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Abstract 

Understanding the relationships between DNA sequence and organismal phenotypes 

has been a central goal across a wide variety of biological subdisciplines throughout the 

history of genetics research. Studies of the developmental genetic mechanisms 

underlying phenotypes aim to increase our understanding of how genotypes encode 

phenotypes, while studies of the genetic basis of evolved differences inform our 

understanding of how changes in DNA sequence alter these developmental processes. 

While the fields of evolution and development have been mutually informative, our 

ability to interpret genetic sequences remains severely limited. In this dissertation, I 

investigate the genetic basis of phenotypic evolution and development using 

pigmentation in the genus Drosophila as a model system. In order to overcome 

technical limitations in identifying the genetic basis of evolved differences in Drosophila 

pigmentation, I adapted CRISPR/Cas9 genome editing techniques for precise DNA 

sequence replacement, developing methods designed for use in a wide variety of 

Drosophila species. Using CRISPR/Cas9, I demonstrate the role of the ebony gene in 

an evolved pigmentation difference between Drosophila novamexicana and Drosophila 

novamexicana, as well as in the development of cuticular hydrocarbons in these 

species. Finally, I describe the previously under-studied role of microRNAs in the 

development of Drosophila melanogaster pigmentation in a large-scale genetic screen, 

introducing a new class of regulators into the existing body of research into the genetic 

architecture underlying this development of this model trait. 
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Chapter 1: Introduction 

The information required for the development and function of each organism is 

encoded within the DNA sequence of its genome. However, this DNA sequence on its 

own is inert, and must be expressed by the machinery of the cell in order for the 

functions of life to proceed. Thus, the genomic DNA of an organism must contain 

information that encodes the molecules that “read” the DNA, as well as the instructions 

for robust and tightly controlled deployment of all molecules used by the cell throughout 

its lifetime. Any given gene’s spatial, temporal, and environmentally contextual 

expression patterns are controlled by a multitude of complex molecular systems. 

Activation or repression of transcription depends upon the coordination of chromatin 

structure, epigenetic markers, complex transcription factor binding, DNA-DNA contacts 

through three-dimensional looping, and many more phenomena to control the initial 

RNA output of a gene. While regulation of transcription is complex on its own, there are 

many more layers of regulation beyond initial RNA production, including the processing, 

splicing, nuclear export, and selective degradation of RNA molecules, followed by 

further regulation at the level of translation and post-translational processing. Cell-to-cell 

differences in regulatory networks determine the gene expression profiles that specify 

cell identity, response to environmental cues, and all other biological processes. 

In addition to their necessity for all biological functions, the genetically encoded 

developmental programs that underlie all phenotypes also provide the raw material for 

natural variation and evolution. In much the same way as differences in the expression 

patterns of genes lead to the differentiation of individual cell types within an organism, 

many of the phenotypic differences we see between individuals of the same species 

and between taxa across the tree of life result in large part from changes in gene 

regulation over evolutionary time.  
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Perspectives and insight from decades of research connecting genotypes and 

phenotypes 

Understanding the relationships between DNA sequence, gene expression, 

genetic network structure, and phenotypic diversity is a long-standing goal of biological 

research across a wide variety of disciplines. The first studies linking genotypes to 

phenotypes used “forward genetics” methods to identify regions of an organism’s 

genome where sequence differences correlate with a phenotypic difference (Sturtevant 

1913). This method of inquiry begins by identifying a phenotype of interest that shows 

some heritable variation, either as naturally segregating variants or as lab-generated 

mutant phenotypes induced through random DNA mutagenesis. Identifying regions of 

the genome where different alleles correlate with different phenotypes, either through 

classical genetic mapping or through modern methods like genome-wide association 

studies (GWAS), uncovers candidate sequences that affect the phenotype’s 

development (Sturtevant 1913; Ikegawa 2012). However, identifying regions of DNA 

sequence that affect a phenotype does not provide mechanistic insight - we may know 

that a difference in this sequence is important for a particular phenotype, but we don’t 

yet know how the information encoded in the region affects the functions or activities of 

specific genes. Once forward genetic studies reveal genomic regions and sequence 

variants that affect a phenotype, “reverse genetic” methods may be used to alter DNA 

sequence or manipulate genes in these candidate regions in order to explore how these 

sequences and genes affect the phenotype (Hardy et al. 2010). 

