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Abstract 

 Hybrid novelty can arise from an interaction of two distinct genomes and plays a 

role in evolution and development of new phenotypes. Flowering plants such as the 

Mimulus genus act as good model systems for studying these genomic interactions, often 

producing unique, observable, and measurable phenotypic traits in hybrid populations. To 

understand some of the more spatially complex traits that are a result of hybridization, 

new tools are needed for quantifying petal pigmentation. In this study, we develop and 

test a streamlined method for analyzing complex phenotypes that can then be compared 

to genotypes for determining underlying genetic controls of observable traits. An F2 

hybrid population of Mimulus luteus var.  variegatus x Mimulus cupreus was used as an 

experimental platform. Multiple floral pigmentation traits, including anthocyanin 

proportion, carotenoid intensity, and spatial distribution of anthocyanin spots were 

analyzed using the method. Readily available imaging software, MATLAB scripts, 

Python, and high-throughput genomic sequencing were used to quantify the phenotypes 

and genotypes within the population. The genome wide association survey program 

called TASSEL was used to combine the phenotypic and genotypic data to genetically 

map the observable traits to regions of the genome. Our findings identify multiple regions 

of the genome that are strongly correlated to variation in specific quantified color 

patterning traits.  
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Introduction 

Hybridization, the process of mating two different organisms to create a hybrid, 

has been known to be a force for phenotypic complexity and adaptive evolution (1- 4). 

Through processes such as recombination and transgressive segregation, hybridization 

can produce evolutionary novelty (3). When two genomes are forced to interact, new 

gene combinations create change that may have an impact on the hybrid’s success, from 

speciation to extinction. However, the mechanisms by which distinct genomes interact to 

yield novel traits are not well understood.  

The process of understanding hybrid genome interactions has been aided by 

recent advances in genotyping and molecular analysis tools that have changed the face of 

genetic mapping. With genotyping becoming much more affordable and commonplace, 

the ability to genetically map specific traits now hinges critically on the capacity for 

phenotyping those traits (5). As a result, there has been a methodological bias towards 

studies of traits that are easily measured. And yet, there are many biologically important 

traits that are spatially complex, whose study could help us better understand the 

evolution of developmental processes.  

One approach for discerning the impact of hybridization on development is 

through the use of color patterning traits. Over a century of evolutionary and genetic 

research has led to a deep understanding of simple, Mendelian coloration traits (6). 

Pigments and patterns on organisms such as butterflies, flies, and lizards have been 

studied for years to determine the genetic basis for the phenotypic coloration (7). Pigment 

genes often generate traits that range from simple to complex in nature and can be 

evolutionarily significant as in aspects of pollinator association and habitat adaptations 
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(8, 9). Now, researchers are becoming more interested in delving into the more spatially 

complex aspects of color patterning, looking to push the system further and gain a more 

complete picture of how the biochemistry of pigmentation can impact the ecology and 

evolution of a species (10).  

Color patterning is an example of a trait that encourages the study of both 

spatially complex traits and the mechanisms of hybrid novelty, and using color patterning 

in flowering plants to study phenotypic evolution is a classic system (11). The two most 

common classes of pigmentation that create the color patterning seen on flowers are 

anthocyanins, which are purple and red pigments, and carotenoids, which are yellow and 

orange pigments. Hybridization of genotypes can be readily visible through such 

pigmentation phenotypes and is generally non-lethal, making flowering plants fitting 

organisms of study for inter-genomic interactions. These characteristics, along with ease 

of maintaining populations, fast generational turnover, and richness in evolutionarily 

compelling traits reinforces the potential of plant species to help answer questions about 

the evolutionary and genetic processes that create and maintain variation.  

