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Abstract 

Repeated evolution refers to the independent gain of a single trait by multiple 

taxa.  Studying examples of repeated evolution can elucidate patterns in how molecular 

mechanisms cause phenotypic change.  In Chilean monkeyflowers (Mimulus), petal lobe 

anthocyanin pigmentation has been gained independently by three taxa: Mimulus luteus 

var. variegatus, Mimulus cupreus, and Mimulus naiandinus. Anthocyanins give the 

flowers of these taxa an orange or purple color, while other taxa in the same section of 

Mimulus have yellow flowers.  One hypothesized mechanism for the gain of petal 

anthocyanin pigmentation is through modifications to R2R3 MYB transcription factors, 

which are activators in the anthocyanin biosynthetic pathway.  This work explores how 

the expression of one R2R3 MYB candidate gene in M. l. variegatus and two in M. 

cupreus contribute to petal color phenotype.  In M. l. variegatus, expression of a MYB5 

splice variant is known to be necessary for petal anthocyanin biosynthesis.  This study 

outlines the assembly of a MYB5 overexpression vector to be used to test the sufficiency 

of the splice variant’s expression to induce anthocyanin production in related yellow-

flowered taxa.  Two sequence variants of the MYB5 splice variant were discovered, and 

further studies are needed to investigate if they are alleles, genes, or transcripts, as well as 

to determine their roles in anthocyanin biosynthesis.  In M. cupreus, RNAi knockdowns 

of candidate genes MYB2b and MYB3a were used to determine the necessity of each for 

petal anthocyanin pigmentation.  The knockdown of each candidate gene resulted in a 

range of petal phenotypes, from yellow (completely lacking petal anthocyanins) to the 

wild type dark orange. To understand the significance of these results, a further study that 

determines the success of the knockdowns by testing transgene and target gene 
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expression is needed.  While research to determine the exact mechanisms underlying 

petal pigment evolution in M. l. variegatus and M. cupreus is still underway, the past and 

current work presented here suggests that in both taxa, a change in a MYB transcription 

factor gene has contributed to anthocyanin phenotypic change.  
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Introduction 

The vast biological diversity present on Earth is a product of the process of 

evolution. While it is widely understood that natural selection can act on mutations to fix 

novel, adaptive phenotypes, determining the molecular mechanisms of how this occurs 

remains an ongoing area of research. New phenotypes may arise through various genetic 

mechanisms, such as point mutations, insertions, or deletions. Any of these can occur in 

the coding region of a gene, which can result in a different gene product and function, or 

in the cis-regulatory region of a gene, which can result in new gene expression patterns 

(Stern and Orgogozo, 2009; Gompel and Prud’homme, 2009). Patterns of cytosine 

methylation are also known to control gene expression, and sometimes, heritable 

epimutations in these patterns can lead to evolutionary phenotypic change (Johannes and 

Schmitz, 2019).  Mutations leading to evolutionary change are especially prevalent in 

duplicate copies of genes, as duplication provides extra genetic material that can be 

modified without disrupting the functions of the original gene (Zhang, 2003).  

Often, more than one gene contributes to a single phenotype.  However, not all 

genes that control a phenotype are equally likely to be implicated in mechanisms 

underlying phenotypic change. Mutations in pleiotropic genes are likely to have negative 

consequences, as they affect more than one phenotype.  The mechanisms most likely to 

produce long-term phenotypic change are those that cause the least deleterious effects. 

Therefore, the most common causal genes and mechanisms of phenotypic change are 

those that are the least pleiotropic (Stern and Orgogozo, 2009; Sobel and Streisfeld, 2013; 

Gompel and Prud’homme, 2009).  These tend to be regulatory mutations, which often 

only affect gene expression at one site, more than structural mutations, which affect gene 
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function throughout an organism (Gompel and Prud’homm, 2009; Stern and Orgogozo, 

2009). Further research can expand on this current understanding of molecular evolution.  

With knowledge of the possibilities and likelihoods of many specific mechanisms 

producing phenotypic change, we can identify the consistent and generalizable principles 

of molecular evolution.  

The repeated independent gain of a trait by multiple taxa is called repeated 

evolution. Examples of repeated evolution provide ideal study material to identify 

patterns in the molecular mechanisms contributing to adaptive phenotypic change 

(Gompel and Prud’homme, 2009). One example of repeated evolution is found in Chilean 

monkeyflowers, where three taxa in the Simiolus section of the Mimulus genus have 

independently gained petal lobe pigmentation.  

Mimulus is a large and diverse genus, composed of upwards of 120 species with 

worldwide distribution (Beardsley and Olmstead, 2002). It is an ideal model system for 

integrating ecological and genomic studies to understand the process of evolution. This is 

due to its natural ecological diversity and amenability to use as a study model, because of 

short generation time, high fecundity, and ease of crossing (Wu et al., 2008).  There are 

also ample resources available for studying the genus, such as a body of ecological and 

evolutionary research from over the past 50 years, and large and growing amounts of 

genomic information (Wu et al., 2008; Yuan et al., 2014).  The genus name Mimulus will 

be used in this paper, though it is important to note that in recent years, some have begun 

referring to groups within Mimulus as distinct genera to maintain each genus as a 

monophyletic group. All taxa studied here fall within the Erythranthe genus in this new 

organization (Barker et al., 2012).  
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The largest center of diversity in the Mimulus genus is in western North America. 

The ten species native to Chile are part of this radiation (Beardsley and Olmstead, 2002). 

Five of the Chilean species make up the monophyletic luteus group.  Since diverging 

from their North American relatives, these species have undergone a full genome 

duplication, making them tetraploid (Vallejo-Marín et al., 2015).  This makes them 

especially interesting study species for molecular evolutionary studies due to an increased 

amount of available modifiable genetic material.  Full genome sequences are available 

for both the tetraploid Chilean Mimulus luteus var. luteus and its closest North American 

relative, the diploid M. guttatus (Edger et al., 2017; Hellsten et al., 2013).  

One trait that is especially diverse in Mimulus is flower pigmentation. The major 

flower pigment classes are anthocyanins, which are red, purple, or blue in color, varying 

with specific type, and carotenoids, which are yellow.  Different combinations and 

patterns of these pigments contribute to the diversity of flower colors in the Mimulus 

genus.  The Simiolus section of Mimulus is generally characterized by yellow flowers 

with red nectar guide spots. However, three of the five species in the monophyletic 

Chilean luteus group have independently gained petal lobe anthocyanin pigmentation, 

providing an excellent case of repeated evolution to study (Cooley and Willis, 2009; 

Cooley et al., 2011).  

Within the luteus group, M. depressus and the common M. luteus var. luteus have 

the yellow petal lobe coloration ancestral to the group.  Mimulus luteus var. variegatus, 

M. naiandinus, and M. cupreus have all gained petal anthocyanin pigmentation. Mimulus 

luteus var. variegatus has purple petal lobes, and M. naiandinus has purple and white 

petals (figure 1A).  There are two morphs of M. cupreus, a common morph with orange 
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petals, the result of both carotenoid and anthocyanin pigmentation, and a rare yellow 

morph with only carotenoid petal lobe pigmentation (figure 1A). It is believed that 

anthocyanin pigmentation was gained in M. cupreus, then subsequently lost in the yellow 

morph (Vonada and Cooley, 2017).  Here, I will use the name M. cupreus to refer to the 

common orange morph, unless otherwise noted.  

 
Figure 1. Chilean Mimulus taxa of the luteus group. (A) Phylogenetic tree of the monophyletic 
luteus group. Red lines indicate evolutionary gain of petal lobe anthocyanin pigmentation and the 
yellow line indicates loss of anthocyanin pigmentation. (B) Geographic ranges of luteus group taxa in 
Chile; the ranges overlap. Figure from Cooley et al. (2011).  

