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A major premise in evolutionary developmental biology is 
that regulatory changes, often involving cis-regulatory ele-
ments, are responsible for much morphological evolution. 
This premise is supported by recent investigations of animal 
development, but information is just beginning to accumulate 
regarding whether it also applies to the evolution of plant mor-
phology1–4. Here, we identify the genetic differences between 
species in the genus Clarkia that are responsible for evolu-
tionary change in an ecologically important element of floral 
colour patterns: spot position. The evolutionary shift in spot 
position was due to two simple genetic changes that resulted 
in the appearance of a transcription factor binding site muta-
tion in the R2R3 Myb gene that changes spot formation. These 
genetic changes caused R2R3 Myb to be activated by a differ-
ent transcription factor that is expressed in a different posi-
tion in the petal. These results suggest that the regulatory 
rewiring paradigm is as applicable to plants as it is to animals, 
and support the hypothesis that cis-regulatory changes may 
often play a role in plant morphological evolution.

A major premise of evolutionary developmental biology is that 
reorganization of regulatory gene networks that control develop-
mental processes (‘regulatory rewiring’), often involving changes in 
cis-regulatory elements (CREs), is responsible for much morpho-
logical evolution. Evidence supporting this premise has recently 
accumulated in studies of animal developmental evolution1–4, but 
much of it is correlative in that candidate regulatory changes have 
been identified through comparative genomics without functional 
analysis. Investigations that identify CRE mutations responsible for 
phenotypic divergence and demonstrate their effects on transcrip-
tion factor binding are few, and largely restricted to Drosophila3. In 
plants, we have an even more rudimentary understanding of the 
genetic and developmental underpinnings of evolutionary change 
in morphology. In particular, our knowledge of what specific CREs, 
and mutations to them, are involved in plant morphological evo-
lution is virtually non-existent5. It is thus unclear whether the 
regulatory rewiring premise, and especially the importance of cis-
regulatory changes, is applicable to plant evolution.

In plants, several studies indicate that cis-regulatory mutations 
can alter plant morphology6–8. However, we are still largely ignorant 
about whether, and the extent to which, these types of mutations 
contribute to actual evolutionary change. In a number of cases, the 
evidence suggests that mutations that abolish CREs have altered 
plant morphology. In most of these cases, however, neither the par-
ticular mutations to CREs nor their effects on other elements of 
the regulatory network have been characterized5. Moreover, most 
of these examples involve loss-of-function mutations that eliminate 
colour pattern elements in flowers9. The genetic changes that pro-
duce novel, gain-of-function phenotypes have been largely unex-
plored, although some studies demonstrating how CRE mutations 

affect floral characters have begun to appear10,11. We thus know little 
about whether in plants morphological novelty is typically accom-
plished by one or a small number of simple genetic changes, or 
whether more complex changes are required.

We report here that two simple mutations to a CRE in the pro-
moter of a Myb transcription factor produce a novel floral colour 
pattern that involved an evolutionary shift in petal spot position in 
the genus Clarkia. Ecological studies in a variety of plant species, 
including Clarkia, have demonstrated that petal spots and spot posi-
tion are important for attracting pollinators, and can influence fit-
ness in the form of male reproductive success12–14. In the Rodanthos 
section of Clarkia, most species have petal spots at the base of the 
petals, which reflects the inferred ancestral state15. One species, C. 
amoena, has undergone an evolutionary shift to producing spots in 
the centre of the petal16. Hybridization of this species with a basal-
spotted species has produced the tetraploid species C. gracilis, and 
subsequent divergence in this species has produced subspecies with 
spots in different positions17 (Fig. 1). This group of species thus pro-
vides an excellent opportunity for determining the genetic changes 
responsible for a shift in position of an ecologically important floral 
pattern element.

Previous work in this system has demonstrated that the differ-
ence in spot position between C. gracilis subspecies is controlled 
by a single co-dominant locus with two alleles, with heterozygotes 
expressing spots in both positions16. Variation in an R2R3 Myb 
transcription factor, CgMyb1, is responsible for differences in spot 
position. This gene is homologous with R2R3Myb genes in other 
plants that are known to activate anthocyanin enzyme-coding 
genes. One allele of this gene, from the basally spotted subspe-
cies, induces basal spot formation, and the allele from the centrally 
spotted subspecies induces central spot formation18,19. The coding 
sequences of these two alleles differ at six amino acid sites16 (fig. S1 
of ref. 16), but the encoded proteins are both functional, pointing 
to differences in regulatory regions being responsible for the spa-
tial difference in expression. In particular, each allele is expressed 
only in the region where the corresponding petal spot develops18, 
which led to the hypothesis that the functional difference between 
CgMyb1 alleles is due to cis-regulatory mutations that cause the 
two alleles to be activated by different upstream regulators that 
are themselves expressed in different positions in the petal18 (Fig. 
2a,b). An alternative hypothesis is that the same transcription 
factor is modified post-translationally in one cell type but not in 
another cell type, which leads to different binding affinities to dif-
ferent CREs in the CgMyb1 alleles in cells in the two petal regions. 
In this report, we confirm the first hypothesis by first identifying 
promoter elements that differ between the two alleles, demonstrat-
ing that these differences cause CgMyb1 to be expressed in differ-
ent petal positions, and showing that the upstream regulators of 
the two CgMyb1 alleles are different. In doing so, we discovered 
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that the evolutionary shift in spot position was achieved through 
two very simple genetic changes involving CREs, one that caused 
spots to be produced in a new position, and one that abolished spot  
production in the ancestral position.

To identify regions of the CgMyb1 promoters that are responsible 
for activating this gene, we first used genome walking to amplify, 
then sequence, the 1 kb region immediately upstream of the start 
codon for both alleles (Supplementary Fig. 1). We then made a 
nested series of deletions, fused them to a luciferase (LUC) reporter 
gene, transiently transformed these constructs into C. gracilis pet-
als and measured LUC expression. Truncation of the promoter 
sequences from − 949 to − 787 had no effect on expression levels of 
either allele. However, elimination of the segment from − 787 to − 
478 greatly reduced expression levels, with further shortening hav-
ing little effect (Fig. 2c,d) This result is consistent with the primary 
cis-regulatory elements for both alleles of CgMyb1 being located 
within the − 787 to − 478 region.