A great body of research is dedicated to identifying and characterizing the 

genetic differences that underlie phenotypes that show great diversity across 

populations and species. Over 1700 alleles that have been implicated in phenotypic 

differences across the all eukaryotes over the last ten years are compiled in 

Gephebase, a database that catalogues the supporting evidence, mutation 

characteristics (if known), taxonomic data, and references supporting these genotype-

phenotype interactions (Courtier-Orgogozo et al. 2019). This large volume of work 
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informs our hypotheses as we explore the ways in which existing genetic and 

developmental mechanisms underlying phenotypes may affect evolutionary 

trajectories.  

One recurring theme throughout these studies suggests that physiological traits 

and genes at terminal points of regulatory networks are more likely to evolve by 

changes in coding sequence, while morphological traits, tissue-specific traits, and 

changes in genes situated higher up in genetic networks appear to preferentially evolve 

by differences in non-coding sequences (David L. Stern and Orgogozo 2008; Carroll 

2005). In addition, biases in our ability to identify the genetic basis of some changes 

more readily than others are apparent. In the case of coding versus non-coding 

sequence changes, for example, protein-coding sequences have historically been 

easier to identify in most cases, as coding sequences generally have straightforward 

boundaries and much of the time we can tell which variants are likely to affect the 

function of the sequence because of our understanding of the genetic code (David L. 

Stern and Orgogozo 2008). However, as we develop new and more sensitive methods 

of genetic analysis, changes in non-coding sequences that alter the regulation of one or 

more genes seem to contribute to a larger portion of case studies. Increasing amounts 

of data began support the cis-regulatory hypothesis, which posits that changes to non-

coding regulatory sequences may be evolutionarily favored over coding changes, 

particularly in cases where the focal gene acts in multiple tissues, developmental 

stages, or biological processes (Carroll 2005; David L. Stern and Orgogozo 2008). 

Changes to regulatory sequences, such as enhancers, can alter the output of a gene in 

a restricted set of developmental or environmental circumstances, while coding changes 

are usually universal across tissues, developmental stages, and environmental 

conditions. The evolving ratio of coding to non-coding examples underscores the 

importance of ascertainment bias and technical limitations in the types of mechanisms 

we are likely to discover.  

Overcoming limitations: barriers to finding genetic causes of phenotypic evolution 
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While our understanding of the mechanisms of phenotypic evolution is much 

more complete than it once was, there are still many areas where our understanding is 

limited. For one, a long-standing issue is that many studies stutter to a halt after 

identifying candidate genetic regions or sequences where allelic differences associate 

with a change in phenotype, but before resolving mechanistic details or specific 

causative mutations (Abiola et al. 2003). This is often attributable to a variety of factors, 

including difficulties performing reverse genetics in more than a handful of historically 

well-developed model organisms, large amounts of sequence variation over 

evolutionary time making it hard to know which differences are important, structural 

issues such as rearrangements (inversions) interfering with mapping, and reproductive 

isolation across the evolutionary distances at which many changes are observed, to 

name a few. Intriguingly, there is also the possibility that our discoveries are constrained 

not only because of technical limitations, but also because we may not be primed to 

look in the right places for underlying mechanisms. 

Ascertainment bias can occur due to both biological and technical reasons. As 

described above, there are cases of biological bias where some changes in DNA 

sequences are easier to interpret, such as protein coding sequences relative to non-

coding regulatory sequences. Similarly, single alleles with large phenotypic effects are 

easier to identify than large numbers of small-effect mutations scattered across many 

loci with a large cumulative effect (Rockman 2012). However, biases in interpretation 

are likely pervasive, as we are restricted by our historical knowledge of the genetics 

within our model phenotypes and organisms. Even in studies that use a relatively 

unbiased approach, such as genetic mapping and GWAS, we are still biased in our 

interpretation of the results. Indeed, upon identifying a candidate region where allelic 

differences correlate with a change in phenotype, our next logical step is generally to 

look for nearby genes with characterized functions that may relate to our focal 

phenotype. In other words, if a candidate region contains or is in close proximity to a 

gene that has been shown to have a promising function, one is likely to perform follow-