In particular, the monkeyflower genus Mimulus has emerged as a model for 

evolutionary novelty and floral pigmentation because the genus is characterized by a 

wide array of phenotypic diversity, diverse habitats, and distinguishing flower 

pigmentation (12, 13). This wide array of closely related, yet genetically distinct species 

provides a useful experimental platform for analyzing speciation through hybridization 

and hybrid phenotypic novelty. Due to these characteristics, a scientific community has 

emerged that engages with the Mimulus genus. Previous studies have included the genetic 

control of anthocyanin (purple) pigmentation in M. aurantiacus and M. gutattus (14,15), 

pollinator mediated isolation between M. lewisii and M. cardinalis through pigment 
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expression changes (16), and assessing the adaptive value of a carotenoid (yellow) 

pigment locus in M. lewisii and M. cardinalis (17). There have been numerous 

foundational studies into floral pigmentation in the Mimulus genus, but many of the more 

spatially complex phenotypic traits remain unstudied. 

One of these complex traits can be seen in a hybrid of two species from the luteus 

complex. This group within the Mimulus genus is useful in this type of research because 

it is well-studied, with in-depth knowledge about species relatedness, habitat, ancestral 

state, and methods of reproduction (12). Members of the luteus group have solid color 

patterning on their petal lobes, with either purple anthocyanin or yellow carotenoid 

pigment (or both) covering most of their petals. When two of these luteus complex 

species, Mimulus luteus var. variegatus and Mimulus cupreus, are crossed, the F1 and F2 

hybrid flowers have a previously unseen speckling pattern of anthocyanin over a 

carotenoid background (Figure 1). This example of hybridization yielding a novel 

phenotype creates an opportunity to study the system of hybrid genome interaction.  

Looking at these specific hybrid phenotypes led to the question of the genetic 

basis of complex pigmentation patterning and hybrid novelty. How are the genomes of 

the two parental species interacting to produce novel traits? By selfing these F1s, a 

mapping population of F2s was created that could be used to perform genetic linkage 

mapping in order to identify the genetic basis for its complex coloration and patterning 

phenotypes (Fig. 1). To answer the question of genomic interaction, linkage mapping is 

one of the best ways to compare genotype to phenotype. Linkage mapping utilizes 

sequencing data and related genomes to establish an organized map of the genome. This 

map allows for specific regions of the genome to be identified as functional sequences 
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when they are matched to a specific quantified trait. The first step in linkage mapping is 

to quantify variation in the trait of interest.  

 

 

 

 

 

Figure 1. Phenotypes from a cross between M. cupreus, a species with solid carotenoid pigment, and M.l.  
variegatus, a species with solid anthocyanin pigment. The F1 displays a complex and variable speckling 
phenotype not present in either parent. The F2 population was obtained by self-fertilizing an F1. Figure 
created by Aaron Williams.  

 

Previous studies in other flower systems have used image processing software 

that allows complex traits to be quantified. Studies have created pipelines to address 

different types of complex phenotypes, from a system to measure inflorescences (18) to 

simple proportion pigmentation analysis (19). However, the spatial variation of the 

phenotypes in this Mimulus hybrid require a more in depth and comprehensive analysis 

of the individual spots and their patterning due to the wide range of spot size, 

distribution, and aggregations. 

In order to understand the genomic interactions in this example of hybridization, 

an association analysis was used as the general approach. Phenotypes and genotypes are 

compared and mapped to a known genome. This study quantifies and genetically maps 

the variable, unique, and spatially complex pigmentation seen on the F2 flowers of a 

cross between solid purple Mimulus luteus var. variegatus and solid yellow Mimulus 

cupreus through MATLAB and Python image analysis software. 

 

 
F2 
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Methods 

Genetic Materials and Growing Conditions 

 

The plants for this study were grown in greenhouses at Whitman College in Walla 

Walla, WA, and at the College of William and Mary in Williamsburg, VA. Hybrid F2 

plants were generated by pollinating 13th generation inbred Mimulus luteus var. 

variegatus (Mlv RC6) with 10th generation inbred Mimulus cupreus (Cy 43) and then 

self-fertilizing the F1 population. A mapping population of approximately 353 F2 plants 

was grown in 2” plastic pots using indoor/outdoor growing mix. Supplemental lighting 

was used to generate 14-hour days. Plants were watered daily with an automated mister at 

Whitman College, and by hand at the College of William and Mary. 