To further confirm this result, the activating regions (− 787 to − 
478) of the CgMyb1 alleles were swapped and the resulting reporter 
constructs and unswapped controls were transiently transformed 
into C. gracilis petal sections. In the distal section of the petal, where 
spots never appear, reporter expression was uniformly low (Fig. 2e). 
By contrast, in the central and basal petal sections, when the con-
struct contained the activating region corresponding to the CgMyb1 
allele normally active in that region, expression was significantly 
elevated compared with the constructs containing the other active 
region (Fig. 2e). This pattern confirms that the promoter − 787 to 
− 478 activating region determines where CgMyb1 is expressed, and 
thus where the petal spot appears.

We used the motif identification software Softberry TSSP20, 
PlantCARE21 and the PLACE database22 to identify candidate pro-
tein-binding motifs that differed in this region between the two 
alleles. The CgMyb1b region contains an E-box motif lacking in 
CgMyb1c, and CgMyb1c contains a NAPINMOTIFBN motif (referred 
to as the BNmotif), which is lacking in CgMyb1b (Supplementary 
Table 1 and Supplementary Fig. 2). The E-box motif is known to bind 
proteins that contain a basic helix–loop–helix (bHLH) domain23. 
The two motifs are in overlapping positions, and only two genetic 

changes were needed to convert the E-box sequence (CATGTG) 
into the BNmotif (ATGTGTA). First, a two base pair deletion of the 
nucleotides TC, which are immediately downstream of the E-box, 
produced the BNmotif sequence. Second, a substitution of A for the 
C in the E-box eliminated the E-box (Supplementary Fig. 2).

To identify transcription factors potentially controlling expres-
sion of the two CgMyb1 alleles, we conducted a Yeast 1-hybrid 
(Y1H) screen. Because positive clones in these analyses yielded only 
partial sequences, we obtained the complete coding sequence using 
5′ -rapid amplification of cDNA ends (5′ -RACE). In the analysis 
involving CgMyb1b, we identified two genes, designated CgbHLH1 
and CgbHLH2, both of which aligned to bHLH genes from other 
species (Supplementary Fig. 3). In the screen involving CgMyb1c, we 
identified a single candidate gene, CgCPC1, which aligns to proteins 
from other species having a CPC domain (Supplementary Fig. 4).

Using full-sequence constructs of these genes, we performed 
gene-specific Y1H assays to determine whether they bound specifi-
cally to one of the CgMyb1 promoters and to the candidate bind-
ing motifs described above. These assays were performed on two 
types of medium: one containing 3-amino-1,2,4-triazole (3-AT) 
at a 30 mM concentration, which is a competitive inhibitor of the 
HIS3 gene product used as a reporter gene in Y1H, and one lacking 
3-AT, which is more permissive. Because CgbHLH2 did not exhibit 
a positive interaction in these assays, we report only the results for 
CgbHLH1 and CgCPC1.

CgbHLH1 exhibited a positive interaction with the promoter of 
CgMyb1b, but not with the CgMyb1c promoter (Fig. 2f). Conversely, 
CgCPC1 exhibits a positive interaction only with the promoter 
of CgMyb1c (Fig. 2g). In addition, CgbHLH1 binds specifically to 
the E-box motif found in the promoter of CgMyb1b (Fig. 2h,j), 
and CgCPC1 binds specifically to the BNmotif found only in the 
CgMyb1c promoter (Fig. 2i,j). These are precisely the patterns one 
would expect if CgbHLH1 activates the Myb1 allele that produces 
basal spots and CgCPC1 activates the Myb1 allele that produces  
central spots.

If this hypothesis is true, we would expect CgbHLH1 to be 
expressed only in the basal portion of the petal and CgCPC1 to 
be expressed only in the central portion. Quantitative real-time 
PCR confirms this pattern (Fig. 2k). In the basal-spotted C. g. albi-
caulis, CgMyb1b and CgbHLH1 are highly expressed in the basal 
petal region, but only at background levels in the central region. 
By contrast, in the central-spotted C. g. sonomensis, CgMyb1c and 
CgCPC1 are expressed at high levels in the central petal region, but 
only at background levels in the basal petal region. CgCPC1 is also 
expressed at high levels in the central petal region of C. g. albicaulis, 
but CgMyb1c is not expressed above background levels in this region 
because this allele is not present in this subspecies. None of these 
genes are expressed above background levels in the distal portion of 
the petal in either subspecies. The results of in situ hybridization are 
consistent with these patterns (Fig. 3a–d).

To explore the interactions in vivo between CgbHLH1, 
CgCPC1, and the two CgMyb1 allele promoters, we performed 
Agrobacterium-mediated transient expression assays in which we 
co-transformed leaves and petals with combinations of constructs 
containing one of the transcription factors driven by 35S promot-
ers and one of the CgMyb1 promoters fused to a LUC reporter. 
Leaves and petals of developmental stage 4 of C. g. albicaulis and 
C. g. sonomensis, which corresponds to 1 day before petal open-
ing, were selected for transient expression based on selected target 
gene expression (Supplementary Figs. 5–7). Because leaves express 
neither CgbHLH1 nor CgCPC1 (Supplementary Fig. 8), we would 
expect CgMyb1b_Pro:LUC to exhibit high expression only when 
transformed with its presumed activator, 35S:CgbHLH1. Similarly, 
we would expect CgMyb1c_Pro:LUC to exhibit high expression only 
when co-transformed with 35S:CgCPC1. These are precisely the 
patterns we observed (Fig. 3e).

