This enzyme cuts the fragments without the
deletion (from the pink-cupped plants) twice, but cuts the frag-
ments with the deletion (from the white-cupped plants) only
once (Fig. S1), which enables the genotypes to be distinguished
by the lengths of digested fragments. Digested PCR fragments
were visualized on 2.5% agarose gels.

Gene expression across developmental stages

To understand the developmental differences producing back-
ground and cup, we examined the expression patterns of the
enzyme-coding genes and the R2R3-MYB genes at different stages
during flower-bud development (Fig. S2): Stage 1, petal
size < 5 mm, white petal; Stage 2, < 10 mm, white petal with the
central spot; Stage 3, > 10 mm, white petal with the central spot;
Stage 4, > 15 mm, background color appeared; Stage 5, c.
20 mm, cup color appeared (this stage corresponds to 1 d before
flowering). For Stages 3–5, the petals were dissected into sections
(Fig. S2) and the background and cup sectors were further ana-
lyzed. Flower buds from three plants from each of the three F2
phenotypes (I, III and IV; see the Results section) were used.
Total RNA and cDNA samples were prepared as described ear-
lier. PCR reactions were conducted using Taq DNA Polymerase
(New England BioLabs) with the primers used in the qPCR
assays. PCR products were visualized on 2% agarose gels. The
brightness of PCR bands reflects the expression levels of the
tested genes, and was scored as expressed (‘+’), weakly expressed
(‘(+)’) or not expressed (blank) (see Fig. S2 for gel photographs).

Table 1 Anthocyanin genes identified from the transcriptomes of Clarkia
gracilis ssp. sonomensis through BLASTing and transcript abundance esti-
mation.

Contig ID Gene
BLAST
bitscore

FPKM

Pink
background

White
cup

Pink background reference

RCL4_23897_c0_g1 CgsChs 815 2249.45 631.2
RCL4_40972_c0_g1 CgsChsA 263 0.7 0.3
RCL4_32248_c0_g1 CgsChsB 228 0.57 0
RCL4_17557_c0_g1 CgsChi 374 326.28 13.32
RCL4_18909_c0_g2 CgsF3h 687 119.76 19.95
RCL4_19013_c0_g1 CgsF3hA 632 18.22 18.35
RCL4_30788_c0_g1 CgsF3hB 305 0.56 0.97
RCL4_16647_c0_g1 CgsF3’h 420 7.87 6.56
RCL4_23202_c0_g1 CgsF3’5’h 520 1401.29 150.85
RCL4_20983_c0_g1 CgsDfr1 660 3166.85 119.53
RCL4_23223_c0_g1 CgsAns 645 2133.83 75.29
RCL4_17638_c0_g1 CgsUf3gt 185 204.48 66.46
RCL4_16934_c1_g2 CgsUf3gtA 167 23.58 15.09
RCL4_17638_c0_g2 CgsUf3gtB 162 2.67 2.87
RCL4_8923_c0_g1 CgsUf3gtC 151 2.45 0.35
RCL4_22269_c1_g1 CgsMYB6 211 617.93 70.76
RCL4_17423_c1_g1 CgsMYB11 213 74.74 2.96
RCL4_23191_c0_g2 CgsbHLH1 492 49.42 15.23
RCL4_20882_c1_g1 CgsbHLH2 237 6.91 6.98
RCL4_16941_c0_g1 CgsWDR1 758 12.41 8.65
RCL4_22922_c0_g1 CgsWDR2 357 11.43 13.52
White cup reference

RCL5_24819_c0_g1 CgsChs 813 2291.01 457.46
RCL5_4024_c0_g1 CgsChsC 204 0 1.96
RCL5_6851_c0_g1 CgsChsD 279 37.25 0.68
RCL5_19109_c0_g1 CgsChi 377 560.54 17.09
RCL5_20018_c0_g3 CgsF3h 691 135.66 15.95
RCL5_20018_c0_g2 CgsF3hA 497 16.59 12.2
RCL5_39396_c0_g1 CgsF3hB 243 0.58 1.03
RCL5_17225_c0_g1 CgsF3’h 420 6.09 3.93
RCL5_25379_c1_g1 CgsF3’5’h 519 2337.86 171.63
RCL5_20386_c0_g2 CgsDfr1 657 4156.96 111.14
RCL5_20386_c0_g1 CgsDfr3 508 1.6 343.3
RCL5_2066_c0_g1 CgsDfrA 325 0.12 0.76
RCL5_32321_c0_g1 CgsDfrB 262 0.47 0.83
RCL5_20731_c0_g2 CgsAns 647 1996.33 53.59
RCL5_16732_c0_g1 CgsUf3gt 185 249.14 56.3
RCL5_18554_c1_g2 CgsUf3gtA 167 27.77 12.63
RCL5_9656_c0_g1 CgsUf3gtB 169 1.91 6.08
RCL5_25197_c1_g1 CgsMYB6 211 979.66 76.49
RCL5_17253_c1_g1 CgsMYB12 204 18.27 88.47
RCL5_23692_c0_g2 CgsbHLH1 492 57.72 12.41
RCL5_21600_c0_g1 CgsbHLH2 231 7.74 6.47
RCL5_16829_c0_g1 CgsWDR1 758 11.74 8.66
RCL5_21338_c0_g1 CgsWDR2 357 13.1 12.82