up experiments focused on querying the role of that gene. Otherwise, one might 
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conclude that they have reached a “dead end” of negative results if no promising genes 

are nearby or if follow-up experiments on promising candidate genes fail to produce 

convincing evidence that said genes are involved in the phenotypic change under 

examination. This is sometimes referred to as the “streetlight effect” or “looking under 

the lamppost”, referring to a joke wherein a man continuously searches for his missing 

wallet under a single streetlight even though he doesn’t know where he dropped it 

because “the light’s better here” (Freedman 2010). If the likely candidate genes in a 

region have been exhaustively studied without producing convincing evidence of a 

causative role, it is difficult to know how to proceed in areas of a candidate region that 

are not yet “illuminated” by previous research suggesting a promising function. 

Compounding this issue is the tendency of “negative results” to often go unpublished, 

leaving the scientific community unaware of the potential of these poorly understood loci 

as projects either accumulate evidence for what isn’t happening or are eventually 

abandoned. We are restricted to making interpretations and prioritizing lines of 

investigation based on our knowledge of which genes have an established relationship 

with our focal genotype. 

 

 

Overcoming limitations: getting out from under “the lamppost” 

 

 As an example of types of mutations we might possibly miss due to limited 

perspective or biased expectations, changes in post-transcriptional regulation by 

microRNAs (miRNAs) are theoretically good candidates for cis-regulatory evolution, but 

are thus far rarely found to underlie phenotypic differences. This class of small, non-

coding RNAs canonically act as negative post-transcriptional regulators by binding to 

the 3’ untranslated regions (3’ UTRs) of messenger RNAs in a sequence-specific 

manner, directing the RNA-induced silencing complex to prevent translation of the 

targeted gene into protein (Bartel 2004, 2018). As described above, cis-regulatory 

sequences such as promoters and enhancers are thought to prevent deleterious 

pleiotropic effects by limiting a mutation’s effects to a specific developmental stage or 
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tissue. Similarly, changes to the expression patterns of miRNAs or to miRNA binding 

sites in the 3’ UTRs of their target genes could be expected to have the same benefits, 

since miRNAs are only expected to exert their effects on the mRNA transcripts of their 

target genes where the expression patterns of both miRNA and target overlap (K. Chen 

and Rajewsky 2007). However, of the 1700+ entries in GePheBase, at the time of this 

writing only six cases are attributed to changes in miRNA expression or miRNA-target 

interactions (Table 1-1) (Courtier-Orgogozo et al. 2019). 

 

The dearth of case studies identifying miRNA-based mechanisms underlying 

phenotypic differences could easily be assumed to result from biological reality, drawing 

the conclusion that changes in miRNA regulatory networks are not common routes for 

phenotypic evolution despite their attractive potential for modularity. In contrast to this 

interpretation, it could be that our methods, presumptions, and limited information are 

holding us back from discovering cases where miRNA regulation is responsible for 

phenotypic differences. Upon closer examination, the few case studies supporting a role 

of miRNAs in the evolution of phenotypes provide some compelling reasons to suspect 

that post-transcriptional regulation by miRNAs may be a more common part of the 

evolutionary tool kit than is currently appreciated. 
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Table 1-1: Cases of phenotypic evolution attributed to differences in miRNA regulation in 
GePheBase (On previous page. Data from Courtier-Orgogozo et al 2019).  

 

Case studies suggest we may be missing important regulatory mechanisms in 

phenotypic evolution 

 

Take, for example, the discovery of the role of a miRNA, miR-92a, in the 

evolution of intraspecific variation in trichome patterning on the legs of D. melanogaster 

flies (Arif et al. 2013). Previous studies had found that changes in cis at the gene 

Ultrabithorax (Ubx) were responsible for interspecific differences in leg trichome 

patterning between D. melanogaster and Drosophila simulans, making this gene a 

promising candidate for variation in this trait within D. melanogaster (D. L. Stern 1998). 