a b

c d

Fig. 1 | Photographs of Clarkia flowers. a, Clarkia amoena. b, Clarkia 
lassenensis. c, Clarkia gracilis spp. sonomensis. d, Clarkia gracilis spp. albicaulis. 
Photographs by M. Below, K. Morse, V. Smith and B. Breckling, respectively.
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Fig. 2 | Hypothesized molecular mechanism of shift in petal spot position. a, The ancestral state, in which an unknown pre-pattern activator (PPA, 
orange) binds to a motif (orange bar) in the CgMyb1b promoter, causing that gene to be expressed and activate anthocyanin pathway biosynthetic genes 
(APB) to form a basal spot. b, A mutation creates a new binding motif (green bar), and thus allele CgMyb1c, which binds a different PPA (green) that is 
expressed in the central part of the petal. This binding activates the APB genes and causes the spot to form in the central portion of the petal. Blue bars 
represent binding motifs in ABP genes that bind CgMyb1. c,d, Expression levels in the dual-luciferase reporter assay for the CgMYB1b promoter (c) and 
CgMYB1c promoter (d) constructs. All position numbers are relative to the transcription start site of CgMYB1b. All values are relative to the value for the 
pGL basic construct. Three replicates were performed for each construct. Significance values from a one-way ANOVA, where *P <  0.05. e, Transient 
expression analysis using swapped and un-swapped promoter regions. CgMyb1b_1bPro and CgMyb1c_1cPro are intact promoters, and CgMyb1b_1cPro and 
CgMyb1c_1bPro are promoters with the − 478 to − 787 region swapped. The basal spot petals were from C. g. albicaulis, and the central spot petals were 
from C. g. sonomensis. Non-spot regions were from both subspecies. Treatments with significantly different expression levels (P <  0.05) are indicated 
by different letters, as determined by ANOVA and post hoc multiple comparison test. f,g, Y1H assay of CgbHLH1 and CgCPC1 with CgMyb1 allele 
promoters showing that under restrictive conditions (lacking 30 mM 3-AT) CgbHLH1 interacts with the CgMyb1b promoter but not the with the CgMyb1c 
promoter, and CgCPC1 binds the CgMyb1c promoter but not the CgMyb1b promoter. h–j, Y1H analysis of interactions between intact and mutated CgMyb1 
binding motifs and transcriptional activators. h, Interactions of CgbHLH1 with the E-box motif. ‘E-box’ is the intact E-box element, and ‘m1E-box’ is the 
mutated element. Intact and mutated sequences are shown in k. i, Interactions of CgCPC1 with intact and mutated NAPINMOTIFBN motifs (BNmotif). 
‘NAPINMOTIFBN’ is the intact motif, and ‘M1NAPINMOTIFBN’ is the mutated motifs. j, Sequences of intact and mutated binding motifs. k, Expression 
of bHLH1, CPC1, Myb1b, Myb1c in the basal petal region, central petal region and distal petal region of C. g. sonomensis (C. G. SONO) and C. g. albicaulis. (C. 
G. ALBI). l, Expression levels in transient co-transformation experiments with constitutively expressed CgbHLH1 co-transformed with CgMyb1b promoter 
reporter constructs containing either intact or mutated E-box motifs. CgMyb1b_Pro:LUC is constructed with an unmutated E-box. CgMyb1b_mPRO:LUC is 
constructed with a mutated E-box. m, Expression levels in transient co-transformation experiments with constitutively expressed CgCPC1 co-transformed 
with CgMyb1c promoter reporter constructs containing either intact or mutated NAPINMOTIFBN motifs. CgMyb1c_Pro:LUC is constructed with unmutated 
NAPINMOTIFBN. CgMyb1c_mPRO:LUC is construct with mutated NAPINMOTIFBN. In l and m, values are expressed relative to 35S:LUC the construct. 
Treatments with significantly different expression levels (P <  0.05) are indicated by different letters, as determined by ANOVA and the post hoc multiple 
comparison test. Panels a and b adapted from ref. 18, Wiley.
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A similar pattern was seen when stage 4 flower petals were co-
transformed. Because CgbHLH1 is expressed naturally in the basal 
petal region of C. g. albicaulis, high expression of CgMyb1b_Pro:LUC 
is expected regardless of whether CgMyb1b_Pro:LUC is transformed 
alone or transformed with either 35S:CgbHLH1 or 35S:CgCPC1. 
This is the pattern we observed (Fig. 3f). Conversely, because 
CgCPC1 is not naturally expressed in the basal petal region, high 

expression of CgMyb1c_Pro:LUC is expected only when co-trans-
formed with 35S:CgCPC1, but not when transformed alone or with 
35S:CgbHLH1. Again, this is exactly what we observed (Fig. 3f). In 
the basal section of the petal, CgMyb1c_Pro:LUC expression appears 
to be two to four times higher than in leaves. A possible explanation 
for this is that there is background pigmentation in flowers but not 
in leaves, and that the (unknown) Myb that activates background 
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Fig. 3 | Precise spatio-temporal regulation of petal spot formation. a, In situ hybridization of CgbHLH1 in the basal spot area of C. g. albicaulis. b, In situ 
hybridization of CgCPC1 in the basal spot area of C. g. albicaulis. c, In situ hybridization of CgbHLH1 in the central spot area of C. g. sonomensis. d, In situ 
hybridization of CgCPC1 in the central spot area of C. g. sonomensis. Scale bars, 30 µ m. The hybridization signal is in red, and background autofluorescence 
is in blue. Black boxes in the petal pictures indicate the area shown in a–d. e–h, Reporter gene expression in transient expression assays using different 
tissues. Values are expressed relative to the 35S:LUC construct. Constructs in the co-transformation assays are labelled as activator gene/CgMyb1 gene 
promoter. The basal spot petals used in f were from C. g. albicaulis. The central spot petals of C. g. sonomensis were used in the experiment g. The distal 
section experiment of h were from C. g. sonomensis and C. g. albicaulis. There are five replicates for each treatment. Treatments with significantly different 
expression levels (P <  0.05) are indicated by different letters, as determined by ANOVA and the post hoc multiple comparison test. In the box-and-whisker 
plots, the diamonds show the mean value, and the circles indicate possible outliers.
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pigmentation may provide a low level of ‘cross-talk’ activation of 
CgMyb1c.