Each contig represents a different gene, which has several isoforms
determined by TRINITY. The BLAST bitscore of each contig is shown as the
highest bitscore among its isoforms. Gene expression levels were
estimated as FPKM values by mapping reads to the transcriptome
references of pink background and white cup, separately. The contigs
highlighted in blue are chosen as candidate genes in this study.
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Overexpression of R2R3-MYB genes in Arabidopsis

The functionality of the petal R2R3-MYB genes was examined
using stable transformation of A. thaliana. We generated trans-
genic Arabidopsis to overexpress CgsMYB6, CgsMYB11, the func-
tional CgsMYB12 (from the pink-cupped parent), the
purportedly nonfunctional CgsMYB12 (CgsMYB12W, from the
white-cupped parent) and the Arabidopsis pap1-D (the dominant
allele of AtMYB75, serving as a positive control; Borevitz et al.,
2000). Constructs were prepared (see Methods S9) with the plant
overexpression vector pGWB418 (Nakagawa et al., 2007), where
the inserted genes were under the control of a constitutive CaMV
(cauliflower mosaic virus) 35S promoter. The constructs were
then introduced into Agrobacterium tumefaciens strain GV3101
by electroporation, and transformed into A. thaliana Col-0 using
the floral-dip method (Clough & Bent, 1998). Homozygous T3
plants with a single insertion were selected (Methods S10). Total
RNA of each transgenic line was extracted from the pooled 5-d
old T3 plants using Spectrum Plant Total RNA Kit (Sigma-
Aldrich, St Louis, MO, USA), and was used for cDNA synthesis.
PCR was performed to confirm the presence of the inserted
genes. For each construct, three independent lines with high
expression levels of the inserted genes were selected to examine
the expression levels of three enzyme-coding genes (AtChs, AtDfr
and AtAns) with normalization using AtGAPDH, following the
qPCR procedure described in Methods S7. Differences in gene
expression between the treatments were analyzed with analysis of
variance (ANOVA) using JMP 7 (SAS Institute, Cary, NC,
USA). Multiple comparisons for all pairs were performed using
Tukey–Kramer honestly significant difference (HSD) test and
Student’s t-test.

Results

Cup color is controlled by a single locus

We created F2 progeny by crossing a central-spotted, white-
cupped to an unspotted, pink-cupped C. gracilis ssp. sonomensis.
No white cup is observed in the F1 plants (Fig. 2b), indicating
the white allele is recessive. An F1 plant was selfed to create a F2
population (n = 204). Assuming the locus controlling spot posi-
tion is different from the locus that determines the cup color, six
phenotypes are expected in F2 generation: Phenotype I, central
spot, pink cup; Phenotype Ia, central and basal spots, pink cup;
Phenotype II, central and basal spots, white cup; Phenotype III,
central spot, white cup; Phenotype IV, basal spot, pink cup;
Phenotype V, basal spot, white cup. However, because pheno-
types I and Ia were difficult to distinguish, we pooled them into a
single phenotype I (Fig. 2d). Segregation of these phenotypes is
not distinguishable from that expected for two unlinked loci with
codominance at the spot locus (Martins et al., 2017) and the
white allele being recessive at the cup locus (v2(4, n = 204) = 4.45,
P = 0.35). Moreover, the number of individuals having (n = 45)
vs lacking (n = 159) a white cup does not deviate from a 1 : 3
ratio (v2(1, n = 204) = 0.941, P = 0.32), suggesting that variation in
cup color is controlled by a single locus, with the ‘white’ allele

being recessive, which is consistent with the results of Gottlieb &
Ford (1988).