 

Flower pigmentation is a biologically important trait that has been the focus of 

extensive ecological and evolutionary research. It is one determinant of pollinator 

preference and selection, and is therefore a trait that can contribute to plant evolution 

(Clegg and Durbin, 2000; Hoballah et al., 2007). Pigmentation is controlled by 
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evolutionarily labile biosynthetic and regulatory pathways (Cooley and Willis, 2009; 

Sobel and Streisfeld, 2013). Therefore, flower color is an ideal trait to study to 

understand the connections between the ecological, phenotypic, and molecular biological 

levels (Clegg and Durbin, 2000). Generally, red and orange flowers are pollinated by 

birds, purple and blue flowers are pollinated by bees, and white flowers are pollinated by 

moths or flies (Ma et al., 2017). At an ecological level, pollinator-mediated selection is 

commonly instrumental in evolutionary shifts in flower pigmentation.  At a molecular 

level, these shifts often arise from changes in anthocyanin biosynthesis patterns (Cronk 

and Ojeda, 2008; Ma et al., 2017; Clegg and Durbin, 2000). 

The major pollinators for the luteus group Mimulus species are the Andean 

hummingbird, Oreotrochilus leucopleurus, and several species of bee (Medel et al, 2003; 

Cooley et al., 2008). In M. l. luteus, which has yellow petal lobes and some red 

anthocyanin pigmentation along the nectar guide, flowers with large, heart-shaped red 

nectar guide spots are preferred by hummingbird pollinators while flowers with less 

nectar guide red coloration are preferred by bees (Medel et al., 2003).  This pollinator 

preference is driving disruptive selection in some populations of M. l. luteus (Medel et 

al., 2003). The ranges of the luteus group taxa with petal lobe anthocyanin expression, M. 

cupreus, M. l. variegatus, and M. naiandinus, are south of the range of O. leucopleurus.  

For these taxa and the M. l. luteus populations sympatric with them, Bombus dahlbomii, a 

generalist bumblebee, is the dominant pollinator. There are not significant differences in 

pollinator visitation rates based on flower pigmentation, and therefore, pollinators are not 

believed to play a role in the selection for the petal lobe anthocyanin phenotype in these 

taxa (Cooley et al., 2008).   
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Anthocyanins serve various functions in plants beyond pigmenting petals and 

attracting pollinators. They are expressed in various plant tissues, where they provide 

protection against harsh conditions.  Because of this, their biosynthesis is widely 

conserved in species throughout the plant kingdom (Chalker-Scott, 1999; Landi et al., 

2015). Anthocyanins can act as antioxidants to protect against damage from reactive 

oxygen species or as metal-chelating agents in conditions threatening metal toxicity 

(Landi et al., 2015).  They can absorb light when it is in excess, protecting plants against 

UV damage, and they are able to delay senescence in nutrient-deficient tissues (Chalker-

Scott, 1999; Landi et al., 2015).  They are also able to protect plants against freezing and 

drought (Chalker-Scott, 1999). Anthocyanin biosynthesis is induced during these various 

stress conditions in order to mitigate damage to the plant (Chalker-Scott, 1999; Landi et 

al., 2015).  Anthocyanins’ protective properties could explain how the petal anthocyanin 

phenotype may be adaptive in Chilean luteus taxa despite a lack of pollinator-mediated 

selection.   

An understanding of anthocyanin biosynthesis and its regulation is necessary to 

begin to elucidate the possible molecular mechanisms underlying the evolutionary gain of 

petal anthocyanins in luteus group taxa.  The anthocyanin biosynthetic pathway is highly 

conserved across the plant kingdom, even though it is energetically expensive (Holton 

and Cornish, 1995; Chalker-Scott, 1999). It involves a series of enzymatic reactions, each 

carried out by a distinct enzyme (Sobel and Streisfeld, 2013, figure 2A). There are some 

enzymatic variations in the pathway, which result in a variety of anthocyanin products 

that differ in color (Holton and Cornish, 1995; Clegg and Durbin, 2000). Methylation, 

acylation, and glycosylation further diversify the anthocyanin products (Ma et al., 2017). 
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Biosynthesis in the luteus group of Mimulus produces a purple/red anthocyanin pigment 

called cyanidin (figure 2A,B).  

 
Figure 2. Anthocyanin biosynthesis in Mimulus. (A) Biosynthetic pathway of cyanidin, the 
anthocyanin pigment that produces visible red and purple pigment in the luteus group Mimulus 
taxa. Anthocyanin biosynthetic pathway (ABP) enzymes are bolded.  Figure from Cooley et al. 
(2011). (B) Molecular structure of cyanidin. (C) The MBW complex is composed of R2R3 MYB, 
basic helix-loop-helix (bHLH), and WD40-repeat (WDR) proteins. The complex binds and 
activates the transcription of anthocyanin biosynthetic pathway (ABP) enzyme genes.  
 

Regulation of anthocyanin biosynthesis is also highly conserved (Holton and 

Cornish, 1995; Sobel and Streisfeld, 2013). While some aspects of its regulatory control 

are not yet fully understood, one major regulatory contributor, the MBW complex, has 

been well characterized.  The MBW complex is a transcription factor complex composed 

of three proteins: an R2R3 MYB, a basic helix-loop-helix, and a WD40-repeat (Sobel and 

Streisfeld, 2013).  The R2R3 MYB in the complex binds to the cis-regulatory regions of 

multiple genes encoding anthocyanin biosynthetic pathway enzymes and activates their 
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transcription (Sobel and Streisfeld, 2013, figure 2C).  This leads to increased expression 

of anthocyanin biosynthetic pathway enzymes and results in higher production of 

anthocyanins.  

Because of the complexity of the anthocyanin biosynthetic pathway and its 

regulation, there are many possible genetic changes that could contribute to floral 

anthocyanin phenotypic change.  Evolutionary gains or losses could result from either 

coding or cis-regulatory mutations in any of the anthocyanin biosynthesis enzyme genes 

or transcription factor genes. Mutations in both regulatory and structural genes in the 

anthocyanin biosynthetic pathway have been implicated in known mechanisms 

underlying shifts in flower pigment phenotype (Clegg and Durbin, 2000; Ma et al., 2017; 

Cronk and Ojeda, 2008; Hoballah et al., 2007). However, R2R3 MYB genes are believed 

to be the most probable causal genes in mechanisms underlying the gains or losses of 

anthocyanin pigmentation because they are the least pleiotropic genes involved in 

anthocyanin production (Sobel and Streisfeld, 2013). Studies in various plant species 

have shown that increased expression of R2R3 MYB genes results in anthocyanin 

accumulation and that mutations in the cis-regulatory promoter region of R2R3 MYB 

genes can result in altered patterns of pigmentation (Ma et al., 2017).  

MYB proteins are key regulatory transcription factors present in all eukaryotes 

(Stracke et al., 2001; Dubos et al., 2010). R2R3 MYBs are a class of MYB proteins 

unique to and highly conserved in plants. They are named for the two amino acid 

sequence repeats in their DNA binding domain that resemble the R2 and R3 repeats in 

the human c-MYB (Dubos et al., 2010). R2R3 MYBs regulate many plant-specific 

processes to occur at specific times, places, and environmental conditions (Stracke et al., 
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2001; Dubos et al., 2010). Large amounts of gene duplication of R2R3 MYBs have 

allowed paralogs to maintain the same function but become specialized in expression and 

activity over time and cell type (Dubos et al., 2010; Sobel and Steisfeld, 2013). This 

specificity of R2R3 MYB proteins’ expression and activity is regulated by a number of 

mechanisms including endogenous RNA interference, protein-protein interactions, and 

protein modifications (Dubos et al., 2010).  R2R3 MYBs are divided into 22 subgroups. 

The R2R3 MYBs involved in regulating anthocyanin biosynthesis are part of subgroup 6, 

designated by a transcription activation domain and a particular amino acid motif in the C 

terminal domain (Dubos et al., 2010). The genes encoding subgroup 6 R2R3 MYB 

proteins typically have a three-exon structure, with the subgroup 6 motif sequence in the 

third exon (Stracke et al., 2001; Dubos et al., 2010).  