 

Phenotype Documentation 

 

A minimum of two flowers per F2 plant were collected for imaging. Flowers were 

collected as soon as they opened to ensure no water damage from the misting system and 

to minimize other environmental influences. From each flower, the two dorsal petals and 

the central ventral petal were cut at the end of the nectar guide and placed face-up on a 

strip of white tape. Two dorsal petals were used to control for variation across the midline 

of the flower, and using both dorsal and ventral petals provided minimal yet robust 

coverage of the flowers pigmentation phenotype. The tape was marked with a unique 

identifier for the plant the flower was taken from along with the bloom number (F1, F2, 

F3 or F4 based on order of blooming). Petals were placed on the tape in the order: Upper 

Left, Upper Right, Lower Central (Figure 2).  
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Figure 2. The petal delineation and process for phenotype documentation. On the left are the petals that are 
used in the pigmentation spatial analysis, with the numbers representing the order they are placed on the 
tape. On the right is an example of the naming of each flower and what the phenotyping images look like. 
Figure created by Aaron Williams.  
 

The tape strips of petals were photographed in a darkroom. A single 60-watt bulb 

was used to provide illumination and standardize the photographs, along with a color 

standard background and a ruler. The photographs were taken using an Olympus VG-120 

digital camera (Whitman College), and a Nikon D3200 (William and Mary).  

 

Phenotype Quantification 

 

 Each standardized photo was cropped and rotated in Gimp v. 2.10.8 

(https://www.gimp.org/) so that only the tape background and petals were visible.  

 

Matlab Analysis: 

Matlab v. R2018a (The MathWorks, Inc.) was used to produce .mat data files 

from raw .jpg images. Using k-means clustering, each pixel was forced into three color 

options, background (tape), yellow (carotenoid), or red (anthocyanin) (Figure 3). These 

.mat files could then be read by individual scripts that extracted the desired information 

from the .mat files. This data included the number of pixels that correspond to red or 
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yellow pigment and the total number of pixels for each petal. Some images could not 

easily be clustered using k-means and needed to be clustered by hand using fixed centers. 

This involved setting the baseline color of red, yellow, and background manually in 

Matlab for each problematic image. 

 

 

 

 

 

 

 

 

Figure 3. Representation of the different steps in the phenotype quantifying pipeline. The top of the figure 
is the raw image, the center of the figure is the results of Matlab k-means clustering, with the first of each 
pair illustrating the outline of each petal and the second showing the anthocyanin pigmentation found by 
the algorithm, and the bottom of the figure shows the Python rendering of spatially explicit polygon objects 
of petals and spots. 
 

The one phenotypic trait that was calculated using Matlab was the proportion 

anthocyanin. The total number of ‘red’ pixels was compared to the total number of pixels 

that was found for each petal. This data was combined and averaged across the two to 

four replicate flowers per plant into two quantified traits for each plant, Upper Petal 

Proportion Anthocyanin and Lower Petal Proportion Anthocyanin. 

Python Analysis: 

 The data stored in the .mat files was imported into Python and a custom package 

converted the pixel data into digitized “maps” of the petals, labelling each anthocyanin 

spot as a polygon. Each petal was saved as a geojson file and spatial information was 
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gathered on the pigmentation of each petal. The petals were divided into zones to better 

interpret spatial data (Figure 4).  

 

 

 

 

 

 

Figure 4. A representation of the zones and quadrants that the petals were divided into. These zonations 
allowed for more controlled spatial information on the spot distribution to be obtained. On the left, the 
throat zone, edge zone, and central zone are shown. On the right, the four quadrants are shown.  
 