Different color regions contain different types of
anthocyanins

Colors of the C. gracilis ssp. sonomensis petal are due to accumula-
tion of different anthocyanins in different regions. The pink
background has only malvidin-derived anthocyanins. The central
red spot has cyanidin- and peonidin-derived anthocyanins, and
lesser amounts of malvidin-derived anthocyanins. These results
are consistent with Martins et al. (2013). The anthocyanidin
composition in the cup region varies among cup phenotypes in
the F2 flowers (Fig. 3). Phenotype III, which is purely white-
cupped, produces no detectable anthocyanidins. Phenotypes II
and V, which are white-cupped and basal-spotted, produce cyani-
din and peonidin in approximately equal amounts, and substan-
tially less malvidin, reflecting the spot pigments. Finally,
Phenotypes I and IV, which are pink-cupped and basal-spotted,
produce mostly malvidin (like the pink background), but small
amounts of cyanidin and peonidin, which are presumably pro-
duced by contamination of the cup sample with parts of the basal
spot. This analysis indicates that the pink cup produces the same
anthocyanidins as the petal background.

Anthocyanin enzyme-coding genes are downregulated in
the white cup

BLAST searches against the transcriptomes identified eight antho-
cyanin enzyme-coding genes (Table 1). Four (CgsChs, CgsF3h,
CgsDfr and CgsUf3gt) have more than one copy, which is not sur-
prising because C. gracilis is a tetraploid. In these cases, we chose
the copies having the highest FPKM values in the pink back-
ground transcriptome as the candidate genes, given the conspicu-
ous (at least six-fold) differences in the FPKM values among the
copies. We inferred that the copies with lower FPKM values prob-
ably do not play the primary roles in anthocyanin biosynthesis.

We identified CgsDfr1 in both transcriptomes, which has been
proposed to involve in petal background pigmentation, in con-
trast to CgsDfr2 involving in spot pigmentation (Martins et al.,
2013). We also found an additional Dfr copy in the white-cup
transcriptome, which is likely the CgsDfr3 mentioned in Martins
et al. (2013). CgsDfr3 is highly expressed in white cup but not in
pink background. Lack of positive correlation between the
CgsDfr3 expression and the anthocyanin amounts suggests that
CgsDfr3 may not contribute to anthocyanin production. We thus
excluded CgsDfr3 from further analyses.

We cloned and sequenced the full-length coding regions of the
eight enzyme-coding genes with cDNA samples of pink back-
ground and white cup (GenBank accession nos. MT425518–
MT425533). Because for each gene, the sequences from the two
regions were identical, we concluded that the same copies of the
enzyme-coding genes were expressed in the two regions. How-
ever, the qPCR results showed that all eight enzyme-coding genes
are significantly downregulated in the white cup (Fig. 4). This
coordinate downregulation suggests that the difference in
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pigmentation between the two regions is due to differences in
one or more transcription factors.

R2R3-MYB genes are expressed in different petal regions

BLAST searches of the transcriptomes also identified three R2R3-
MYB, two bHLH and two WDR transcription factors (Table 1).
We were unable to identify any candidates of the R3-MYB gene
in our transcriptomes (the BLAST bitscores are all less than 130),
although some R3-MYBs have been demonstrated in other
species to inhibit expression of anthocyanin genes (e.g. Yuan
et al., 2013). Sequences of CgsMYB6, CgsbHLH1, CgsbHLH2,
CgsWDR1 and CgsWDR2 from pink background and white cup
are identical (GenBank accession nos. MT425534–MT425542,
MT796890-MT796893), indicating that the same copies are
expressed in both regions. However, CgsMYB6 and CgsbHLH1
are expressed at significantly lower levels in white cup (Fig. 5a).
By contrast, expression levels of CgsbHLH2, CgsWDR1 and
CgsWDR2 are similar in the two regions (Fig. 5a). Unlike
CgsMYB6 that is expressed throughout the petal, CgsMYB11 and
CgsMYB12 are expressed in complementary regions of the petal,
the former only in the petal background and the latter only in the
cup region (Figs 5a, 6). In addition, when comparing the expres-
sion in pink cup and white cup, we found that CgsMYB6 expres-
sion levels do not differ detectably between these two cup
phenotypes, while CgsMYB12 is significantly downregulated in
white cup (Fig. 5b).