To begin to understand the molecular mechanisms responsible for the 

evolutionary gains of petal anthocyanin expression in the Chilean monkeyflower luteus 

group taxa, Cooley et al. (2011) performed genomic mapping that linked petal lobe 

anthocyanin pigmentation phenotype with genomic region petal lobe anthocyanin 1 

(pla1) in M. cupreus and M. naiandinus and genomic region petal lobe anthocyanin 2 

(pla2) in M. l. variegatus.  Both of these genomic regions are rich in subgroup 6 R2R3 

MYB genes (MYBs).  The Chilean luteus group’s diploid relative M. gutattus has five 

subgroup 6 MYB genes, named MYBs 1 – 5, and MYB genes in the luteus group taxa are 

named in relation to their M. gutattus orthologs (Cooley et al., 2011). In the luteus group 

taxa, gene duplication has resulted in paralogs and genome duplication has resulted in 

homeologs of many of these MYB genes. Where there are multiple orthologs to the same 

M. gutattus gene, the luteus group MYBs are differentiated by naming with letters in 
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addition to numbers.  MYBs 1 – 3 are in pla1 while MYBs 4 – 5 are in pla2 (figure 3; 

Cooley et al., 2011).  It is hypothesized that the mechanism of the gain of petal 

anthocyanin pigmentation in M. l. variegatus involves a regulatory or coding mutation in 

one of the pla2 MYB genes while those in M. naiandinus and M. cupreus involve 

mutations in pla1 MYB genes. 

 
Figure 3. Maps of petal lobe anthocyanin (pla) genomic regions pla1 and pla2 in Mimulus luteus 
var. luteus.  Distances are in base pairs.  
 
 

Even though the gains of petal lobe anthocyanin pigmentation in M. cupreus, M. 

naiandinus, and M. l. variegatus are all hypothesized to be due to mutations in R2R3 

MYB genes, they represent independent events with separate mechanisms. The specifics 

of each mechanism remain to be elucidated. Current work in the Chilean luteus group of 

Mimulus is focused on identifying the specific genes involved in each of the petal 

anthocyanin pigmentation gains. Here, I detail progress in the projects of identifying 

these genes in M. l. variegatus and M. cupreus.  

In M. l. variegatus, petal anthocyanin phenotype is linked to genomic region pla2, 

where the genes MYB4 and MYB5 are located. MYB5 has much higher expression than 

MYB4 in M. l. variegatus petal lobes, and MYB5 is expressed at significantly higher 

levels in the purple M. l variegatus outer petal lobes compared to the yellow M. l. luteus 

outer petal lobes (Cheng and Cooley, 2015). There are two homeologs of MYB5, MYB5a 

and MYB5b.  In M. l. luteus, they are identical in coding sequence yet located in different 



11 

genomic regions, with MYB5a located in pla2. MYB5a is expressed at much higher levels 

than MYB5b, and MYB5a expression level is correlated with anthocyanin phenotype in M. 

l. variegatus and M. l. luteus (Eggert and Cooley, 2016). In M. l. variegatus, the MYB5a 

gene has a four-exon structure, as opposed the three-exon structure typical for MYB 

genes.  The fourth exon is a duplicate of the third exon.  Two splice variants of MYB5a 

are expressed, one with exons 1-2-3 and the other with exons 1-2-4.  A mutation in the 

third exon of M. l. variegatus MYB5a has changed the sequence encoding the subgroup 6 

amino acid motif, making its protein product nonfunctional as a transcription factor. The 

fourth exon, on the other hand, has a functional subgroup 6 sequence. It is thought that 

the MYB5a exons 1-2-4 splice variant is a likely candidate involved in the gain of petal 

anthocyanin pigmentation. Hereafter, M. l. variegatus MYB5a exons 1-2-4 will be 

referred to as simply MYB5 unless otherwise noted. A knockdown of MYB5 in M. l. 

variegatus resulted in reduced or eliminated petal lobe purple pigmentation, indicating 

that MYB5 is necessary for petal anthocyanin pigmentation in M. l variegatus (Om and 

Cooley, 2018).  However, it is unclear whether MYB5 is the only gene involved in the 

molecular mechanism for petal anthocyanin gain.  

  My work investigates the question of whether the MYB5 candidate is by itself 

sufficient to induce petal lobe anthocyanin pigmentation. The test for sufficiency involves 

overexpressing M. l. variegatus MYB5 in the closely related yellow-flowered M. l. luteus 

and M. cupreus (yellow morph) and observing petals for anthocyanin pigmentation. This 

experiment was performed previously, and both M. l. luteus and M. cupreus (yellow 

morph) overexpressing MYB5 exhibited additional or enlarged red nectar guide spots but 

no petal lobe anthocyanin pigmentation (Om and Cooley, 2018). After this experiment 
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was conducted, sequencing of the overexpressed MYB5 coding sequence revealed two 

nucleotide sequence errors, both encoding amino acids different than those in the natural 

M. l. variegatus MYB5 protein (Om and Cooley, 2018). Therefore, the results of this 

previous sufficiency test may not be reflective of the results for overexpressing the 

natural coding sequence of MYB5.  In this report, I detail the assembly of a new 

overexpression vector with the correct MYB5 sequence.  

 In M. cupreus, petal anthocyanin phenotype is genetically mapped to genomic 

region pla1.  Transcriptome studies of all MYB genes in pla1 showed that only MYB2b 

and MYB3a are significantly expressed in young bud petal lobe tissue, the time and place 

where anthocyanin biosynthesis is most active (Vonada and Cooley, 2017).  Both of these 

candidate genes are expressed at higher levels in the orange morph than the yellow morph 

of M. cupreus. Additionally, the yellow morph has a large deletion in MYB2b compared 

to the orange morph, which could explain the loss of anthocyanin pigmentation in that 

taxon (Vonada and Cooley, 2017).  However, this is not conclusive evidence to implicate 

MYB2b as the gene involved in anthocyanin gain or loss in M. cupreus. Both MYB2b and 

MYB3a continue to be studied as candidate causal genes for the gain of petal anthocyanin 

pigmentation. This study investigates the question of whether either MYB2b or MYB3a is 

necessary for petal lobe anthocyanin pigmentation through knockdowns of each gene in 

the orange morph of M. cupreus.  
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Methods  

Plant Materials and Growth Conditions 

Inbred Mimulus cupreus (orange morph) and Mimulus luteus var. variegatus 

plants, developed from seeds originally collected in central Chile, were grown in the 

Whitman College Rempel Greenhouse during winter and spring of 2018. Plants were 

watered by mist daily and fertilized with Open Sesame (CA, USA) flowering fertilizer 

twice per week to encourage bud growth. The greenhouse day length was 16 hours and 

temperatures ranged from 15 ºC to 30 ºC.  

 

PCR and Gel Electrophoresis 

Unless noted otherwise, Polymerase Chain Reaction (PCR) was run using G 

Bioscience Taq DNA Polymerase in provided buffer (MO, USA). Reactions were run 

with 0.2 µM forward and 0.2 µM reverse primers, 200 µM deoxyribose nucleotide tri-

phosphate (dNTP) mixture, and 0.08 U/µL enzyme. The number of cycles ranged from 

30 – 33, with the annealing temperature 3ºC below the lowest primer’s melting 

temperature and extension time calculated for the longest expected product, following 60 

seconds per 1000 base pairs.  