The petal spatial traits are summarized below: 

 
1) General Polygon Info  

a) Average Spot Size 
b) Number of Spots 
c) Largest Spot 

 
2) Centeredness 

a) Number of spots in the central zone 
b) Percentage of center covered by spots 
c) Average distance to center from all spots 

 
3) Edgeness 

a) Number of spots in edge zones 
b) Percentage of total spots in edge zones 
c) Percent of edge zone covered by spots 
d) Average distance from all spots to edge 

 
4) Throat Info 

a) Number of spots in throat zone 
b) Percentage of total spots in throat zone 
c) Percentage of throat zone covered by spots 

 
5) Quadrant Info 
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a) Number of spots in each of the four quadrants (proximal, distal, lower, 
upper) 

b) Percentage of spots in each of the four quadrants (proximal, distal, lower, 
upper) 

 

The documentation for the Python code and the overall coding pipeline can be 

read here: 

https://nbviewer.jupyter.org/github/danchurch/mimulusSpeckling/blob/master/make_poly

gons/notebooks/petals_to_polygons.ipynb 

 

By-Eye Traits: 

Some of the obvious visible phenotypes that can be seen on the petals were unable 

to be quantified using the same method as the other traits. For example, the carotenoid 

intensity could not be measured using the polygon method because the distribution of 

carotenoid pigment is even rather than patterned. These additional traits were scored by 

eye, looking at the petal images and giving a numerical score for each trait. Some 

examples of these traits are shown in Figure 5. The different traits and their quantification 

systems are laid out below: 

a. Carotenoid Intensity - Darkness of carotenoid pigment, scored as low, medium, or 
high (0, .5, or 1).  

b. All Yellow - Score of 1 if no anthocyanin pigment, or 0 if any anthocyanin 
pigment is present on the petal. 

c. Blush - Score of 1 if any of the petals had a blush of pigment, or 0 if no “blush” is 
present.  

d. Tip Spot - Score of 1 if the two upper petals only have a spot at the tip of the 
petal.  

e. Rim - Amount of rim covered by spots, scored as low, medium, or high (0, 0.5, or 
1). 

f. Huge Spot - Score of 1 if there is a spot that covers nearly all of the petal. 
g. Column - Score of 1 if there was a majority of the central column of the lower 

petal covered with anthocyanin pigment.  
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h. Spray - Score of 1 if there is a spray of spots coming up from the throat on the 
two upper petals.  
 

Figure 5. Examples of by-eye scored traits. a) shows a petal that would receive a column score of 1 b) 
shows an example of a petal with a full rim score c) shows a spray of pigment on a petal that would get a 
score of 1 for that trait and d) highlights a petal with a score of 1 for ‘blush’.  
 

Phenotype File: 

 Once all of the traits had been quantified, they were saved in an Excel file, and the 

values across flowers of the same plant were averaged, giving a single value to each plant 

for each trait. Some traits that varied across petals on a single flower were given two 

separate scores, for upper petals and the lower petal. The two upper (dorsal) petals were 

able to have a combined score because there is no statistical different between them 

(unpublished data). The scores for the upper and lower (ventral) petals were kept separate 

because their patterns and traits were quite distinct. These traits included anthocyanin 

proportion and the principle component values. This file was then converted into a .txt 

file, which was able to be imported into the Genotyping By Sequencing program, 

TASSEL (Bradbury et al., 2007). The phenotype file was formatted according to 

TASSEL’s specifications.  

 

PCA Analysis: 

The Python phenotype quantification resulted in 95 traits. This wide range of 

traits gave us a rigorous platform on which to run genetic mapping. A Principle 
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Component Analysis was run on all of the Python generated trait values to condense the 

multitude of traits into principal components that account for the majority of the variation 

seen in the phenotype. The PCA was run in R using the phenotype file. Four principal 

components for both the upper and lower petals were taken and were substituted for all of 

the individual Python generated traits. A PCA was also run on the By-Eye Traits, but 

they were kept as separate values in the phenotype file, along with the two Matlab traits, 

to allow the system to find smaller, more specific associations.   