Genetic mapping efforts identified a single quantitative trait locus (QTL) that accounted 

for approximately 90% of the variation in this trait between the two D. melanogaster 

populations under investigation. While this QTL was located on the same chromosome 

as Ubx, it was physically distant from the Ubx locus, and follow-up experiments directly 

contrasting the phenotypic effects of the two populations’ Ubx alleles showed no effect 

on leg trichome patterning (Arif et al. 2013). Upon searching the QTL for other potential 

candidate genes, no protein-coding genes were found that had a known or suspected 

role in trichome development. However, the QTL did contain miR-92a, which had 

recently been demonstrated to affect trichome development in a study wherein a library 

of 180 miRNAs were over-expressed and screened for effects on a set of phenotypes 

(Schertel et al. 2012; Arif et al. 2013). After following up on miR-92a as a candidate 

gene, Arif et. al. found miR-92a expression differed notably between the two mapping 

populations, determined that the difference in expression was likely caused by a cis-

regulatory difference, and presented evidence that strongly suggested miR-92a affects 

this phenotype by repressing the function of shavenoid, a known target of the 

transcription factor shavenbaby. For context, shavenbaby is a notorious “hotspot” gene 

underlying multiple instances of trichome evolution in the Drosophila genus that is 

thought to hold an evolutionarily tractable position within the trichome developmental 
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network (David L. Stern and Frankel 2013; Arif, Kittelmann, and Mcgregor 2015; David 

L. Stern and Orgogozo 2008).  

 

One can only speculate as to whether Arif et. al. would have identified miR-92a 

as the gene responsible for intraspecific variation in trichome patterning if a miRNA 

screen had not implied a promising role of miR-92a in the development of this 

phenotype only the year before, but this case study effectively illustrates how even 

“unbiased” approaches to genetic mapping can be easily influenced by follow-up 

experiments that carry intrinsic bias due to limitations in our understanding of a trait’s 

genetic architecture. After all, time and resources are limiting factors in our ability to 

follow-up on unbiased mapping and association studies, meaning it would be unrealistic 

and unwise for investigators to perform follow-up experiments on every identifiable gene 

or regulatory element in a candidate region, regardless of our understanding of the roles 

of these genes and sequences. Therefore, we must be somewhat dependent on 

existing data to prioritize follow-up experiments, which unfortunately may prevent us 

from finding the specific mutations and mechanisms contributing to a region’s effects on 

a phenotype of interest in some cases.  

 

Another surprising discovery of trait evolution via post-transcriptional regulation 

by miRNAs occurred in the search for the genetic basis of a hypertrophic muscularity 

phenotype in domestic sheep selected bred for meat production (Clop et al. 2006; 

Georges et al. 2006). Genetic mapping between hypermuscular Texel sheep and 

regularly muscled Romanov sheep identified a QTL that explained 20-33% of the 

difference in muscularity between the parental populations. Excitingly, this QTL 

contained the GDF8 gene, also known as myostatin, which is a well-established genetic 

“hotspot” that has been implicated in evolved differences in musculature or racing 

performance in several species of domestic animals including cows, sheep, dogs, pigs, 

and horses (Aiello, Patel, and Lasagna 2018; Courtier-Orgogozo et al. 2019). In all 

mechanistically characterized cases, loss or reduction of Myostatin function leads to 

increased muscle mass or improved racing performance, often through changes to 

protein-coding sequence (Aiello, Patel, and Lasagna 2018; Courtier-Orgogozo et al. 
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2019).  However, in the case of the hypermuscular Texel sheep, there were no 

differences in GDF8 coding sequence and no significant difference in GDF8 mRNA 

levels in muscles between the two mapped breeds. Upon further examination, Clop et. 

al. found that a polymorphism in the 3’ UTR of GDF8 created a recently described 

miRNA recognition motif in the Texel allele, which could reasonably lead to reduced 

translation of GDF8 mRNA in the presence of any of three known miRNAs (miR-1, miR-

206, and miR-122a) and thus reduced amounts of Myostatin protein (Xie et al. 2005). 

Further, the authors note that miR-1, a miRNA predicted to target the binding motif 

present in the 3’ UTR of the Texel GDF8 allele, had recently been implicated in skeletal 

and cardiac muscle development in mice (Zhao, Samal, and Srivastava 2005). Follow-

up experiments demonstrated reduced Myostatin protein levels in Texel sheep muscle 

relative to Romanov sheep muscle and provided evidence for direct allele-specific 

repression of the Texel allele, but not the Romanov allele, of the GDF8 3’ UTR by miR-1 

and miR-206, both of which are highly expressed in sheep skeletal muscle (Clop et al. 