All PCR products were run on 1% w/v agarose gels, containing either 0.3 µg/mL 

Ethidium Bromide or 0.6X GelRed (Biotium, CA, USA). Gels were run for 30 – 40 

minutes at 125 V in Tris-acetate-EDTA buffer (TAE: 40 mM Tris, 20 mM acetate, 1 mM 

EDTA, pH 8.6).  Gels were imaged on Bio-Rad GelDoc using Bio-Rad ImageLabTM 

software.  Concentrations of PCR products were calculated from band intensity, 

determined by ImageLabTM software. 
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Primer Taxon  Gene Vector Location Sequence 
 

10L 
 

M. l. v 
 

MYB5  ____ 
 

Spans end of 5’ UTR     
and start of Exon 1 

 

TTGCAGAGCATG
GAAAACAC 

 

CACC10L 
 

M. l. v 
 

MYB5  ____ 
 

Spans end of 5’ UTR  
and start of Exon 1 

 

CACCTTGCAGAG
CATGGAAAACAC 

 

53R 
 

M. l. v 
 

MYB5  ____ 
 

End of Exon 4,  
including stop codon 

 

TTAATTAGGCCCC
AGTAGGC 

 

M13F ____  ____  

pENTR 
 

Upstream of insert  
and attL1 

 

GTAAAACGACGG
CCAG 

 

M13R ____  ____  

pENTR 
 

Downstream of insert  
and attL2  

 

CAGGAAACAGCT
ATGAC 

 

p101-35F ____  ____  

p101 
 

Upstream of insert 
 

GTTGTAAAACGA
CGGCCAGT 

 

attR2 ____  ____ 
 

p101,  
RNAi 

 

Downstream of insert, 
 in attR2 

 

CACCACTTTGTAC
AAGAAAGCTG 

 

11F 
 

M. C o 
 

MYB2b  ____ 
 

Exon 3, beginning of  
RNAi fragment 

 

CACCTGATTAATC
ATCCGAGCGAT 

 

4F 
 

M. C o 
 

MYB3a  ____ 
 

Exon 3, beginning of  
RNAi fragment 

 

CACCTCACAAGT
AGTACTGCCACCT 

 

1F 
 

M. l. v,  
M. C o 

 

GAPDH  ____  

Coding sequence 
 

TTGAAGGGAATC
TTGGGCTA 

 
2R 

 
M. l. v,  
M. C o 

 
 

GAPDH 
  
 ____ 

 

Coding sequence,  
250 bp downstream of 
1F in cDNA, 450 bp 
downstream in gDNA 

 
CATTTGACGTACC
ATAAACGAGT 

 

Table 1.   PCR primer information. In primer names, L or F signifies forward direction primer and R 
signifies reverse direction. M. l. v refers to Mimulus luteus var. variegatus and M. C o refers to Mimulus 
cupreus (orange morph).  p101 is an abbreviation for the pEARLEYGATE101 overexpression vector, and 
RNAi denotes the pB7GWIWG2(I) vector. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene 
primers 1F and 2R were used as a positive control in PCR reactions.  See figures 4 and 5 for locations of 
primers and inserts in vectors. 
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Overexpression of M. l. variegatus MYB5 

 
Isolation of M. l. variegatus MYB5  
 

The MYB5a exons 1-2-4 splice variant (MYB5) was isolated from M. l. variegatus 

cDNA.  RNA extraction from young bud petal lobe tissue and cDNA synthesis is 

described in Om and Cooley (2018).  

PCR reactions on M. l. variegatus cDNA with primers CACC10L & 53R were 

used to amplify the MYB5 coding sequence (table 1).  The use of the exon 4-specific 53R 

primer ensured that only the MYB5a exons 1-2-4 splice variant was amplified. The 

reaction was catalyzed by Phusion® High-Fidelity DNA Polymerase (New England 

BioLabs, MA, USA) and run under its recommended conditions, to produce a blunt-

ended product. The use of the 10L primer with the CACC sequence attached to its 5’ end 

yielded PCR products with a CACC overhang, necessary for ligation into the pENTR 

entry vector.  

 

Cloning M. l. variegatus MYB5 into pENTR 

MYB5 CACC blunt-ended PCR products were ligated into the pENTR entry 

vector using the pENTRTM/D-TOPOTM Cloning Kit and protocol (Thermo Fisher 

Scientific, MA, USA). The plasmid vectors were transformed into Invitrogen OneShotTM 

Top10 Chemically Competent Escherichia coli cells (Thermo Fisher Scientific, MA, 

USA), which were then grown on LB + 50 µL/mL Kanamycin selective plates at 37ºC 

overnight.  

Colonies were screened for the MYB5 insert by PCR with the M13F & M13R 

vector primers, spanning the insert. Colonies with an insert of the correct length were 
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further screened by PCR for the forward and reverse direction of the MYB5 insert using 

M13F & 53R and M13F & 10L primer sets, respectively (figure 4A). PCR products from 

colonies that showed only the forward insert were mailed to and sequenced by Eton 

Bioscience (CA, USA).  Forward and reverse direction sequences were obtained, using 

M13F and M13R as sequence starting points, respectively.  Sequence results were 

aligned to the M. l. variegatus MYB5 reference sequence in the Cooley lab database using 

Geneious molecular biology analysis software to identify errors and gene variants. 

Colonies confirmed to have the vector with the correct sequence were cultured in LB + 

50 µL/mL Kanamycin media and stored at -80 ºC in 25% v/v glycerol.  

 

Cloning M. l. variegatus MYB5 into pEARLEYGATE101  

The pENTR + MYB5 vector plasmid and Gateway Casette pEARLEYGATE101 

(p101) 35S promoter overexpression vector plasmid were isolated from E. coli glycerol 

stocks cultured overnight at 37ºC in LB + 50 µg/mL Kanamycin media using the 

ZyppyTM Plasmid Miniprep Kit (Zymo Research, CA, USA). Spectrophotometric 

readings determined plasmid purity and concentration (Nanodrop 1000, Thermo Fisher 

Scientific, MA, USA); A260/A280 readings ranging from 1.7 to 1.9 were considered 

acceptable.  

PCR was run on pENTR plasmid DNA samples with the M13F & M13R primers 

to isolate the MYB5 insert plus the adjacent attL regions necessary in the cloning reaction 

(figure 4A).  The MYB5 insert PCR product was purified using the Genomic DNA Clean 

and Concentrate Kit (Zymo Research, CA, USA).  MYB5 was cloned from the purified 

PCR product into the p101 vector plasmid using the InvitrogenTM GatewayTM LR 
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ClonaseTM II Enzyme Mix and protocol (Thermo Fisher Scientific, MA, USA), with a 1:1 

PCR product : vector molar ratio in the cloning reaction.  The reaction product was 

transformed into One ShotTM OmniMAXTM 2 T1R Chemically Competent E. coli cells, 

which were then grown on LB + 50 µg/mL Kanamycin selective plates at 37ºC overnight.  

PCR amplification of the insert from the entry vector is not called for in the LR 

ClonaseTM protocol. This step was included because both pENTR and p101 plasmids 

have Kanamycin resistance (figure 4), so PCR amplification separating the pENTR insert 

from its Kanamycin resistance gene prior to cloning ensured that the LB + Kanamycin 

plates selected for transformed colonies with the p101 plasmid rather than residual 

pENTR vector.  

Colonies were screened by PCR, using primers p101-35F & attR2 and 10L & 

attR2 (figure 4B).  The plasmids in colonies that gave products for both sets of primers 

were isolated using the ZyppyTM Plasmid Miniprep Kit (Zymo Research, CA, USA).  

Restriction digests with enzymes HinDIII HF (New England BioLabs, MA, USA) and 

EcoRI (Promega, WI, USA), following recommended protocol, were used to characterize 

the structure of these plasmids. Unmodified p101 casette plasmid was used as a positive 

control to confirm that the enzymes were working properly. Digest products were 

visualized by gel electrophoresis (see PCR and Gel Electrophoresis above).  
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Figure 4.  Plasmid maps of the (A) pENTR vector and the (B) pEARLEYGATE101 (p101) 
vector for overexpression of M. l. variegatus (M. l. v) MYB5a exons 1-2-4 (MYB5).  
 

Knockdown of M. cupreus (orange morph) MYB2b and MYB3a 

 
Plant Transformation 

Mimulus cupreus MYB2b and MYB3a pB7GWIWG2(I) RNAi vectors were 

constructed and transformed into the Agrobacterium tumefaciens strain GV3101 

previously (Cooley, unpublished data). Gene sections used for RNAi were 221 bp of 

exon 3 in M. cupreus MYB2b and 110 bp of exon 3 in M. cupreus MYB3a. Plant 

transformations with each vector were performed by an A. tumefaciens spray and then 

vacuum infiltration in M. cupreus, following Mimulus transformation protocol outlined in 

Yuan et al. (2013).  Deviations from this protocol included the following: 100 µg/mL 

Spectinomycin was used in A. tumefaciens growth medium to select for cells containing 

the pB7GWIWG2(I) RNAi vector that confers this resistance; the concentration of Silwet 
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L-77 (LEHLE SEEDS, TX, USA) in the transformation spray ranged between 0.06% to 

0.1% v/v, and M. cupreus plants were allowed to self-fertilize following infiltration. 