In the central petal region of C. g. sonomensis, CgMyb1c is naturally 
expressed (Fig. 2k); we therefore expected that CgMyb1c_Pro:LUC 
would be highly expressed when transformed alone or transformed 
with either of the 35S constructs, and this pattern was observed 
(Fig. 3g). On the other hand, because CgbHLH1 is not expressed in 
this region, we expected that CgMyb1b_Pro:LUC would exhibit high 
expression levels only when co-transformed with 35S:CgbHLH1, and 
this pattern was observed (Fig. 3g). Surprisingly, CgMyb1c_Pro:LUC 
expression is statistically higher when transformed alone than when 
co-transformed with 35S:CgCPC1. We suspect this is a false posi-
tive, but could also be explained if CgCPC1 experiences auto-inter-
ference or if CgCPC1 competes with an endogenous activator of 
CgMyb1c. We also expected that, because CgbHLH1 is not expressed 
in the central region, CgMyb1b_Pro:LUC would exhibit high expres-
sion levels only when co-transformed with 35S:CgbHLH1, and this 
pattern was observed (Fig. 3g). Finally, because neither CgbHLH1 
nor CgCPC1 is expressed in the distal portion of the petal, we would 
expect to high expression of the CgMyb1 alleles only when trans-
formed with their putative activators, and this pattern was observed 
(Fig. 3h). These patterns are fully consistent with the hypothesis that 
CgbHLH1 specifically activates CgMyb1b and CgCPC1 specifically 
activates CgMyb1c.

To confirm the functional role of CgbHLH1 and CgCPC1 in 
determining petal spot location, we used viral-induced gene silenc-
ing (VIGS) to knockdown these genes (Fig. 4a–j). Approximately 
400 bp fragments from the functional domains of these genes, 
plus CgMyb1b and CgMyb1c, were cloned into tobacco rattle virus 
constructs (Supplementary Fig. 9), which were then introduced 
into C. gracilis plants using Agrobacterium-mediated transforma-
tion. Transformation with each of these constructs resulted in a 
marked decrease in expression of the corresponding genes in the 
petal regions in which they are normally expressed (Fig. 4k–n). 
As expected from these results, VIGS using a CgbCPC1 fragment 
resulted in marked reduction of the central petal spot (Fig. 4d), but 
no effect on basal spots (Fig. 4j). By contrast, transformation with 
CgbHLH1 resulted in reduction or elimination of the basal spot 
(Fig. 4i), but no effect on the central spot (Fig. 4e). Knockdown 
of CgMyb1b and CgMyb1c reduced both central and basal spots  
(Fig. 4b,c,g,h), presumably because the knockdown sequences are 
very similar. These results indicate that expression of CgbHLH1 
and CgCPC1 are required for petal spot production in the basal and  
central petal regions respectively, and that this occurs through  
activation of the corresponding allele of CgMyb1.

As described above, we identified different CREs in the critical 
promoter regions of the two CgMyb1 alleles. To examine the role of 
these motifs in the interaction between the CgMyb1 promoters and 
their transcription factors, we mutated these motifs. In particular, 
we modified the E-box motif of CgMyb1b by changing the first base 
from a C to an A, the difference that occurs between CgMyb1b and 
CgMyb1c (Supplementary Fig. 10). We also modified the BNmotif 
of CgMyb1c reintroducing the observed deletion from CgMyb1b 
(Supplementary Fig. 10). In Y1H assays in which the mutated motifs 
were used as bait, these mutations abolished the positive interaction 
between CgbHLH1 and the E-box motif and between CgCPC1 and 
the BNmotif (Fig. 2f,g). Similarly, when CgMyb1 promoters carry-
ing mutated motifs were co-transformed with their respective acti-
vators, their expression was substantially reduced (Fig. 2l,m). These 
results indicate that the E-box motif on the CgMyb1b promoter 
and the BNmotif on the CgMyb1c promoter are crucial for activat-
ing CgMyb1 and subsequent production of petal spots. They also 
indicate that these two simple evolutionary changes are sufficient to 
explain the shift in petal spot position.

Because C. gracilis is a tetraploid, we wanted to examine whether 
the orthologues of CgbHLH1 and CgCPC1 play the same role in 

determining the location of petal spots in related diploid species. 
We therefore examined the expression levels of these genes and their 
functional role in C. amoena, which has a central petal spot and is 
believed to be one of the parental species that produced C. gracilis 
through hybridization, and in C. lassenensis, which exhibits a basal 
spot and is believed to be closely related to the other parent of C. 
gracilis18. We first cloned the coding sequences of these genes from 
the two diploid species, which show high sequence similarity to the 
orthologous genes from C. gracilis (Supplementary Figs. 3,4 and 11). 
Using qPCR, we quantified relative expression levels of these genes 
in different tissues in the two species. bHLH1 is expressed only in 
the basal petal region of C. lassenensis, but CPC1 is expressed only 
in the central petal region of both C. lassenensis and C. amoena 
(Supplementary Fig. 8).

Using the same VIGS procedure as described above with the 
orthologues of CgMyb1b and CgbHLH1 from C. lassenensis and of 
CgMyb1c and CgCPC1 from C. amoena, we knocked down each of 
these genes and determined the effect on petal spot production (for 
constructs, see Supplementary Fig. 12). Knockdowns were effective 
in reducing expression levels of the target genes (Supplementary 
Fig. 13). Knockdown of either Myb1b or bHLH1 resulted in sub-
stantial reduction or elimination of the basal petal spot of C. las-
senensis, but knockdown of either Myb1c or CPC1 in C. amoena 
similarly reduced or eliminated the central spot in C. amoena 
(Supplementary Fig. 14).

In angiosperms, bHLH genes constitute a large gene fam-
ily with diverse functions, with over 150 paralogues identified in 
Arabidopsis24. A small subset of these genes participate in a protein 
complex, which also involves R2R3Myb and WDR40 proteins, that 
activates anthocyanin enzyme-coding genes25. This raises the ques-
tion of whether CgbHLH1 and ClbHLH1 are orthologous to bHLH 
proteins that activate anthocyanin production. To answer this ques-
tion, we constructed a gene tree from Genbank sequences of bHLH 
genes known to participate in this protein complex from both eudi-
cots and monocots, bHLH genes that were identified from blasts 
with CgbHLH1 (see Supplementary Fig. 3), as well as CgbHLH1 and 
ClbHLH1 and two additional bHLH genes (CgEGL1 and CgTT8) 
identified in the petal transcriptome of C. gracilis18 (Supplementary 
Fig. 15 and Supplementary Table 2). The gene tree has two major 
clades, one consisting of anthocyanin-related bHLH sequences, 
and the other consisting of a separate set of bHLH sequences. The 
latter contains AtbHLH130, which is a member of a group of A. 
thaliana bHLH genes that bind to the E-box26 and that is involved 
with abscisic acid signalling and Jasmonic acid gene regulation27,28. 
CgEGL1 and CgTT8 fall within the first clade, and CgbHLH1 and 
ClbHLH1 fall within the second. This pattern suggests that CgEGL1 
and CgTT8 are orthologous to genes in other species that partici-
pate in the anthocyanin-activating complex, whereas CgbHLH1 and 
ClbHLH1 are orthologous to bHLH genes in other species that do 
not so participate.