I II III IV V

Fig. 3 Anthocyanidins in the different color regions in the F2 flowers. Each column representing an F2 phenotype has three or two panels showing HPLC
traces of the dissected regions: top, pink background (Phenotypes I–V); middle, red spot (Phenotypes I–III) or no data for unspotted flowers (Phenotypes
IV and V); bottom, pink cup (Phenotypes I and IV), white cup with basal spot (Phenotypes II and V) and pure white cup (Phenotype III). Peaks correspond
to cyanidin (C), malvidin (M) and peonidin (P).

Fig. 4 Differences in expression of the enzyme-coding genes between the
petal regions of pink background and white cup in Clarkia gracilis ssp.
sonomensis. Gene expression was assessed using cDNA samples of tissues
from the plants of the parental line (collected c. 1 d before flowering).
Vertical bars represent the means of five replicates and error bars indicate
SE. Pink bars represent pink background and light gray bars represent
white cup. *, P < 0.05; ***, P < 0.001 (Student’s t-test).
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CgsMYB6, CgsMYB11 and CgsMYB12 likely regulate antho-
cyanin enzyme-coding genes because they contain a short motif
(motif 6, ‘[K/R]P[R/Q]PR’) that is conserved in the antho-
cyanin-regulating subgroup 6 R2R3-MYB proteins (Stracke
et al., 2001; Fig. S3). Additionally, phylogenetic analysis shows
that these three proteins cluster with anthocyanin-regulating
R2R3-MYB proteins from other species (Fig. S4). CgsMYB11,
CgsMYB12, and CgMYB1C (the R2R3-MYB controlling spot
formation; Martins et al., 2017) cluster separately from
CgsMYB6, indicating that they represent at least two rounds of
gene duplications.

R2R3-MYB genes are expressed at different developmental
stages

The R2R3-MYB genes show different expression patterns in C.
gracilis ssp. sonomensis (Figs 5, 6). CgsMYB6 is expressed across all
flower-bud developmental stages. All enzyme-coding genes except
CgsAns exhibit a similar expression pattern, consistent with
CgsMYB6 activating these genes (Fig. 6). We infer that CgsMYB6
does not activate CgsAns because of its lack of expression in the
Stage 1 petals and in the Stage 3 cups, where neither of the other
two R2R3-MYBs is expressed. Expression of CgsAns in the Stage
2 petals, which were not dissected into regions, is explainable by
its expression in the central spot, which is controlled by
CgMYB1C (Martins et al., 2017).

In contrast to CgsMYB6, CgsMYB11 and CgsMYB12 are not
expressed until the late developmental stage. We infer that
CgsMYB11 and CgsMYB12 activate CgsAns because this gene is
not expressed in the petal background until CgsMYB11 has been
expressed (Stages 3–5), and is not expressed in the pink cup until
CgsMYB12 is expressed (Stages 4 and 5) (Fig. 6). By contrast, the
expression of neither CgsMYB11 nor CgsMYB12 seems to
increase the expressions of CgsChs, CgsChi, CgsF3h, CgsF30h and
CgsUf3gt (Fig. 6), although this pattern does not necessarily mean
that in the absence of CgsMYB6, CgsMYB11 or CgsMYB12
would not activate some or all of these genes.

Cup color cosegregates with CgsMYB12

The sequence of CgsMYB12 from the white-cupped parental
plant, which we designate CgsMYB12W, contains a 1-bp deletion
in exon 3 that generates a premature stop codon (Fig. S1). The
truncated protein CgsMYB12W contains 124 amino acids,
where seven of the last nine amino acids are different from those
in the functional copy, which contains 220 amino acids. This
deletion cosegregates perfectly with cup color in F2 plants: among
40 scored F2 plants, all plants with white cups are homozygous
for the deletion, while heterozygotes and homozygotes for lack of
deletion have pink cups (Table 2; Fig. S5).