Seeds were collected from flowers that were the first produced after 

transformation up to those that opened 16 days later. Batches of seeds were collected 

based on date and were planted in separate flats.  Once seeds germinated, the flats were 

sprayed daily with 1:1000 dilution of glufosinate herbicide (Finale®) to select for 

transformants, as the pB7GWIWG2(I) RNAi vectors have a glufosinate resistance gene 

(figure 5). Surviving seedlings were transplanted to individual pots for further analysis. 

The number of transgenic plants per batch of seeds was recorded.  

 

Transformant Observation 

DNA was extracted from putative transgenic plants’ young leaf tissue using the 

DNeasy Plant Mini kit (Qiagen, Hilden, Germany).  Concentration and purity were 

determined by spectrophotometry (Nanodrop 1000, Thermo Fisher Scientific, MA, 

USA). The acceptable purity range was A260/A280 values from 1.5 to 1.9.  

Transgenic plants were genotyped for presence of the pB7GWIWG2(I) RNAi 

constructs by PCR.  Primers 11F & attR2 screened for the MYB2b RNAi insert, and 

primers 4F & attR2 screened for the MYB3a RNAi insert (figure 5). Flowers of wild type 

and confirmed transgenic M. cupreus were photographed against a black background 

using a smartphone.  
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Figure 5.  Plasmid maps of pB7GWIWG2(I) vectors used for (A)  M. cupreus MYB2b RNAi 
and (B) M. cupreus MYB3a RNAi experiments.  
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Results 

Overexpression of M. l. variegatus MYB5 
 
 
pEARLEYGATE101 Overexpression Vector  
 

One objective of this study was to create a Mimulus luteus var. variegatus MYB5a 

exons 1-2-4 splice variant (MYB5) overexpression vector, to be used in studying the 

question of MYB5’s sufficiency to drive petal lobe anthocyanin pigmentation. To make 

the overexpression vector, the M. l. variegatus MYB5 coding sequence was ligated into a 

pENTR entry vector, and then cloned into the pEARLEYGATE101 (p101) 

overexpression vector. The final cloning reaction and subsequent transformation into 

Escherichia coli cells was attempted several times, each time giving similar results.  The 

transformations all yielded hundreds of colonies, however, the desired p101 + MYB5 

vector was not present in any of the colonies that were screened. The results from one 

cloning attempt are discussed below and shown in figures 6 and 7.   

One method to determine the success of the p101 cloning reaction was by 

screening E. coli colonies for the p101 + MYB5 insert vector by PCR.  In the cloning and 

transformation attempt discussed here, all 10 of the colonies screened gave a product of 

the expected length of 840 base pairs (bp) for the reaction with the 10L & attR2 gene - 

vector primer pair. However, only four colonies, 1, 3, 7, and 9, gave a product of the 

expected length of 1070 bp for the reaction with the p101-35F & attR2 vector primers 

that flank the insert (figure 6).  This suggested that the 10L & attR2 primer pair was not 

selective in identifying colonies with the p101 + MYB5 insert. From PCR results, it 

appeared that colonies 1, 3, 7, and 9 contained the p101 + MYB5 plasmid.  
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Figure 6.  PCR screening for the MYB5 insert in the pEARLEYGATE101 (p101) vector.  
Escherichia coli colonies # 1-10 resulting from a p101 cloning reaction and transformation were 
screened for presence of the p101 + MYB5 vector by PCR using primer sets p101-35F & attR2 
and 10L & attR2. (-) indicates no-DNA reaction. See figure 4 for the p101 + MYB5 plasmid map, 
including primer locations.  
 
 

Restriction endonuclease digests were used as another method to determine the 

success of the p101 + MYB5 vector construction. HinDIII and EcoRI enzyme digests 

were performed on plasmid DNA from colonies 1 and 9, that each gave both expected 

products in PCR screening (figure 6). Digests were also run on unmodified p101 cassette 

plasmid as a control.  Restriction digest results and uncut plasmid samples were 

visualized on an agarose gel.  The digests of the unmodified p101 vector gave expected 

results, while those of the colony 1 and 9 plasmid samples did not show any expected 

bands (figure 7). The uncut unmodified p101 plasmid appeared as a single band at the 

expected length of around 12000 bp in the gel.  The uncut plasmid DNA samples from 

colonies 1 and 9, however, appeared as several DNA fragments. The thickest band was 

from a fragment approximately 2100 bp in length. There was a faint band around 11000 

bp in the colony 1 uncut plasmid DNA sample that possibly showed the expected p101 + 

MYB5 plasmid (figure 7E).  These results indicated that the DNA in the colony 1 and 9 

plasmid DNA samples was mostly not the expected p101 + MYB5 vector.  Instead, the 
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restriction digests for the most prominent band of DNA in the colony 1 and 9 samples 

were consistent with the expected results for the pENTR + MYB5 plasmid (figure 7).  The 

2100 bp band in the uncut plasmid and EcoRI digest possibly was supercoiled circular 

pENTR plasmid while the band around 3300 bp in the HinDIII digest was consistent with 

the length of the linearized plasmid, 3375 bp. These results indicated that the cloning 

reaction, transformation, PCR colony screening, or plasmid DNA extraction was not 

working properly, and that the desired p101 + MYB5 vector had not been successfully 

constructed and isolated.    
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Figure 7.  Restriction enzyme digests screening for the pEARLEYGATE101 (p101) + MYB5 vector.  
Plasmid maps of the (A) p101 + MYB5 insert (B) unmodified p101 cassette, and the (C) pENTR + MYB5 
insert, all with HinDIII and EcoRI cut sites indicated. (D) Expected gel electrophoresis results for uncut 
plasmid, and HinDIII and EcoRI restriction digests of the p101 + MYB5 insert plasmid, pENTR + MYB5 
insert plasmid, and unmodified p101 cassette plasmid. Bands shown for uncut plasmids and the EcoRI 
digest of pENTR + MYB5 are approximate, as supercoiling of plasmids may make bands appear further 
down on the gel than their linear length. (E) Actual gel electrophoresis results of uncut plasmid and 
restriction digests of plasmid DNA isolated from p101 + MYB5 cloning reaction colonies 1 and 9, and 
unmodified p101 plasmid. Red circles indicate the presence of expected bands.  
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MYB5 Variants  
 
 The process of constructing the p101 + MYB5 overexpression vector involved 

amplifying the MYB5 coding sequence from M. l. variegatus cDNA and ligating it into a 

pENTR entry vector before cloning into the p101 cassette. The pENTR ligation was 

performed several times, and each time, the MYB5 insert in the resulting pENTR vector 

was sequenced. The pENTR MYB5 insert sequences were aligned to the Cooley lab 

database’s MYB5 reference sequence to identify any errors.  In total, three clean MYB5 

pENTR insert sequences were obtained.  One of the sequences matched the Cooley lab 

reference exactly.  Two of the sequences, from two separate PCR and pENTR cloning 

reactions, had the same two mismatches with the reference sequence. In addition, there 

were messier sequences obtained. Some contained these same two mismatches while 

others agreed with the reference sequence at the mismatch sites. Since all the pENTR 

MYB5 inserts were derived from young bud petal lobe cDNA, these results suggest that 

there are two transcript variants of MYB5 expressed in M. l. variegatus young bud petal 

lobe tissue.  

 The reference sequence (hereafter “Variant AA”) and the newly discovered 

sequence (hereafter “Variant GG”) differ in two fourth-exon nucleotides downstream of 

the subgroup 6 amino acid motif sequence. Variant AA has adenines at the positions 582 

nucleotides and 684 nucleotides downstream of the translation start site, and Variant GG 

has guanines at both of these positions (figures 8,9).   
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At both polymorphism sites, the two MYB5 variants encode different amino acids.  