CPC1 belongs to the R3MYB gene family. In Arabidopsis, 
the CPC gene acts as a transcriptional inhibitor of anthocyanin 
genes29 (Supplementary Fig. 16). In addition, CPC and CPC-
like genes are involved in the development of epidermal cell 
features, such as trichome and root hair formation30,31. Because 
CPC genes lack a DNA-binding R2 repeat32,33, it is thought that 
they generally do not bind DNA and thus do not act as transcrip-
tional activators. This suggests that rather than directly activating 
CgMyb1c, CgCPC1 may act to deactivate an inhibitor of CgMyb1c. 
However, we believe this hypothesis unlikely because mutation 
of the BNmotif element eliminated CgMyb1c expression in the 
Y1H analyses. If an unknown inhibitor was blocking expres-
sion of CgMyb1c, we would expect mutating the BNmotif to have 
either no effect on or to reduce the binding of the inhibitor. In 
turn, we would expect CgCPC1 to be just as effective at deactivat-
ing the inhibitor and allowing CgMyb1c expression. Instead, we 
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saw the opposite effect: mutating the BNmotif actually reduced 
CgMyb1c expression. Instead, we suggest that the product of 
CgCPC1 may have DNA-binding capacity not present in some 
other CPC proteins. We note that this gene has a 15 bp inser-
tion compared with presumed orthologues in most other species, 
including A. thaliana, which could conceivably confer such DNA-
binding capacity, a possibility that warrants further investigation  
(Supplementary Figs. 4 and 16).

Our results allow us to piece together the genetic changes 
involved in the evolution of the petal spot position in Clarkia. Prior 

studies indicate that central-spotted species such as C. amoena 
evolved from basal-spotted species such as C. lassenensis18. Our 
VIGS experiments show that ancestrally in C. lassenensis, expres-
sion of ClbHLH1 in the basal region of the petal activate expres-
sion of ClMyb1b, which turned on the anthocyanin enzyme-coding 
genes to produce a spot. ClCPC1 was also expressed in the central 
petal region, but no spot was produced there because the ClMyb1b 
lacks a promoter BNmotif to which it could bind (Supplementary 
Fig. 17). The expression of ClCPC1, however, constituted an exapta-
tion that would allow an evolutionary change in spot position.
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Fig. 4 | Function of CgbHLH1 and CgCPC1 in C. gracilis petals. a–j, VIGS knockdown of CgMyb1b, CgMyb1c, CgbHLH1 and CgCPC1 in C. g. sonomensis (a–e) 
and C. g. albicaulis (f–j). Elimination of a spot would indicate that these genes are necessary to activate spot anthocyanin pathway. a, Wild type C. g. 
sonomensis central spot petal with null TRV. b, Knockdown of CgMyb1c on central spots flowers. c, Knockdown of CgMyb1b on central spots flowers. d, 
Knockdown of CgCPC1 on central spots flowers. e, Knockdown of CgbHLH1 on central spots flowers. f, Wild type of C. g. albicaulis basal spot petal with null 
TRV. g, Knockdown of CgMyb1b on basal spot flowers. h, Knockdown of CgMyb1c on basal spots flowers. i, Knockdown of CgbHLH1 on basal spots flowers. 
j, Knockdown of CgCPC1 on basal spots flowers. k–n, The effects of VIGS on gene expression levels. The keys for the different coloured bars are in the 
form x/y, where x indicates which inhibiting construct was introduced (‘Wild type’ means no construct introduced), and y indicates the gene for which 
expression level is portrayed. Expression level is relativized to CgEF1α by using the 2-ΔΔCt method. For basal petal spot knockdown, C. g. albicaulis petals were 
used. For central petal knockdown, C. g. sonomensis petals were used. For the distal petal sections measurements both subspecies were measured, and the 
values were averaged.

NaTuRe PlaNTs | VOL 4 | JANUARY 2018 | 14–22 | www.nature.com/natureplants 19

http://www.nature.com/natureplants


© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Letters NATure PlANTs

In the lineage leading to the central-spotted C. amoensis, two 
changes occurred that caused an evolutionary shift in spot position 
(Supplementary Figs. 17 and 18). One was a conversion of a C to an 
A at the first position in the E-box motif, which our Y1H experi-
ments show abolishes the ability of ClbHLH1 to activate ClMyb1b, 
and thus eliminates basal spot production. The second change was 
a 2 bp deletion of TA at the end of the E-box motif, which created 
the BNmotif and the allele ClMyb1c. In turn, this allowed binding 
of ClCPC1 to ClMyb1c to produce a spot in the central petal region, 
as now seen in C. amoena. Our VIGS experiments confirm this 
scenario by demonstrating that knockdown of ClCPC1 abolishes 
central spot formation. Although it is clear that these two changes 
were sufficient to cause a shift in spot position, we cannot say in 
which order they occurred. It is thus impossible to say whether the 
intermediate, 1-substitution stage involved the production of either 
spots or none.

A final change we have not analysed genetically is one that 
caused bHLH1 no longer to be expressed in the basal petal section 
of C. amoena. We suggest that since a basal spot is not produced 
in this species, expression of bHLH1 was lost as a degenerative 
change caused by mutation and genetic drift. We also note that the 
documented changes may involve an element of historical contin-
gency34–36. The 2 bp deletion that created the BNmotif brought the 
dinucleotide TA adjacent to the ATGTG sequence of the E-box to 
create the ATGTGTA sequence of the BNmotif. If TA had not been 
very near the E-box element in basal-spotted ancestral species, a 
small deletion could not have joined it to the E-box sequence to 
form the BNmotif element. Of course, at some point downstream 
there would be another TA sequence that could be joined to the 
E-box with a larger deletion, but a larger deletion would be more 
likely to disrupt the regulation of Myb1. The specific evolutionary 
history of the sequence in the region around the E-box thus pro-
vided the opportunity for a simple mutation, with presumably little 
adverse pleiotropy, to create a new CRE that resulted in a new spot 
position. Had the evolutionary history of this region been different, 
there may not have been this opportunity for evolutionary change 
in spot position.