R2R3-MYB genes activate anthocyanin production

To confirm that these R2R3-MYB genes function as anthocyanin
regulators, we created transgenic plants to overexpress the R2R3-
MYB genes in A. thaliana Col-0. Normally, A. thaliana Col-0

does not show pigmentation in the hypocotyl. If an R2R3-MYB
gene regulates anthocyanin enzyme-coding genes, we should
observe pigment accumulation in transgenic plants and detect
elevated expression levels of one or more enzyme-coding genes, as
previously shown by the pap1-D overexpression (Borevitz et al.,
2000). We generated transgenic plants with each of the five
singly-inserted genes: CgsMYB6, CgsMYB11, CgsMYB12,
CgsMYB12W (the nonfunctional CgsMYB12) and a positive con-
trol, PAP1. Transgenic plants with the functional genes have
obviously pigmented hypocotyls, whereas plants inserted with
CgsMYB12W do not (Fig. 7a–f). The qPCR results show that the
most upstream enzyme-coding gene in the pathway, AtChs, is
expressed at similar levels between all transgenic plants and the
wild-type (Fig. 7g). By contrast, CgsMYB6 and CgsMYB11
increase the expression of AtDfr and AtAns (Student’s t-test,
P < 0.01). CgsMYB12 also increases the expression of AtDfr (Stu-
dent’s t-test, P = 0.0275), and seems to increase the expression of
AtAns as well, as this expression difference approaches statistical
significance (Student’s t-test, P = 0.0723). Somewhat puzzlingly,
CgsMYB12W appears to upregulate AtDfr (Student’s t-test,
P = 0.0112), but does not increase the expression of AtAns (Stu-
dent’s t-test, P = 0.1201) (Fig. 7g).

Petal R2R3-MYB genes are closely related paralogs

Targeted sequencing yielded 26 C. rubicunda genes that were
BLASTed to one or more R2R3-MYBs. A maximum-likelihood
gene tree (Fig. S6) including these sequences plus those for
CgMYB1C, CgsMYB6, CgsMYB11 and CgsMYB12 identified
here shows that these four genes form a tight cluster separate
from other R2R3-MYB genes. Interspersed among the sequences
of these four genes are Cr50719 and Cr29801, which likely rep-
resent the C. rubicunda ortholog of CgsMYB11. Similarly,
sequences Cr67453 and Cr01526 likely represent the
C. rubicunda ortholog of CgsMYB6, with which they group.
These patterns are consistent with CgMYB1C, CgsMYB6,
CgsMYB11 and CgsMYB12 being the result of three rounds of
relatively recent duplications.

Discussion

Our results show that there are two domains for pink coloration
in the C. gracilis ssp. sonomensis petal: background and cup. The
pigments produced in these domains, malvidin-derived antho-
cyanins, are identical. Not surprisingly, all enzyme-coding genes
are highly expressed in the petal background and pink cup
(Figs 4, 6a,c). The expression of CgsMYB6 is significantly higher
in pink background than that in white cup, while its expression is
somewhat similar between pink cup and white cup (Fig. 5a,b).
The primary difference between the background and cup is the
expression of CgsMYB11 and CgsMYB12: the former is expressed
exclusively in the petal background, whereas the latter is
expressed exclusively in the pink cup (Fig. 5a). These observa-
tions indicate that what appears to be continuous background
pigmentation is in reality similar pigmentation in two different
petal regions.
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The gene expression patterns suggest the following develop-
mental program for petal pigmentation. (1) During early devel-
opment (Fig. 8a), CgsMYB6 is activated throughout the petal,
which in turn activates all enzyme-coding genes in the antho-
cyanin pathway except CgsAns. This prevents pigment production
anywhere. (2) Around Stages 2 and 3 (Fig. 8b), CgMYB1C is
expressed in the central spot, which activates CgsAns, completing
the pathway and allowing pigments to form in the spot. (3) At
Stage 4 (Fig. 8c), CgsMYB11 is expressed, activating CgsAns and
allowing pigments to form in the petal background. (4) Around
Stage 5 (Fig. 8d), CgsMYB12 is expressed, activating CgsAns and
allowing pigments to form in the cup. We note that we are infer-
ring which target genes are activated by the different R2R3-MYB
genes based on correlations between expression patterns. We

believe these inferences are strong, given that our transcriptome
analyses revealed no other R2R3-MYBs that could be activating
these genes. Nevertheless, confirmation through functional analy-
sis, such as gene knockdowns using VIGS, would be desirable.
Unfortunately, although we have previously reported the effec-
tiveness of VIGS in C. gracilis (Jiang & Rausher, 2018), we have
not been able to replicate the use of VIGS for this study (Jiang &
Rausher, 2020).

A functional mutation in CgsMYB12 responsible for white-
cup formation

Several lines of evidence indicate that lack of pigmentation in the
white cup is due to a functional mutation in CgsMYB12 (i.e.