At the 582 site, Variant AA encodes asparagine while Variant GG encodes serine (figure 

9).  Asparagine’s amide group and serine’s hydroxyl group have different chemical 

properties, thus this is a non-conservative difference. At the 684 site, Variant AA encodes 

glutamic acid, with an acidic residue, while Variant GG encodes glycine, with a hydrogen 

residue (figure 9). The non-conservative amino acid differences at both of the 

polymorphism sites mean that the proteins encoded by the two variants may differ in 

structure and function, including in their potential roles as anthocyanin biosynthesis 

activators.  

The efforts to create the p101 + MYB5 vector described in the 

pEARLEYGATE101 Overexpression Vector section above involved attempting to clone 

pENTR + MYB5 Variant AA as well as pENTR + MYB5 Variant GG into p101.  None of 

the attempts were successful in creating a p101 + MYB5 vector with either variant, so 

current work remains focused on constructing two p101 overexpression vectors, one with 

each identified MYB5 variant.  
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Figure 9.  Sequence alignment of MYB5 Variant AA and Variant GG to the Cooley Lab 
database reference sequence, made using Geneious software. The two polymorphism sites, both 
located in the fourth exon of MYB5, 582 and 684 nucleotides downstream of the translation start 
site, are shown. N refers to DNA nucleotide sequence and AA refers to the protein amino acid 
sequence encoded by the nucleotides. Differences from the reference sequence are highlighted.  
 
 

Knockdown of M. cupreus (orange morph) MYB2b and MYB3a 

 
Transformation Success  

 While this study investigated the MYB5a exons 1-2-4 anthocyanin candidate gene 

in M. l. variegatus, it also explored two candidate genes, MYB2b and MYB3a, in Mimulus 

cupreus (orange morph).  To determine if MYB2b or MYB3a expression is necessary for 

petal lobe anthocyanin pigmentation in M. cupreus, buds on wild type M. cupreus plants 

were infiltrated with Agrobacterium tumefaciens containing either a MYB2b or a MYB3a 

pB7GWIWG2(I) RNAi vector to knock down expression of these genes in transgenic 

offspring.  Seeds produced by infiltrated plants were collected and planted in batches of 

approximately equal numbers of seeds.  There were batches for early- and late- produced 
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seed from each MYB2b transformation attempt, and batches for early-, middle-, and late- 

produced seeds for each MYB3a transformation attempt. Seedlings were sprayed with 

glufosinate herbicide, and those that survived were considered to be putatively 

transgenic.  The 38 wild type M. cupreus plants infiltrated with the MYB2b RNAi 

construct produced 7 putative transgenic offspring. The 44 wild type M. cupreus plants 

infiltrated with the MYB3a RNAi construct produced 8 putative transgenic offspring 

(table 2).  

 

 

RNAi 
Construct 

M. cupreus WT 
Plants 

Infiltrated 

Putative 
Transgenic 
Offspring  

Confirmed 
Transgenic 
Offspring 

Days Post-Infiltration of                 
Seed Collection of Confirmed 

Transgenic Offspring 
 
 

MYB2b 

 
 

38 

 
 

7 

 
 

7 

Early Days 27 - 38 6 
Late Days 39 + 0 
Unknown 1 

 
 
 
 
 

MYB3a 

 
 
 
 
 

44 

 
 
 
 

 
8  

 
 
 

 
 
 

7 

 
Early  
 

Days 25 - 35 1 
Days Unknown 6 

 
Middle 
 

Days 36 - 40 0 
Days Unknown 0 

 
Late 
 

Days 41 + 0 
Days Unknown 0 

Unknown 0 
 

Table 2. Transformation success of infiltrating wild type M. cupreus with the MYB2b or MYB3a 
pB7GWIWG2(I) RNAi construct.  Values represent number of individuals. Putative transgenic plants refer 
to glufosinate-resistant seedlings. Transgene presence was confirmed by PCR with primers 11F & attR2 for 
MYB2b RNAi plants and 4F & attR2 for MYB3a RNAi plants. See figure 10 for PCR results.   
 

To confirm the transgenic genotype of the putative transgenic offspring, PCR was 

used to screen gDNA for the presence of the MYB2b RNAi or MYB3a RNAi transgene.  

The results confirmed that all 7 of the MYB2b putative transgenic plants and 7 of the 8 

MYB3a putative transgenic plants contained their respective pB7GWIWG2(I) RNAi 

construct in their genomes. Wild type M. cupreus did not contain either transgene (figure 
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10).  The confirmed transgenic plants were further studied to determine the phenotypic 

results of the MYB2b and MYB3a knockdowns.  

 Six of the seven MYB2b RNAi transgenic individuals were from an early batch of 

collected seeds. For one, CoRi2b1, the batch was unknown.  All seven of the MYB3a 

RNAi transgenic plants were from an early batch of seeds (table 2).  The putative 

transgenic plant CoRi3a7 was from a middle batch of collected seeds, however, PCR 

genotyping indicated that this individual lacked the MYB3a RNAi transgene (figure 10). 

These results suggested that the buds where transgenic offspring were produced flowered 

soon after infiltration. 

  
Figure 10.  pB7GWIWG2(I) RNAi transgene genotypes of putative transgenic plants.  
PCR was run on all M. cupreus putative transgenic plants’ gDNA. (A) Primers MYB2b 11F 
& attR2 were used to screen MYB2b putative transgenic plants. (B) Primers MYB3a 4F & 
attR2 were used to screen MYB3a putative transgenic plants. Controls include PCR 
reactions with wild type (WT) M. cupreus gDNA and no DNA ((-)). GAPDH primers were 
used with M. cupreus WT gDNA as a positive control. See figure 5 for plasmid maps 
showing primer locations.  
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Transgenic Phenotypes 
 

 Flowers produced by the MYB2b and MYB3a RNAi transgenic plants were 

observed and photographed.  All transgenic plants except CoRi3a8 produced flowers.  

MYB2b RNAi transgenic plants produced flowers with petal lobes ranging in color from 

yellow to dark orange, indicating varied levels of anthocyanin production. Only one 

entirely yellow flower was produced; it was from the Myb2b RNAi transgenic plant 

CoRi2b4.  The majority of flowers displayed a dark orange phenotype indistinguishable 

from wild type M. cupreus (figure 11A,B).  Phenotypic results for the MYB3a RNAi 

transgenic plants were similar to those observed in the MYB2b RNAi transgenic plants, 

with petal lobes ranging in color from light to dark orange (figure 11C). Among both 

MYB2b and MYB3a RNAi transgenic plants, some individuals produced only flowers 

with dark orange petal lobes while others produced both dark and light flowers (figure 

11B,C).  The observed light orange or yellow petal lobe phenotypes produced in MYB2b 

RNAi and MYB3a RNAi individuals suggested that the knockdowns were at least 

partially successful in some individuals and that these knockdowns had an effect on 

anthocyanin biosynthesis in M. cupreus petal lobes.  
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Figure 11.  Flower produced by (A) wild type, (B) MYB2b RNAi transgenic, and 
(C) MYB3a RNAi transgenic M. cupreus (orange morph) plants. 
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Discussion 

In the Chilean luteus group of Mimulus, the trait of petal lobe anthocyanin 

pigmentation has been gained independently by three taxa.  Understanding this case of 

repeated evolution can help reveal the various ways in which petal anthocyanin 

pigmentation can be adaptive. Additionally, knowledge about the mechanisms 

responsible for these gains can contribute to a broader general understanding of the 

molecular processes of evolution. In this report, I outline progress in the projects of 

identifying the molecular mechanisms underlying the gains of the petal lobe anthocyanin 

phenotype in the purple-flowered Mimulus luteus var. variegatus and in the orange-

flowered Mimulus cupreus.  