 

DNA Sample Preparation 

 

 In order to obtain DNA for sequencing, 0.09 - 0.10 grams of fresh leaf tissue were 

collected from each F2 plant. Tissue samples placed in labeled microcentrifuge tubes 

were snap frozen in liquid nitrogen and then stored at -80°C until ready for the DNA to 

be extracted.  

 DNA was extracted from the leaf tissue using a Qiagen DNeasy Plant Mini Kit. 

The standard protocol was followed except for the double elution at the end, where we 

used 30-35 uL of warm dH20 and then collected the eluate and put it back onto the 

column for a second elution. Purity and concentration of the DNA was checked using 

either a Nanodrop Lite (Whitman) or an Invitrogen Qubit 4 Fluorometer (William and 

Mary). Samples were re-extracted if the concentration was below 10 ng/uL or if the 

A260/A280 ratio was below 1.4. The successfully extracted DNA was stored in a -80°C 

freezer until ready to be sent for sequencing. The Whitman Lab sent their samples in dry 

ice to William and Mary to be loaded and sent for sequencing. The William and Mary 
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Lab loaded plates with 100 ng of each sample, filling one well with water as a blank on 

each plate. These plates were sent to Duke University for Illumina genome sequencing.  

 

Sequencing and GBS Library Formation (College of William and Mary Work) 

 

Bowtie2 v2.3.4.3 (Langmean & Salzberg, 2012) was used to align all samples to 

the M. gutattus reference genome. Picard v2.18.23 (Picard 2018 Toolkit) was used to 

index and sort bam files, as well as add and replace read groups. GATK Unified 

Genotyper (DePristo et al., 2011) was used to call SNPs. For more detailed parameters in 

our sequence processing, see supplementary materials. 

 

DNA File Filtering and Import into TASSEL 

 

 Once the DNA sequencing files were sorted and aligned to the reference genome 

in the William and Mary lab, the files were sent to the Whitman lab to be filtered and 

uploaded into the genotyping by sequencing program, TASSEL. The DNA files for the 

350 individual plants came to the Whitman lab at around 20 giga-bytes in size, and they 

needed to be in the megabyte range for uploading into TASSEL. Filtering of the DNA 

files on the command line was done using the awk command to filter out any lines that 

had no genotyping information. The TASSEL command line was used to sort the file into 

a readable format for TASSEL, and filters were imposed for minimum minor allele 

frequency (0.2) and minimum taxa (250 out of 357) with a read at each site. This way, the 

program was only using the best sites with the most coverage to do its analysis.  
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 The filtered DNA sequencing file was uploaded into TASSEL along with the 

quantified and condensed phenotype file.  

 

TASSEL GBS Pipeline 

  

 Once the files were in TASSEL, a General Linear Model (GLM) Association 

Analysis was run on the phenotyping file. The resulting file, along with the DNA 

sequencing file, were combined using the Intersect Join command. Another GLM 

analysis was run on the single, combined file, with 1000 permutations. This analysis 

creates an output stats file that contains the p-values for the phenotype genotype 

association at each SNP location for each phenotypic trait. Once this stats file was made, 

Manhattan Plots were created for each phenotypic trait using the p-values from the stats 

file. 

 

Statistical Analyses 

 

 To determine the significance threshold for the Manhattan Plots, we used the 

population size for our study, 353 individuals, and a Benjamini-Hochberg procedure to 

correct for multiple testing. This set the significance threshold at 6.0 for the -log(p-value). 

Other statistical analyses were run by the Puzey Lab and will be included once shared.  