2006).  

 

Interestingly, while the hypermuscularity of Texel sheep was being investigated, 

other groups were continuing ongoing investigations into the genetic basis of the 

“callipyge” (derived from a Greek word meaning “beautiful buttocks”) phenotype in 

domestic sheep selected for exceptionally meaty hindquarters (Cockett et al. 1999; 

Takeda et al. 2006; Cockett et al. 1994). The callipyge phenotype shows an unusual 

inheritance pattern of polar overdominance, in which only heterozygotes inheriting the 

CLPG mutant single-nucleotide polymorphism from the male parent display the 

characteristically muscular rumps associated with the mutation (Cockett et al. 1999, 

1996). After years of study, the most recent theory for a mechanism underlying this 

strange mode of non-Mendelian inheritance involves differential regulation of a 

genetically imprinted region containing three protein-coding genes and many non-

coding RNAs, where the protein-coding genes are silenced in the maternal allele, but 

the non-protein-coding genes are silenced in the paternal allele (Gao et al. 2015). All 

the genes in this region show ectopic expression in postnatal skeletal muscle when 

associated in cis with the CLPG allele, with one protein-coding gene in particular, Dlk1 
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(Delta-like 1 homolog), hypothesized to cause muscular hypertrophy (Charlier et al. 

2001; Davis et al. 2004; Takeda et al. 2006). Intriguingly, evidence from genetic 

manipulations suggests Dlk1 mRNA is targeted by one or more miRNAs in the 

neighboring miRNA cluster (Gao et al. 2015). Therefore, when the paternal allele carries 

the ectopically expressed CLPG variant, paternal Dlk1 expression occurs in postnatal 

skeletal muscle while the paternal miRNA cluster is silenced, and the maternal allele of 

Dlk1 is silenced by imprinting while the maternal miRNA allele is expressed in the wild-

type pattern, which excludes postnatal skeletal muscle expression. It is hypothesized 

that miRNA/Dlk1 RNA co-transcription in postnatal skeletal muscle may silence the 

phenotypic effects of ectopic Dlk1 expression in homozygous CLPG/CLPG individuals 

via miRNA-mediated translational repression of Dlk1, leading to the polar 

overdominance inheritance pattern of the callipyge phenotype (Gao et al. 2015).  

 

Expanding our focus: unexpected mechanisms may be more important than we realize 

 

After the Texel sheep study demonstrated the potential role of polymorphic 

miRNA-target interactions in the evolution and development of muscle in a livestock 

species, many studies have since investigated the role of miRNAs in agriculturally 

important traits. Studies in sheep, ducks, cows, pigs, goats, chickens, and trout have all 

found evidence suggesting miRNA involvement in intraspecific variation in a wide 

variety of traits including body weight, muscle yield, muscle quality, wool characteristics, 

egg-laying, milk production, litter size, ear size, and sperm quality to name a few, all of 

which cite the Texel sheep study by Clop et. al. 2006 (C. Chen et al. 2018; Paneru et al. 

2017; Ali et al. 2019; Wu et al. 2017; Qiu et al. 2020; An et al. 2016; Jia et al. 2016).  

 

In reviewing these case studies, it is clear that our ability to determine the genetic 

causes of differences in phenotypes depends on historical knowledge and mechanistic 

understanding of the model system under investigation. In the Drosophila leg trichome 

and Texel sheep muscularity cases described above, the authors’ stated rationale in 

investigating the role of miRNAs in their phenotype of interest rested on previous 
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studies that had either implicated a particular miRNA in the developmental process 

underlying their phenotype (Arif et al. 2013; Clop et al. 2006), or identified candidate 

genes by characterizing the genetic architecture underlying their focal trait through 

genetic manipulations (Gao et al. 2015). It 

seems reasonable to speculate that many 

later studies investigating the roles of 

miRNAs in the development of 

agriculturally desirable traits might not 

have been pursued if the role of miRNAs 

in hypermuscular sheep had not been 

demonstrated previously. After all, in early 

studies where miRNAs were 

systematically mutated in Caenorhabditis 

elegans, most did not show any obvious 

phenotype, leading many to conclude that 

changes in miRNA-mediated regulation 

were unlikely to have discernable effects 

(Miska et al. 2007). This notion of relative 

unimportance of miRNAs persists, despite 

the fact that later studies in more 

organisms, assaying a wider variety of 

phenotypes, and under a variety of 

environmental conditions revealed that 

individual miRNAs often hold important 

developmental roles in the regulation of 

gene expression and the development of 

animal phenotypes (Bartel 2018). For instance, while the miRNA deletion study by 

Miska et al in 2007 only found 8 out of 87 C. elegans miRNA deletions affected any of 