 Repeated evolution of a trait is considered strong evidence that the trait is 

adaptive, as it is improbable for it to evolve multiple times by chance alone (Gompel and 

Prud’homme, 2009). Therefore, petal anthocyanin pigmentation is believed to be 

adaptive in Chilean Mimulus. The difference in petal lobe flower color among the luteus 

group taxa is not correlated to differences in pollinator preference, so other 

environmental selective factors must have played a role in the trait’s fixation in M. l. 

variegatus, M. cupreus, and M. naiandinus (Cooley et al., 2008). While the common 

yellow-flowered M. l. luteus inhabits a wide range of elevations, from sea level to 3650 

meters, the three petal-anthocyanin-expressing taxa all inhabit mostly high elevation 

areas (Cooley et al., 2008). Anthocyanins are known to protect plants against damage 

from a variety of environmental conditions, including UV light and cold temperature, 

which are prevalent at high elevations (Landi et al., 2015). This could explain how petal 

anthocyanin biosynthesis is beneficial for M. cupreus, M. l. variegatus, and M. 
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naiandinus despite its energetic cost (Chalker-Scott, 1999).  It is still unknown, however, 

how these three taxa gained the trait at a molecular level.  

 Previous work has identified the MYB5a exons 1-2-4 splice variant (MYB5) as a 

likely candidate involved in the gain of petal lobe anthocyanin pigmentation in M. l. 

variegatus (Om and Cooley, 2018).  This report shows that there are two transcript 

variants of this candidate expressed in M. l. variegatus petal lobes. Variant AA is the 

variant that has previously been explored, while the newly discovered Variant GG differs 

from Variant AA at two fourth-exon nucleotides (figures 8).  

The relationship between the two variants is unclear. One possibility is that they 

are homeologous genes, with one being MYB5a and the other, MYB5b. This is 

improbable because quantitative PCR studies have shown that MYB5b is expressed at 

very low levels in M. l. variegatus petal lobes (Eggert and Cooley, 2016).  In this study, 

both transcript variants were amplified from M. l. variegatus young bud petal lobe tissue 

cDNA multiple times, suggesting that both are expressed at considerable levels. A second 

possibility is that the two variants are different alleles of the MYB5a gene. However, the 

line of M. l. variegatus used in this study is 13 generations inbred, making heterozygosity 

unlikely, as only 4.58% of the M. l. variegatus genome is residually heterozygous 

(Vallejo-Marín et al., 2015).  It is possible that MYB5a has maintained heterozygosity 

through linkage to a recessive lethal allele. Substantiating this explanation would require 

further investigation.  A third possibility is that the two variants do not differ at the DNA 

level, but rather one of the variant’s transcripts has undergone RNA editing. This 

involves site-specific exchange of single nucleotides in mRNA transcripts.  

Mitochondrial gene RNA editing is more common and has been more widely studied 
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than nuclear gene RNA editing, however Meng et al. (2010) showed that nuclear RNA 

editing also occurs in the plant model system Arabidopsis thaliana. It is often tissue-

specific, which in the case of MYB genes could contribute to tissue-specific control of 

anthocyanin biosynthesis. However, nuclear RNA editing is most common in genes 

involved in chloroplast- or mitochondria- specific processes (Meng et al., 2010).  

Because MYB5 is not known to function in either chloroplasts or mitochondria, RNA 

editing is an unlikely mechanistic explanation for the existence of two MYB5 transcript 

variants. Therefore, based on what is known, none of these three possibilities are 

particularly likely, and further research is needed to determine the MYB5 variants’ 

relation.  

Studies that isolate MYB5 from genomic DNA in M. l. variegatus and M. l. 

variegatus x M. l. luteus hybrids could be informative.  If both variants are present in the 

M. l. variegatus gDNA, then the variants differ at the DNA level and are not produced 

through RNA editing at the transcript level.  If both M. l. variegatus MYB5 variants are 

extracted from a single hybrid plant, they must be located at different genomic locations, 

meaning that they are not alleles of the same gene. Rather, this would support that the 

two variants are homeologs. Better understanding the variants’ relation is necessary to 

elucidate the full mechanism contributing to the gain of petal anthocyanin pigmentation 

in M. l. variegatus if either variant is found to be implicated.  

The transcripts of both MYB5 variants are expressed in M. l. variegatus petal 

lobes, meaning that, potentially, the protein products of both variant are also expressed. 

The two nucleotide sequence differences between the variants each result in a non-

conservative amino acid difference between the two transcripts’ protein products (figure 
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9). These differences could distinguish the structures and functions of the two proteins.  

Therefore, it is necessary to explore the effects that each variant has on petal lobe 

anthocyanin pigmentation in M. l. variegatus separately.  

A knockdown of MYB5 in M. l. variegatus that resulted in decreased purple petal 

pigmentation indicated that MYB5 is necessary for the petal anthocyanin phenotype (Om 

and Cooley, 2018). This knockdown likely reduced expression of both the MYB5 Variant 

AA and MYB5 Variant GG transcripts due to their high sequence similarity.  Whether it 

was one or both of these variants that was responsible for the observed results remains an 

area of inquiry.  One way to distinguish between the two variants’ roles in anthocyanin 

production is to create overexpression vectors of each and use them to test the variant’s 

individual sufficiency to induce petal anthocyanin expression in closely related yellow-

flowered taxa. A previous study that overexpressed the MYB5 Variant AA coding in the 

yellow-flowered M. l. luteus and M. cupreus (yellow morph) produced flowers with an 

increased number or size of nectar guide red spots (Om and Cooley, 2018). However, the 

overexpressed sequence had two nucleotide errors, both contributing to amino acid errors 

in the MYB5 protein product. Because the overexpressed coding sequence’s protein 

product was not the same as the natural MYB5 Variant AA or Variant GG protein, the 

overexpression results may not be biologically meaningful. Therefore, it is necessary to 

construct correct overexpression vectors for each variant to proceed with investigating 

the sufficiency of each for petal lobe anthocyanin pigmentation in M. l. variegatus.  

The work outlined in this report attempted to create these overexpression vectors. 

The coding sequences of both transcript variants were PCR amplified out of M. l. 

variegatus cDNA and ligated into pENTR entry vector plasmids.  Various attempts were 
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made to clone each MYB5 variant into a pEARLEYGATE101 (p101) overexpression 

destination vector and transform it into E. coli.  All attempts yielded similar results.  

Figures 6 and 7 show the colony p101 + MYB5 vector screening results from one such 

attempt. Colonies 1 – 5 were from cloning MYB5 Variant GG into the p101 vector and 

colonies 6 – 10 were from cloning Variant AA. There were no apparent differences in the 

results between the two MYB5 variants. While several colonies gave PCR results 

consistent with the presence of the p101 + MYB5 vector, restriction digests showed that 

these colonies did not actually contain the vector (figures 6,7).  Because PCR screening 

with the p101-35F & attR2 and 10L & attR2 primer sets did not selectively identify 

colonies with the p101 + MYB5 plasmid vector, future colony screens could test different 

primer pairs to identify colonies with p101 + MYB5.  One possible set is the vector 

primer upstream of the insert, p101-35F, with the MYB5 primer located at the end of the 

gene insert, 53R (figure 4).   

While the restriction endonuclease digests for the colonies screened did not show 

the p101 + MYB5 vector, they were consistent with the presence of the pENTR vector 

(figure 7). Both pENTR and p101 vectors confer resistance to Kanamycin, and the 

colonies resulting from the p101 cloning reaction and transformation were selected using 

Kanamycin.  Therefore, the presence of pENTR in the resulting colonies was plausible 

despite efforts to isolate the MYB5 insert from the full pENTR vector before cloning. 

Moving forward, pENTR-specific primers could be utilized to identify colonies that 

contain the pENTR plasmid and eliminate them from further analysis. More specific 

colony screening by PCR along with restriction digests could perhaps find colonies that 

contain variant-specific p101 + MYB5 vectors without pENTR plasmids. This step is 
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necessary to continue toward the goal of overexpressing each variant of MYB5 in yellow-

flowered luteus group taxa to determine if either variant is sufficient to induce petal 

anthocyanin biosynthesis.  