 

Identifying Possible Genes of Interest 

  

 The genomic locations of the peaks from the Manhattan plots were ascertained 

using the -log(p values) that came back in the stats file from the TASSEL GLM. The -
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log(p values) were sorted and the locations of SNPs above the significance threshold 

were used to define the genomic boundaries of the peak. For each peak, the stretch of 

chromosome passing the significance threshold was compared to an annotated genome 

for M. gutattus in order to identify possible genes of interest that may play a role in 

regulating the individual trait. The upper and lower bounds of the peak were recorded and 

matched to their associated gene markers.  
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Results 

Condensing Quantified Traits into Principle Components Using a PCA 

 

One way of viewing the relative importance of different traits and understanding 

how much each trait accounts for the quantified variation in phenotype is through a 

Principle Component Analysis. The Principle Component Analysis run on all of the 

Python traits condensed 95 quantified traits into 8 Principle Component traits which 

account for 63% of the observed variation in phenotype (Figure 6). These new quantified 

Principle Component traits were used in the phenotype file that was loaded and analyzed 

in TASSEL. A PCA was also run on the 8 By-Eye traits, which were discussed in the 

Methods, but the principle component values for those traits were not used in the 

TASSEL analysis in order to maintain the ability of the pipeline to find multiple regions 

of interest.  

 
Figure 6. Principle component analysis loadings plots for the quantified phenotype traits. These plots show 
how different traits contributed to the individual components. The x axes are the impact on Principle 
Component 1 and the y axes are the impact on Principle Component 2. The plot on the left includes only 
the by eye traits while the plot on the right includes all 105 quantified traits.  
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Associating Phenotypic Traits with Genetic Polymorphisms 

 

 The final outputs from TASSEL, the program used to compare genome 

sequencing data to quantified phenotypic values, were Manhattan plots. These outputs are 

scatter plots that highlight the strongest associations between single nucleotide 

polymorphisms (SNPs) and the specific quantified phenotypic traits. These plots 

incorporated all 353 individual plants that were sequenced for this project. We created 

plots for all of the traits that we quantified: 2 traits from Matlab, 8 by-eye traits, and 8 

principle component traits (4 each for upper and lower petals). The significance threshold 

for peaks on these plots was set at 6.00 based on the Benjamini-Hochberg correction for 

multiple testing. 

 The results we found were grouped by genomic region, based on alignment to the 

M. guttatus reference genome. The largest group of traits (6 out of 19) was strongly 

associated with an early segment of M. guttatus Chromosome 12 (Figure 7). This region 

has been linked previously to anthocyanin regulating genes known as Mybs (13, 15).  
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Figure 7. Manhattan plots with a significant peak at an early segment of Chromosome 12. X axis shows the 
SNPs aligned by chromosome and the y axis indicates the -log p-value for each SNP. The upper left plot is 
for the lower petal Proportion Red trait obtained from Matlab. The upper right plot is for the largest 
principal component trait of the lower petals, formed from Python traits compiled in a PCA. The lower left 
plot is for the Rim Coverage by-eye trait. The lower right plot is for the by-eye trait of All Yellow (absence 
of anthocyanin). These diverse traits seem to have an important chromosomal region in common.  
 

The by-eye trait of carotenoid intensity was associated with a very different 

region from the anthocyanin related traits. Chromosome 6 showed very high association 

with the phenotypic trait of yellow pigment intensity (Figure 8).  

Figure 8. Manhattan plot for by-eye carotenoid intensity trait. The significant peak for this trait is seen at 
the start of Chromosome 6. This suggests that this trait is controlled by different genes than the traits with 
significant peaks in Chromosome 12. The images on the right illustrate the by-eye quantification of the 
carotenoid intensity. Top is 0, Middle is 0.5, and Bottom is 1.  
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 Other peaks of interest were found on Chromosome 8, for the by-eye traits Huge 

Spot and Tip Spot Only along with PC2upper. Chromosome 1 also had peaks for two 

traits, Principal Components PC2upper and PC4lower. Chromosome 14 was also 

indicated by the PC4lower trait (Figure 9). The Manhattan Plots for all of the other traits 

can be seen in the Figure Supplement.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Manhattan plots for by-eye and principal component traits that indicate two other chromosome 
regions of interest. Peaks are highlighted with a red oval. Top left graph is of the by-eye trait Huge Spot. 
Top right graph is of the principal component trait PC2upper. The bottom left graph is of the by-eye trait 
Tip Spots Only. The bottom right graph is of the principal component trait PC4lower. These graphs reveal 
new regions of interest in Chromosome 8, 1, and 14.  
 