Accumulating evidence suggests that plant gene expression 
changes, through mutations to cis- or trans-regulatory elements, 
including microRNAs, can result in morphological diversifi-
cation37. Is still unclear, though, whether regulatory rewiring 
involves few or many genes and genetic changes. Our study pro-
vides one example showing that a small number genetic changes 
to CREs can result in significant morphological change. In par-
ticular, it demonstrates that rewiring that causes an evolutionary 
position shift in an ecologically important floral morphologi-
cal character can be accomplished by as few as two very simple 
genetic changes to CREs. This simplicity presumably results 
from the modular nature of cis-regulatory elements in control-
ling development1,2.

Methods
5′-Rapid amplification of cDNA ends. 5′ -RACE was performed using a 5′ -RACE 
System for Rapid Amplification of cDNA Ends, version 2.0, in accordance with 
the manufacturer’s instructions (ThermoFisher Scientific). CgMyb1b and CgMyb1c 
cDNA was obtained by a nested PCR approach using Phusion High-Fidelity DNA 
Polymerase (NewEngland Bio). The first round of PCR was amplified using the  
5′ -RACE outer primer (5′ -CATGGCTACATGCTGACAGCCTA-3′ ) and an 
antisense ITGB6-specific primer (5′ -AGGCAGTCTTCACAGGTTTCTGC-3′ ). 
The second PCR amplification was carried out using 2 μ l of the first round  
PCR product as template DNA with the 5′ -RACE inner primer  
(5′ -CGCGGATCCACAGCCTACTGATGATCAGTCGATG-3′ ) and a nested 
antisense gene specific primers. The PCR products were purified, then cloned  
into the pMD-18T vector.

CgMyb1 allele promoters genome walking. Genome walking was performed 
to isolate the 5′ -regulatory region of CgMyb1b and CgMyb1c from genomic 
DNA. Because the promoters of CgMyb1b and CgMyb1c are similar, we used 

the same primers to amplify CgMyb1 allele promoters. Three gene-specific 
reverse primers complementary to the cDNA sequences of the CgMyb1 allele 
were designed: GSP1 (5′ -CTCTTCTCGGTTTAAGCCTGGTTTCAG-3′ 
), GSP2 (5′ -AGATGCCAGTTGCCTTCTCCATAAGTT-3′ ) and GSP3 (5′ 
-ATTTGCAGTCCAACCACCCTTAATTTC-3′ ). Reactions were conducted 
using the manufacturer’s protocol (Universal GenomeWalker Kit 2.0; Clontech). 
The transcription start site and promoter cis-acting regulatory elements were 
predicted and analysed using Softberry TSSP software (http://www.softberry.
com), PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html) 
and the PLACE database (http://nhjy.hzau.edu.cn/kech/swxxx/jakj/dianzi/Bioinf6/
GeneFeature/BCM6.htm).

Cloning of the CgMyb1 promoters for reporter constructs. A 1,150 bp DNA 
fragment, corresponding to the region − 949 to + 201 of CgMyb1 allele (the 
transcription start site was designated as + 1), was amplified from DNA obtained 
from C. gracilis leaves by PCR using the primers sense − 949 and antisense + 
201 (Fig. 2c,d). A series of 200–300 bp deletion fragments (− 787 to + 201, − 478 
to + 201, − 271 to + 201 and − 3 to + 201) were then generated by a PCR strategy 
using the − 949 to + 201 PCR product as template and the primers listed in 
Supplementary Table 3. All PCR products were gel purified and subcloned into 
the pGL2 Luciferase Reporter Vectors (Promega). All plasmid constructs were 
confirmed by sequencing.

Clarkia Myb1 genes’ promoter functional assays. All of the plant promoter–
reporter vectors constructed were transformed into Agrobacterium tumefaciens 
strain GV3101 through the freeze–thaw method. The transformed Agrobacteria 
cells and Ag/pGL2-basic were grown on LB broth containing 30 μ g ml−1 
rifampicin, 50 μ g ml−1 kanamycin for 2 days at 28 °C with shaking at 250 r.p.m. 
Fully expanded healthy petals or leaves of 12-week-old C. gracilis plants were used 
for Agrobacterium-mediated transient expression of promoter:LUC constructs by 
syringe agroinfiltration. Luciferase activity on petal spots was measured at  
2 days after transfection with a plate reader. All measurements were relativized to 
the average luciferase activity value of the pGL2-basic construct, which was set 
to a value of 1. There are five replicates for each treatment. Luciferase assays of 
the swapped active regions of CgMYB1 allele promoter were performed using the 
same methods.

Yeast 1-hybrid assay. Y1H assays were performed using Matchmaker Gold yeast 
one hybrid system (Clontech). Three tandem copies of the active regions (from 
− 478 to − 787 bp) of CgMyb1b and CgMyb1c promoter were cloned into pHIS2 
vectors and tested for interaction with putative transcription factors in individual 
Y1H assays. C. gracilis cDNA was used for Y1H library construction. After 
first-strand cDNA synthesis, cDNA was amplified by long-distance PCR. Then 
double-strand cDNA was purified using CHROMA SPIN +  TE-400 columns. For 
the Y1H cDNA library screening, the library transformation reactions were plated 
on the 150 mm SD/− Trp/− Leu plates using 150 μ l per plate for 3–5 days (colony 
side down). Single positive colonies were selected and restreaked from the library 
screen. For the bait and library interactions, positive interactions were examined 
by yeast colony PCR to eliminate duplicate clones. After isolation the positive 
plasmids were transformed into Escherichia coli.