(a)

(b)

Fig. 5 Differences in expression of
transcription factors between the petal
regions of (a) pink background and white
cup and (b) between pink cup and white cup
in Clarkia gracilis ssp. sonomensis. Gene
expression was assessed using cDNA samples
of tissues collected c. 1 d before flowering (a)
from the plants of the parental line and (b)
from the F2 plants. Vertical bars represent the
means of five replicates and error bars
indicate SE. nd indicates that the expression
was not detectable. Pink bars represent pink
background and light gray bars represent
white cup. The bar with pink stripes
represents pink cup and bars with light gray
stripes represent white cup. *, P < 0.05; ***,
P < 0.001 (Student’s t-test).
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Scenario 2 described in the Introduction). First, the functional
copy of this gene is present in plants with pink cups, while the
copy in plants with white cups contains a single-base-pair dele-
tion, causing a frame shift and a premature stop codon. Because
the protein produced by this truncated copy is only about half

the length of the intact protein, it is most likely nonfunctional.
Second, while CgsAns and CgsMYB12 are expressed in pink cups,
CgsAns is not in white cups where the presumed defective copy,
CgsMYB12W, is expressed (Fig. 6). Third, the 1-bp deletion
cosegregates with the cup color (Table 2). Finally, the Arabidopsis

(a)

(b)

(c)

Fig. 6 Spatiotemporal expression of eight
anthocyanin enzyme-coding genes and three
R2R3-MYB genes across the flower-bud
developmental stages in Clarkia gracilis ssp.
sonomensis. Three plants from each of the
three F2 phenotypes were examined: (a)
Phenotype I, (b) Phenotype III and (c)
Phenotype IV. For Stages 3–5, the petals
were dissected into sections. The PCR-band
brightness (Supporting Information Fig. S2)
was scored as ‘+’, ‘(+)’, and blank,
respectively, representing expressed, weakly
expressed and not expressed. Each ‘+’, ‘(+)’
or blank represents a single plant. Pictures
above the columns designate the bud
phenotypes. Bar, 5 mm.
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transformants of CgsMYB12 are anthocyanin-pigmented but the
transformants of CgsMYB12W are not (Fig. 7e,f).

There are two puzzling results emerging from the transforma-
tion experiment. First, although CgsMYB12 activated antho-
cyanin production, it did not increase the expression of AtAns
significantly. One explanation for this pattern is that with only
three replicates, we did not have the power to detect AtAns upreg-
ulation. This explanation is supported by the observation that
pigments are produced in plants transformed with CgsMYB12.
Second, CgsMYB12W appears to have activated the expression of
AtDfr. The reason for this is, however, unclear.

A final interesting result is that in white cups, all enzyme-cod-
ing genes are downregulated compared to the petal background
and pink cups, despite the expression of CgsMYB6 (Figs 5, 6).
Before the expression of CgsMYB12W, however, these genes (ex-
cept CgsAns) are expressed in the white cup. A possible explana-
tion for this pattern is that the CgsMYB12W protein interferes
with activation by CgsMYB6. The inactivating mutation in
CgsMYB12W is located in exon 3. This means that CgsMYB12W
contains an intact DNA-binding domain of R2 and R3 repeats,
where a bHLH binding motif is located (Fig. S3), suggesting that
CgsMYB12W is likely able to bind to the promoter regions of the
enzyme-coding genes and interact with the bHLH protein (Zim-
mermann et al., 2004), and even able to form a MYB-bHLH-
WDR transcription protein complex that activates anthocyanin
enzyme-coding genes (Xu et al., 2015). By contrast, it lacks a
large portion of the C-terminal domain, including the entire
motif 6 (Fig. S3) that features all anthocyanin-regulating R2R3-
MYB proteins (Stracke et al., 2001). The C-terminal domain is
involved in activation or repression of transcription (Dubos et al.,
2010). The C-terminal domains of C1 (from maize) and AN2
(from petunia) have been shown to activate transcription in yeast
one-hybrid assays (Goff et al., 1992; Sainz et al., 1997; Quattroc-
chio et al., 1999). These properties suggest that the
CgsMYB12W protein may interfere with the action of CgsMYB6
in activating these genes. Further investigations with the endoge-
nous knockdown plants will be helpful in characterizing this
interference.