Identifying Chromosomal Regions of Interest 

 

The peaks from the Manhattan plots provided us with information on where to 

search the genome for genes of interest relating to our traits (Table 1). There is not 

currently an annotated genome for Mimulus luteus, so we compared chromosomal 

regions to the Mimulus gutattus genome, the closest relative with an annotated genome. 

The gene notation bounds can be used to search for specific genes of interest.  
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Table 1. Chromosomal location of peaks from Manhattan plots. The lower and upper bounds of the peak 
were found by finding the farthest SNPs of the peak that were still above the significance threshold for the 
plots. The upper and lower bound gene notations came from the annotated Mimulus gutattus genome. All 
of the traits in this table are related to anthocyanin patterning except ‘C Value’, which represents variation 
in carotenoid intensity. 
 

Peak Location Lower 
Bound 

Upper Bound Lower Bound Gene 
Notation 

Upper Bound 
Gene Notation 

Traits that Map to 
the Region 

Chromosome 1 111,470 1,473,967 Migut.A00022 Migut.A00290 PC2, PC4 

Chromosome 6 79,795 2,570,316 Migut.F00010 Migut.F00550 C Value  

Chromosome 8 1,714,781 14,977,787 Migut.H00296 Migut.H01266 Tip Spots Only, 
Huge Spot 

Chromosome 12 649,467 7,403,008 Migut.L00096 Migut.L00562 Proportion 
Anthocyanin, Rim, 
PC1, All Yellow 

Chromosome 14 804,702 9,706,448 Migut.N00175 Migut.N01352 PC4 
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Discussion 

 
 This project resulted in a computerized image analysis pipeline for quantifying 

complex phenotypes and also identified numerous genomic regions of interest for those 

complex color patterning traits. Our genetic architecture results show that hybrid 

anthocyanin patterning phenotypes are controlled by a number of different genes spread 

over the genome, whereas variation in yellow carotenoid pigmentation has a simple 

genetic architecture.  

 Our single trait for carotenoid pigment was the C-Value score that indicated level 

of carotenoid intensity. The loss of this pigment in the parental species M. l. variegatus is 

derived in the context of the luteus complex. This pigment is under-studied compared to 

anthocyanins, but our QTL mapping results revealed a very strong peak within 

Chromosome 6. There was a single obvious locus, suggesting that this pigmentation loss 

may be controlled by simple genetic architecture. It has also recently been shown in other 

research that there is a candidate R2R3-MYB transcription factor for carotenoid 

biosynthesis that co-localizes within this region of the genome (20). If this transcription 

factor is confirmed to have a major role in controlling carotenoids, it could be utilized as 

a tool in genetic engineering to increase carotenoid production in crops. This in turn 

could enhance pollination rates and crop production. It seems the non-patterned variation 

observed in this phenotypic trait of carotenoid intensity is defined by a single locus. 

The anthocyanin pigment phenotypes are another story. This trait was so broad 

and complex that we needed to separate it into numerous, more specific phenotypes in 

order to detect loci of smaller effect. QTL peaks for aspects of this umbrella trait were 

identified within four different chromosomes. Chromosome 12 contained a peak in six of 



21 

the produced Manhattan Plots, including Proportion Red, Rim, All Yellow, and a number 

of the Principal Component traits. This overlap reinforces that many of the traits that we 

looked at are stemming from the same molecular pathway; these traits are all linked 

through their genetic controls. Chromosome 12 has also been linked in previous research 

as the location of numerous MYB factors that are important in the biosynthesis of 

anthocyanin, specifically the genes of the pla2/Myb5 locus (13, 15). Variation in these 

genes is a primary cause of anthocyanin phenotype differences in multiple Mimulus 

species (13). The peak in Chromosome 8 was included in the traits TipSpotsOnly and 

Huge Spot. This is interesting because these traits represent the two ends of the 

anthocyanin pigmentation spectrum, from the smallest amount of pigmentation possible 

(Tip Spot Only) to the largest amount of pigment seen in the F2 population (Huge Spot). 