The interaction of prey plasmid and bait plasmids were screened for positive 
clones on SD/− Trp/− Leu medium. Positive clones were then further screened on 
SD/− Trp/− His/− Leu selective medium containing different concentrations of 
3-amino-1,2,4-triazole (3AT) for 72 hours at 30 °C to distinguish genuine positive 
from false-positive interactions. The presence of 3AT select clones with high level 
of HIS3, which depends on the strength of the interaction between the bait and the 
prey. The positive plasmids were then sequenced. Because the screen returned gene 
fragments, we used RACE–PCR to amplify the complete sequences of CgbHLH1 
and CgCPC1 (see above).

Additional Y1H assays were performed to determine whether CgbHLH1 could 
bind the E-box element and CgCPC1 could bind the NAPINMOTIFBN element 
(hereafter referred to as the BN motif). To make the yeast reporter bait plasmid, 
the triple tandem copies of the E-box or the BN motif fragment were inserted into 
the pHIS2 vector to form constructs pHIS-3 ×  Ebox and pHIS-3 ×  MotifBN. The 
sequence of the 3 ×  E-box fragment was annealed by using 3 ×  E-box F  
(5′ -AATTCAATTGTAATCATTGTAATCACATGAGCT-3′ ) and 3 ×  E-box R 
(5′ -CATATGATTACATGTGATTACAAATG-3′ ) oligonucleotides. Similarly, 
the pHIS- 3 ×  m1E-Box was constructed by annealing 3 ×  m1E-Box F (5′ 
-AATTAATGTGTAATACTTTGATTAACCATGAGCT-3′ ) and 3 ×  m1E-Box R  
(5′ -CATAGTATTACATGGTATTACACATT-3′ ) oligonucleotides. All of the 
plasmids were introduced into yeast strain Y187 using the lithium acetate method 
(Clontech protocol, PT3024-1). Oligonucleotides that are underlined are the  
cis-regulatory elements.

To generate the prey plasmids (pGADT7:CgbHLH1 and pGADT7:CgCPC1), the 
coding sequences of CgbHLH1 and CgCPC1 were inserted into the pGADT7:AD 
vector. The coding sequence of CgbHLH1 was amplified by using forward primer: 5′ 
-GATCATATGGCCATTTCCGAGGAACTACA-3′  (with the NdeI site underlined) 
and reverse primer: 5′ -GTACCCGGGCTCTGGATTCCGTGCATTCT-3′  (with 
the SmaI site underlined). The RT–PCR product was ligated into the pGADT7-AD 
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vector cut by NdeI and SmaI enzymes to generate pGADT7:CgbHLH1. This 
plasmid was then co-transformed into yeast strain Y187 through the lithium acetate 
method (Clontech protocol PT3024-1) in combination with either pHIS-3xE-box 
or pHIS-3xm1E-box. The empty pGADT7:AD plasmid was co-transformed with 
pHIS-3xE-box as a control. The interaction of prey plasmid and bait E-box or 
BN motif plasmids were screened for positive clones on SD/− Trp/− Leu medium. 
Selected positive plasmids were confirmed by distinguishing genuine positive from 
false positive interactions by 3AT as described above. Amplification of the coding 
sequence of CgCPC1 was performed in similar fashion (Supplementary Table 3).  
The sequence of the 3 ×  BNmotif fragment was produced by annealing 3 ×  BNmotif F 
(5′ -AATTTACACATTAATTACACATTAATTACACATAGCT-3′ ) and 3 ×  BNmotif 
R (5′ -ATGTGTAATTAATGTGTAATTAATGTGTA-3′ ) oligonucleotides. 
The pHIS- 3 ×  m1BNmotif was constructed by annealing 3 ×  m1BNmotif F 
(5′ -AATTTAGACACATTAATATCACATATTAATCACATAGCT-3′ ) and 
3 ×  m1BNmotif R (5′ -ATGTGATATTAATGTGATATTAATGTGTCTA-3′ )  
oligonucleotides. All of the plasmids were introduced into yeast strain Y187 using 
the lithium acetate method (Clontech protocol, PT3024-1). For the CgCPC1 
and BNmotif binding assay, pGADT7:CgCPC1 was co-transformed into yeast 
strain Y187 with each of the following bait plasmids: pHIS-3 ×  BNmotif or 
pHIS-3 ×  m1BNmotif. The empty vector pGADT7-AD was co-transformed with 
pHIS-3 ×  BNmotif as a control. Screening was as described as before.

Clarkia leaf and petal LUC transformations and dual-luciferase assay. Dual 
luciferase assay on Clarkia were performed by using the Dual-Luciferase Reporter 
Assay System (Promega). To make the reporter constructs, the promoter of each 
CgMyb1 allele was inserted into the pGL2 luciferase vector (Promega) to replace 
the 35S promoter, generating pCgMyb1b_Pro:LUC and pCgMyb1c_Pro:LUC. In 
the same way, for the effector construct, the sequences of CgbHLH1 and CgCPC1 
were inserted into a plasmid pCambia 1301 with the 35S promoter, to produce 
p35S:CgbHLH1 and p35S:CgCPC1. pRZ500-35S:LUC was used as a positive 
control38. These constructs were then introduced either alone or in combination 
into the Agrobacterium tumefaciens GV3101 strain to produce the following 
treatments: (1) pCgMyb1b_pro:LUC alone (2) pCgMyb1c_pro:LUC alone; (3) 
p35S:LUC alone; (4) p35S:CgbHLH1 and pCgMyb1b_pro:LUC; (5) p35S:CgbHLH1 
and pCgMyb1c_pro:LUC; (6) p35S:CgCPC1 and pCgMyb1b_pro:LUC; and (7) 
p35S:CgCPC1 and pCgMyb1c_pro:LUC. For plant transformation, the Agro 
containing the constructs were introduced into C. gracilis leaves and petals by 
the infusion transformation method described in Wroblewski et al.39, with a 
modification that co-cultivation was performed at 25 °C for 36 hours. When 
infiltrating two constructs together, we relied on chance to ensure sufficient cells 
take up both constructs. The LUC activity was measured with a plate reader. 
Luciferase readings were taken as singlets.