This hypothesis may seem unlikely because it suggests that
CgsMYB12W is acting like a transcription repressor and most

known transcription repressors are dominant to mutations in
them, whereas CgsMYB12W appears to be recessive. However,
evolutionary considerations suggest this is not a conundrum.
Theoretical analyses indicate that whether a competitive repres-
sor is dominant or recessive depends on the relative binding
affinities of the repressor (CgsMYB12W) and the activator
(CgsMYB12) to promoter sites (Porter et al., 2017). There is
no a priori reason to expect that the binding efficiency of a
newly arisen repressor allele derived from a transcriptional acti-
vator will be either greater or less than that of the activator.
Thus, we expect there is a reasonable chance that a newly
arisen repressor allele will be recessive. However, if the repres-
sor allele is selectively favored and becomes fixed, selection can
favor the evolution of dominance because it increases the fitness
of heterozygote (Otto & Bourguet, 1999). Since virtually all
transcriptional repressors have been functioning as repressors
for long evolutionary time spans, it is not surprising that they
have evolved dominance. By contrast, CgsMYB12W appears to
have arisen very recently, and there has likely been little time
for dominance to evolve. While the recessiveness of
CgsMYB12W should thus not be surprising, experimental anal-
yses of relative binding affinities to its targets will be needed to
confirm the hypothesis that CgsMYB12W acts as a transcrip-
tion inhibitor.

Gene duplication and the evolution of novel pattern
elements

Prior analyses of genetic control of floral pigment patterns in var-
ious species have shown that different pattern elements are regu-
lated by different R2R3-MYB genes (Schwinn et al., 2006;
Yamagishi et al., 2010, 2014; Albert et al., 2011; Shang et al.,
2011; Hsu et al., 2015; Li et al., 2020), indicating some role of
gene duplication in the evolution of those patterns. Plants often
contain many copies of the R2R3-MYB genes (Stracke et al.,
2001), indicating multiple rounds of duplication, some relatively
recent and others more ancient. Two evolutionary processes
involving duplication can explain how this pattern of genetic
control has arisen: (1) recent gene duplication followed by sub-
functionalization (SRD); and (2) neofunctionalization of an

Table 2 Cosegregation of a 1-bp deletion in CgsMYB12 and the cup phenotype in Clarkia gracilis ssp. sonomensis.

(a) Parent1 Parent2 F1
White-cupped Pink-cupped Pink-cupped

CgsMYB12 genotype :: CC :C

(b)
F2

Type I Type II Type III Type IV Type V
CgsMYB12 genotype Pink-cupped White-cupped White-cupped Pink-cupped White-cupped

:: 0 8 8 0 8
CC 3 0 0 2 0
:C 5 0 0 6 0

(a) Correlation of the deletion with cup color in the parental plants and an F1 plant used in the crosses. (b) Cosegragation in 40 F2 plants. The alleles at this
locus are shown as C and a colon, representing the nucleotide base cytosine and the deletion, respectively.
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ancient duplicate (NAD). In SRD, a single gene controlling floral
pigmentation is duplicated. Following duplication, one or both
copies evolve changes in floral expression domains, allowing sub-
sequent changes (e.g. upregulation, downregulation, or loss-of-
function) to produce a new pattern element. In NAD, one or
more mutations cause an ancient R2R3-MYB duplicate to
become expressed in a portion of the flower, giving rise to a new
pattern element. Our study demonstrates that both pattern ele-
ments, petal spots and white cups, in C. gracilis ssp. sonomensis
flowers have most likely evolved by the SRD mechanism. In par-
ticular, our gene trees indicate that CgMYB1C (controlling spot
formation), CgMYB11 and CgMYB12 (regulating petal

background pigmentation) constitute a clade of very closely
related paralogs, as would be expected under the SRD mecha-
nism.

Parallel evolution of pigmentation loss

Our findings are consistent with the common observation that
evolutionary loss of pigmentation typically involves downregula-
tion or loss-of-function of R2R3-MYB genes (Streisfeld &
Rausher, 2010). This pattern is typically explained by less delete-
rious pleiotropy being associated with downregulating or inacti-
vating R2R3-MYB genes than inactivating anthocyanin enzyme-

(a) (b)

(c) (d)

(e)

(g)

(f)

Fig. 7 Phenotypic and molecular
characterization of the Arabidopsis
transgenic plants. (a) Phenotype of the 5-d-
old wild-type plant. (b–f) Phenotypes of the
5-d-old transgenic plants. (g) Expression
differences of three anthocyanin enzyme-
coding genes in the transgenic plants. qPCR
was conducted using cDNA samples of the
pooled 5-d-old T3 seedlings. Vertical bars
represent the means of three independent
lines and error bars indicate SE. Statistical
significance was based on one-way ANOVA
and the Tukey–Kramer HSD test. Bars with
same letter(s) are not statistically different.
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coding genes or the bHLH and WDR transcription factors that
partner with R2R3-MYBs to activate the enzyme-coding genes
(Koes et al., 2005; Ramsay & Glover, 2005; Streisfeld &
Rausher, 2010).