the 8 phenotypes assayed, a 2014 study in D. melanogaster found that, of 95 miRNA 

deletions, 76 affected at least one of 11 phenotypes tested (Figure 1-1) (Miska et al. 

2007; Y. W. Chen et al. 2014). It appears increasingly likely that the role of miRNAs in 

Figure 1-1: miRNA deletions affecting 
phenotypes in Caenorabditis elegans and 
Drosophila melanogaster. Counts of 
miRNA deletions affecting 0 phenotypes 
(light cyan), and deletions affecting 1 or 
more phenotypes (dark cyan) in two studies 
screening miRNA deletion mutants for 
phenotypic effects in Caenorabditis elegans 
(top) and Drosophila melanogaster (bottom). 
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regulatory networks, and by extension in phenotypic evolution, may be 

underappreciated (K. Chen and Rajewsky 2007). The studies described in this 

manuscript illustrate the importance of establishing a thorough understanding of the 

genetic architecture underlying model traits in order to facilitate new insights into the 

wide variety of biological mechanisms that may serve as evolutionary paths to diverse 

phenotypes. One of the great benefits of model organisms and model traits is our ability 

to build upon a well-established knowledge base describing the developmental genetics 

underlying these traits, so we would be well-served by actively seeking out unknown 

regulators or mechanisms in unbiased, exploratory studies in order to gain new insights 

into the ways in which these model traits evolve. 

 

Insect pigmentation as a model system for the study of genotype-phenotype interactions 

 

 Coloration has been the one of the most productive model phenotypes in the 

history of research connecting genotypes to phenotypes across a wide variety of taxa, 

second only to xenobiotic resistance and accounting for 18% of case studies 

documented in Gephebase (Kronforst et al. 2012; Hoekstra 2006; Sobel and Streisfeld 

2013; Wittkopp and Beldade 2009; Courtier-Orgogozo et al. 2019). Insect pigmentation 

has been a particularly well-studied model system. Pigmentation is extremely diverse 

across arthropods, and the genetic and biosynthetic mechanisms underlying insect 

pigmentation development and regulation have been, and continue to be, very 

thoroughly studied (Figure 1-2) (True 2003; Wittkopp and Beldade 2009; Andersen 

2010). In addition, pigmentation is an ecologically relevant and biologically important 

trait, with roles in mate recognition, camouflage, thermoregulation, and water balance 

(True 2003; Wittkopp and Beldade 2009). Consistent with pigmentation’s roles in 

multiple biological processes, the genes involved in pigmentation synthesis are 

pleiotropic, playing multiple roles across developmental stages and tissues (Wittkopp 

and Beldade 2009; Takahashi 2013). For instance, ebony and tan genes encode 

enzymes that are crucial in the melanin biosynthesis pathway, but act on different 

substrates in the nervous system where they are involved in neurotransmitter recycling 

(Borycz et al. 2002; True et al. 2005; Aust et al. 2010). Furthermore, ebony and tan 
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have recently been shown to affect cuticular hydrocarbons, hydrophobic lipids on the 

adult cuticle, which are involved in water balance, chemical communication, and mate 

recognition in insects (Chung and Carroll 2015; Chung et al. 2014; Jonathan H. Massey 

et al. 2019). Genes involved in pigmentation are also regulated in a sex-specific manner 

in many species to produce sexually dimorphic coloration in adult animals (Kopp et al. 

2000; Monteiro 2015). Tightly regulated spatial, temporal, and sex-specific expression 

of genes involved in pigmentation development is vital to allow the formation of many 

complex traits, making it a fascinating system for the study of development, and 

evolution, and the intersection of the two (Rebeiz and Williams 2017; Wittkopp and 

Beldade 2009). 