Ratios of Renilla luciferase readings to Firefly luciferase readings were taken 
for each experiment and five replicates were averaged. All measurements were 
relativized to the average luciferase activity value of the pGL2-basic construct 
with 35S promoter. To make the readings, we cut standard-sized portions (0.5 cm 
diameter circle) of the petal (basal, central, and distal portions) for proteins 
extraction. Luciferase extraction was performed as described by manufacturer of 
the Dual-Luciferase Reporter Assay System (Promega). Collected leaves samples 
were grinded and lysed by the lysis buffer. Extracted proteins were diluted into a 
standard volume of solvent, and determined LUC expression of that sample on a 
plate reader. Five replicates were used for each treatment.

For petals, all infusions were performed on stage-4 petals (Supplementary Fig. 5), 
which corresponds to 1 day before flower opening. All relevant genes are expressed 
at high levels at this stage (Supplementary Figs. 6 and 7), and spots have begun to 
form. In leaves, there is no detectable native expression of CgbHLH1 or CgCPC1.

VIGS. Tobacco rattle virus (TRV1 and TRV2) contracts were obtained from 
Talline Martins, University of Nevada, Reno. Specific primers to amplify host 
target genes were used for appending NcoI and BamHI restriction sites to TRV2 
constructs (Supplementary Table 3). The following fragments were amplified: 
309 bp fragments of CgMyb1b, CgMyb1c, ClMyb1b and CaMyb1c; 362 bp fragments 
of CgbHLH1 and ClbHLH1; and 143 bp fragments of CgCPC1 and CaCPC1 
(Supplementary Table 3). TRV2 was double digested by NcoI and BamHI and 
ligated to the target gene fragment using T4 DNA ligase to generate CgMyb1b-
TRV2, CgMyb1c-TRV2, CgbHLH1-TRV2, CgCPC1-TRV2, ClMyb1b-TRV2, 
CaMyb1c-TRV2, ClbHLH1-TRV2 and CaCPC1-TRV2 (Supplementary Figs. 5 
and 8). The ligation products were transformed into E. coli. Transformants were 
selected on LB medium containing 50 mg ml–1 kanamycin and confirmed by 
sequencing. Positive clones were extracted and transformed into competent cells 
of Agrobacterium (strain GV3101) by heat shock. Colony PCR was performed to 
further validate the positive clones.

For agro-infiltration via injection, equal volumes of cell suspensions 
harbouring TRV1 and one of the TRV2 constructs (CgMyb1b-TRV2, CgMyb1c-
TRV2, CgbHLH1-TRV2, CgCPC1-TRV2, ClMyb1b-TRV2, CaMyb1c-TRV2, 
ClbHLH1-TRV2 or CaCPC1-TRV2) were mixed with the addition of Silwet (GE 
Healthcare) to a concentration of 5 ml 100 ml–1. A 200 ml bolus of the mixture was 
used to inject about 20 seedlings for each treatment. The best VIGS knockdown 
lines were selected for portrayal, and the gene expression level of the best three 

VIGS lines were quantified. The abaxial surfaces of leaves near buds were treated 
by injection using sterile 5 ml disposable syringes without needles. All of the 
infected seedlings were cultivated in darkness for 48 hours and then shifted into a 
growth room with the temperature of 21 to 25 °C under long-day conditions.

Expression pattern of CgbHLH1, CgCPC1, CgMyb1c, CgMyb1b, ClMyb1b, 
CaMyb1c, ClbHLH1 and CaCPC1. RNA of CgMyb1b, CgMyb1c, CgbHLH1, 
CgCPC1, ClMyb1b, CaMyb1c, ClbHLH1 and CaCPC1 from various Clarkia tissues 
of C. g. sonomensis, C. g. albicaulis, C. amoena and C. lassenensis were extracted 
using Spectrum Plant Total RNA Kit (Sigma-aldrich) for qPCR. The reverse-
transcribed complementary DNA was mixed with iQ SYBR Green Supermix (Bio-
rad) for fluorescence measurement. Clarkia EF1α was used as internal expression 
control. Reactions were run on a Rotor Gene 2000 Real-Time PCR Cycler (Corbett 
Research) for 45 cycles with denaturation at 94 °C 20 seconds, annealing at 60 °C 
for 20 seconds, and extension at 72 °C for 40 seconds. QPCR results were calculated 
by the 2−ΔΔCT method40. EF1α in each petal section was used as Δ CT control, and 
Clarkia EF1α and the target gene in leaves were used as the Δ Δ CT control. Each 
treatment was repeated three times.

In situ hybridization. In situ hybridization was performed following the protocol 
of Javelle et al.41. Fresh Clarkia petals were fixed using the formalin-fixed paraffin 
embedding method. For probe preparation, a 362 bp fragment of the CgbHLH1 and 
a 143 bp fragment of the CgCPC1 were subcloned in pGEMT-Easy vector containing 
a promoter for the RNA polymerase (T3, T7) on each end of the insert. cDNA was 
cloned in both orientations to synthesize both sense and antisense strands of the 
CgbHLH1 and CgCPC1 probes. The probe was subjected to a mild alkali hydrolysis in 
50 µ l of carbonate buffer (80 mM NaHCO3, 120 mM Na2CO3, pH 10.2) at 60 °C. Slides 
were hybridized with the RNA probe and washed 3 times with PBS/glycine and then 
treated with 20–30 µ l of Fluoromount Aqueous Mounting Medium (Sigma-Aldrich)41. 
Fluorescent nucleotide counterstaining is performed with 4′ ,6-diamidino-2-
phenylindole. Finally, mounted samples were covered with cover slides and examined 
by bright-field illumination using an Olympus BH2 light microscope.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. The data generated or analysed during the current study are 
included in this published article (and its Supplementary Information) or are 
available from the corresponding author on reasonable request.
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    Experimental design
1.   Sample size

Describe how sample size was determined. For the Clarkkia transformation assay, we did 20-40 plants for each treatment. 

2.   Data exclusions

Describe any data exclusions. No data was exlcuded.

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

Yes, they were.

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

n/a

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

n/a

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.
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   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

Excel and R

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

No unique materials used.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

No antibodies used. 

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. No cell lines used. 

b.  Describe the method of cell line authentication used. No cell lines used.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

n/a

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

n/a

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

n/a

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

n/a
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