In the C. gracilis ssp. sonomensis petal, however, there is likely a
different explanation for an R2R3-MYB being responsible for
producing white cups: functional inactivation of an enzyme-cod-
ing gene or of the bHLH and WDR transcription factors could
not produce the white-cupped phenotype, because these genes
are expressed in both background and cup. While in theory it is
possible for a cis-regulatory mutation in one of the enzyme-cod-
ing genes to cause downregulation in the cup region but not in
the background, this seems unlikely for most of those genes
because they are activated by CgsMYB6. Consequently, any
mutation that affects the CgsMYB6-bHLH-WDR binding motif
would affect pigmentation in both background and cup. An
exception to this argument is CgsAns. If CgsMYB11 and
CgsMYB12 recognize different binding motifs, then the motif
recognized by CgsMYB11 would not be affected by a mutation in
the other motif. However, since these two transcription factors
are likely recently duplicated paralogs, we suspect they recognize
the same binding motif associated with CgsAns. Finally, the argu-
ment for differential pleiotropy might explain why the white cup
was not produced by a mutation in a bHLH or WDR transcrip-
tion factor (Streisfeld & Rausher, 2010). It thus seems likely that
inactivation of CgsMYB12 is one of the few, if not only, muta-
tions that could produce the white cup phenotype.

Evolutionary lability of anthocyanin regulatory network

The regulation of anthocyanin enzyme-coding genes is very simi-
lar across angiosperms, with R2R3-MYB, bHLH, and WDR
proteins forming a complex that activates the enzyme-coding
genes (Xu et al., 2015). Nevertheless, the nature of the interac-
tions among this complex and its targets of enzyme-coding genes
varies across species. Our results have revealed new ways in which
this regulatory network has diverged from that of other plants.

First, we found a new type of partitioning of enzyme-coding
genes among R2R3-MYB transcription factors. Previous studies
have reported in some species (e.g. Lilium spp., Zea mays,
Ipomoea purpurea and I. nil ), a single R2R3-MYB protein acti-
vates all enzyme-coding genes (Dooner, 1983; Tiffin et al., 1998;
Morita et al., 2006; Lai et al., 2012). In other species, principally
eudicots (e.g. Antirrhinum majus, Petunia hybrida, Mimulus
aurantiacus and M. lewisii), one R2R3-MYB protein activates
early biosynthetic genes, while a second activates late biosynthetic
genes (Martin et al., 1991; Quattrocchio et al., 1993; Streisfeld
& Rausher, 2009b; Streisfeld et al., 2013; Yuan et al., 2014).

Regulation in C. gracilis ssp. sonomensis does not conform to
either of these two common patterns. In particular, CgsMYB6
activates both early and late biosynthetic genes, except for
CgsAns, which is activated by CgsMYB11 or CgsMYB12. The full
set of enzyme-coding genes the latter two regulators activate by
themselves is currently unknown, but it is clear that these two
and CgsMYB6 partition activation of enzyme-coding genes in a
novel way. It thus appears that the target gene specificity of
R2R3-MYB proteins is more evolutionarily labile than has been
hitherto appreciated. Additionally, the observation that
CgsMYB6 activates Ans in Arabidopsis but not in Clarkia implies
that the cis-regulatory regions of Ans have diverged between these
two species. The picture emerging from these patterns is that the
target specificity of R2R3-MYB transcription factors evolves,
often rapidly. This lability appears to be caused by evolution of
both the transcription factors and the target motifs they recog-
nized.
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Fig. 8 Schematic representation of petal pigmentation and gene expression in Clarkia gracilis ssp. sonomensis from early to late developmental stages (a–
d). Broken line indicates boundary between two petal regions: background and cup. The numbers indicate the R2R3-MYB genes: 1, CgMYB1C; 6,
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expression. The positions of the numbers indicate the expression domains of the R2R3-MYB genes. CgsMYB6 (6) is shown below the petal because it is
expressed throughout the whole petal. Colored areas indicate regions in which pigmentation is visible: red for central spot, light pink for pale pigmentation,
dark pink for dark pigmentation. Enzyme-coding genes other than CgsAns are not shown because they are expressed throughout the petal at all
developmental stages.
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