 In M. cupreus, MYB2b and MYB3a have been identified as candidate genes 

potentially involved in the gain of the petal anthocyanin phenotype (Vonada and Cooley, 

2017). This report details the knockdown of each gene in the orange morph of M. cupreus 

to determine if the expression of either gene is necessary for petal lobe anthocyanin 

biosynthesis.  Knockdown of the genes was attempted by introducing RNA interference 

constructs into wild type M. cupreus. The approximate date post-transformation that 

successfully transformed seeds were collected was documented. Most transgenic seeds 

were collected within the early group of seed collection, less than 40 days post-

transformation (table 2).  These results indicate that for future transformation attempts in 

M. cupreus, seeds from vacuum infiltrated plants do not need to be collected past 

approximately 40 days post-infiltration.   

The phenotypic results for the knockdowns of MYB2b and MYB3a in M. cupreus 

were similar.  Most flowers produced by transgenic plants displayed the dark orange 

phenotype characteristic of wild type M. cupreus and some displayed lighter orange 

flowers with less anthocyanin pigmentation. Variation in flower phenotype within 

individual plants was observed.  One M. cupreus MYB2b knockdown plant produced a 

single yellow flower, with little to no anthocyanins present (figure 11).  These results 

suggest that both of MYB2b and MYB3a may be somewhat involved in petal anthocyanin 

pigmentation in M. cupreus. To verify this, however, it is necessary to show that MYB2b 
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and MYB3a expression levels are reduced in the young bud petal lobes of the respective 

transgenic plants that display lowered anthocyanin accumulation.  

There are several possible explanations for the similarity between the MYB2b and 

MYB3a knockdowns and the lack of a consistent strong transgenic phenotype. The 

similarity of the results between the two gene knockdowns could be explained through 

non-specific knockdown of both MYB2b and MYB3a from one or both of the RNAi 

constructs, due to the sequence similarity of their target genes. If this is the case, it is 

unclear which of the two genes could be producing the decreased expression of 

anthocyanins. Measuring both MYB2b and MYB3a expression in both transgenic lines 

would indicate if the RNAi constructs are or are not specific. If they are not, the RNAi 

vector constructs would need to be re-made using different sections of the MYB2b and 

MYB3a genes that are more specific in sequence to their respective targets. These new 

RNAi vectors could be transformed into M. cupreus to investigate the effects of knocking 

down the genes individually.   

Another explanation for the similarity of results is that MYB2b and MYB3a act 

redundantly in function to activate anthocyanin production.  This could also explain the 

absence of a strong transgenic phenotype. If the gene knockdowns performed in this 

study were successful and the genes act redundantly, while one gene was knocked down 

in expression, the other still functioned to allow for some level of anthocyanin 

biosynthesis.  Perhaps this level was not as high as in wild type M. cupreus where both 

genes are expressed. A further study involving knockdowns of both MYB2b and MYB3a 

in the same plant could answer the question of whether the two genes act redundantly and 
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may perhaps both be causal genes in the evolutionary gain of petal lobe anthocyanin 

pigmentation in M. cupreus. 

 With the exception of a single yellow flower produced by a MYB2b knockdown 

transgenic plant, the results of this study did not show strong transgenic phenotypes, and 

many flowers produced by the transgenic plants were indistinguishable from the wild 

type flowers. One possible explanation for this is that the transgene was not being highly 

expressed and that the MYB2b and MYB3a target genes were therefore not being silenced.  

In plants, spontaneous DNA methylation and subsequent conversion to heterochromatin, 

usually employed to protect against invasive elements, has been reported as a mechanism 

responsible for silencing transgene expression (Weinhold et al., 2013). While this is most 

common after several generations in transgenic lines, de novo methylation can also occur 

during vegetative growth. Additionally, transgene methylation can be variable among 

individuals of the same generation and even among plant tissues of the same plant 

(Weinhold et al., 2013).  It is therefore possible that the variable transgenic phenotypes 

observed in MYB2b and MYB3a RNAi M. cupreus were the result of variable transgene 

silencing through DNA methylation that accumulated during growth since the plants 

exhibited resistance to glufosinate as seedlings, which indicated transgene expression.  

If the transgene was expressed, it is also possible that it was not fully functioning 

to knockdown the expression of MYB2b or MYB3a. Previous RNAi gene knockdown 

attempts in Mimulus using the same methods as used in this study recorded decreased 

expression of the target genes by 70 – 90% (Yuan et al., 2014). Therefore, the incomplete 

knockdown of anthocyanin biosynthesis observed in this study could be due to residual 

MYB2b or MYB3a expression. Quantitative PCR measuring expression of the transgene 
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as well as of MYB2b and MYB3a in transgenic and wild type M. cupreus would be 

informative. While further expression studies are necessary to better understand the 

results presented here, it appears that MYB2b, MYB3a, or both, are likely involved in 

petal anthocyanin pigmentation in M. cupreus.  

Knowing the causal genes in the evolutionary gains of petal lobe anthocyanin 

pigmentation in M. l. variegatus and M. cupreus, as well as in M. naiandinus, is 

necessary to determine the molecular mechanisms underlying these gains.  Once causal 

genes have been identified and confirmed as necessary and sufficient for anthocyanin 

biosynthesis, comparing them to their orthologs in closely related yellow-flowered taxa 

could identify how they were modified to enable the gain of petal anthocyanin 

pigmentation. The most likely mechanisms to be involved in evolutionary phenotypic 

change are those that produce the fewest negative pleiotropic effects (Sobel and 

Streisfeld, 2013; Stern and Orgogozo, 2009; Gompel and Prud’homme, 2009). The least 

pleiotropic genes involved in anthocyanin biosynthesis are regulatory R2R3 MYB  (MYB) 

genes (Sobel and Streisfeld, 2013).  Therefore, past and current results in Chilean luteus 

group taxa that point to MYB genes as likely causal genes for petal anthocyanin gain are 

consistent with this understanding of molecular evolution.  

 Gene duplication may play a role in the mechanisms underlying the evolutionary 

gains of petal anthocyanin pigmentation. Duplicated genes provide raw genetic material, 

in both regulatory and coding regions, that can be mutated without disrupting the function 

of the other gene copy. Occasionally, such mutations result in a gene with a modified 

function, or more commonly, a new expression pattern. This is a prevalent mechanism of 

evolution in all three domains of life (Zhang, 2003). Chilean luteus group taxa recently 
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underwent a full genome duplication, making them tetraploid. Additionally, many pla1 

MYB genes have been duplicated since these taxa diverged from their closest North 

American relative, M. guttatus (Beardsley and Olmstead, 2002). Current candidate genes 

thought to be involved in the evolutionary gain of petal anthocyanin pigmentation in M. l. 

variegatus and M. cupreus are recently duplicated genes. In M. cupreus, MYB2b and 

MYB3a both represent recently duplicated paralogs.  In M. l. variegatus, MYB5a is a 

homeolog of MYB5b, and the exon 1-2-4 splice variant is the product of an exon 

duplication.  The two variants of MYB5a exons 1-2-4 provide another example of 

modification to one copy of a gene or transcript. Based on what is currently known, it 

appears that the duplication of MYB genes and subsequent modification to allow for new 

function or expression pattern are involved in the mechanisms of petal anthocyanin gain 

in Chilean luteus group taxa.  

The exact mechanisms underlying the gains of petal lobe anthocyanin 

pigmentation in Chilean Mimulus are not yet fully understood. It remains unclear whether 

the causal changes in MYB genes are mutations in the coding or cis-regulatory regions of 

the supposed MYB causal genes, or if the functional divergence could be the result of 

heritable epimutation in cytosine methylation, affecting gene expression (Johannes and 

Schmitz, 2019).  The regulation of the specific causal MYB genes, which could be 

through a variety of mechanisms, from endogenous RNA interference at the 

transcriptional or post-transcriptional level, or protein- protein interactions or 

modifications post-translation, is also still unknown (Dubos et al., 2010). Further research 

is needed identify the exact mechanisms of evolutionary gain and determine how they are 

similar to and different from each other and other examples of molecular evolution in 
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order to better understand how molecular mechanisms function to produce adaptive 

phenotypic change.  
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