It is possible that the linked locus could house a regulatory gene that controls minimal 

and maximal spreading of anthocyanin, if the anthocyanin pigment is already being 

produced. We hypothesize that having the allele from M. variegatus leads to the huge 

spot, but if that allele is not there, we would predict Tip Spot Only (This will be able to 

be tested for as the project continues and the DNA sequences are aligned with M. luteus). 

We are starting to see the different ways that genomes can combine in hybrid organisms 

to create novel phenotypes. Chromosomes 1 and 14 also had significant peaks for aspects 

of the anthocyanin phenotype. It appears that there is a single locus of large effect in 

Chromosome 12 and multiple loci of smaller effect (chromosomes 1, 8, and 14), which is 

consistent with Orr’s model of adaptive evolution as described in Dittmar et al, 2016 

(21).  

Overall, this genetic architecture is much more complex than the one seen for 

carotenoid pigment. Based off of the Manhattan Plots, there is a single region of the 
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genome that is important for carotenoid pigmentation while anthocyanin has many 

different locations across numerous chromosomes. It is logical that the genes which 

control anthocyanin pigmentation are more complex than for carotenoid pigmentation; 

the carotenoids only vary in intensity, while the anthocyanin spots vary in size, 

distribution, and clustering. Both of the parental species are known to have gained the 

anthocyanin pigment through simple, single-locus mutation, but the complexity of the 

hybrid reveals more beneath the surface. This could have happened through non-visible 

mutations, such as methods of pigment transport, that becomes visible through the 

interactions of the two genomes. 

Now that genomic regions of interest have been found, future research into this 

complex phenotype system can search for the specific genes that are likely candidates for 

controlling the pigmentation traits. Two possible avenues of gene discovery are through 

CRISPR or RNAi knockdown, as done in Stanley et al, 2017 (22). Both of those methods 

involve having a gene of interest and then working to negate its ability to function, 

elucidating its function in the plant through the loss of the gene. Another method would 

be a gain of function, where you create a transgenic plant with the inserted gene of 

interest to see if that gene leads to a phenotypic display of the specific trait. Isolating and 

being able to control the insertion or silencing of these pigmentation genes could lead to 

future research with positive impacts on pollination rates and production in crop species.  

 While we were able to create a computerized pipeline for extracting quantified 

values for complex pigmentation phenotypes, the system is not perfect. There is currently 

code in both Matlab and in Python, an inefficient system that includes a costly software 

package, and some by hand manipulation was needed to correctly identify spots on many 



23 

of the petals. To improve the pipeline product of this project, code optimization and 

standardization within the open access language of Python is a future goal.  

 Another area for improvement is in the reference genome that was used for this 

association mapping. We aligned our sequencing reads to the genome for Mimulus 

guttatus, which, although a close relative to our parental species, is diploid compared to 

the tetraploid luteus group (23). Because of this difference, there is the possibility of 

misleading results; because two chromosomes’ worth of genetic information is being 

condensed onto a single chromosome in our Manhattan plots, some of the individual 

peaks may actually stem from two separate locations. Once we align to the Mimulus 

luteus genome, the next step in our research, we may see more numerous peaks that our 

current analysis, and we will also be able to decipher which of the parental alleles leads 

to the traits that are being analyzed. 

 The Mimulus hybrids used in our study provided a unique chance to identify the 

genomic regions responsible for distinctive pigment and pattern variation. We found that 

the carotenoid phenotype stems from a simple genetic architecture while the anthocyanin 

pigmentation phenotype has a complex genetic architecture with numerous QTLs. We 

hope to continue this work to investigate the molecular pathways of pigmentation 

production and diffusion along with how their interactions across two genomes 

specifically led to the phenotypic divergence.  
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