 

Much of our understanding of genotype-phenotype relationships in insect 

pigmentation is built upon a foundation of developmental and evolutionary studies in D. 

melanogaster and other species in the Drosophila genus (Wittkopp, Carroll, and Kopp 

Figure 1-2: Schematic of biosynthetic pathway and genetic network underlying 
Drosophila melanogaster pigmentation, reproduced from Massey and Wittkopp 2016.  
Metabolites are represented in gray, genes directly involved in pigment synthesis are in red, 
and genes involved in the regulation of pigmentation are in blue. Solid and dotted blue arrows 
represent direct and indirect regulatory connections, respectively. Arrowheads represent 
positive regulation, while nail heads represent negative regulation. 
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2003; J. H. Massey and Wittkopp 2016; Rebeiz and Williams 2017). Dozens of case 

studies have identified, to varying degrees of specificity, the genetic causes of 

differences in body and wing pigmentation both within and between Drosophila species; 

at the time of this writing, every case where the molecular basis of a difference has 

been identified, it has resulted from changes in cis-regulation of genes known to affect 

pigmentation synthesis or development (J. H. Massey and Wittkopp 2016). However, 

there are still many cases where the identified genetic mechanisms only account for a 

portion of the phenotypic difference observed between populations, or where 

phenotypic differences have been mapped to QTL but have not yet been connected to 

the action of a particular gene (J. H. Massey and Wittkopp 2016). Difficulties in 

identifying the specific molecular basis of these differences are likely a combination of 

technical limitations and incomplete understanding of the genetic architecture 

underlying pigmentation development. 

 

 

Technological advances grant access to what we’ve been missing 

 

In addition to the constraints imposed by our knowledge of the genetic 

architecture of a trait’s development and regulation, investigations into the genetic basis 

of natural variation face a variety of technical limitations. Even within well-established 

model species like D. melanogaster and C. elegans, studies of natural variation 

intrinsically require the use of strains that differ in the focal phenotype, and these strains 

are unlikely to be the common laboratory stocks that serve as the genetic backgrounds 

for most deletion collections and transgenic resources. Studies of phenotypes that 

evolved over longer evolutionary periods, such as interspecific differences, are not only 

limited by the lack of transgenic resources and mutants, but also must contend with 

reproductive isolation, chromosomal rearrangements, and large amounts of sequence 

divergence. 
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Take, for example, the derived light yellow body color of Drosophila 

novamexicana relative its sister species, Drosophila americana, and the rest of the 

Virilis species group, all of which are brown to black in color (Novitski and Ashburner 

1976). Initial efforts to map the genetic basis of this change in body color revealed an X 

chromosome effect and three autosomal QTL which contributed to this phenotype 

(Wittkopp et al. 2003). The X-linked candidate genes known at the time were not found 

to affect pigmentation, and only one of the 3 autosomal QTL contained a known 

candidate gene: ebony, which encodes a synthetase that converts dopamine molecules 

to N-beta alanyl dopamine (NBAD), a yellow pigment precursor (Figure 1-2) (Wittkopp 

et al. 2003). Unfortunately, numerous inversions between the mapping populations 

severely limited the resolution attainable through recombination mapping since 

recombination within an inversion causes lethal dicentric chromosomes, leaving the 

ebony-containing QTL linked to ~15% of the second chromosome (Wittkopp et al. 

2003). Later fine-scale mapping, introgression, and transgenic analysis showed that tan, 

a hydrolase which converts NBAD to domine in the inverse of ebony’s catalytic function, 

contributed to this pigmentation difference, and further suggested that non-coding 

differences within the first intron of tan were responsible (Wittkopp et al. 2009). 

However, while this second set of experiments also found that a large QTL linked to 

ebony showed a very strong effect on pigmentation, the inversion still prevented any 

further resolution, leaving the possibility any one of the many genes within the QTL or 

any combination of these genes could be responsible for the region’s effect on 

pigmentation (Wittkopp et al. 2009). Differences in ebony expression between these 

species were detected at both the protein and mRNA levels, but these expression 

differences continued to provide only correlative evidence, since the phenotypic effect of 

the difference in ebony expression could not be observed while ebony remained linked 

to a large inverted region (Wittkopp et al. 2003; Cooley et al. 2012). 

 

While the effects of tan were able to be separated from other loci on the X 

chromosome, and were in fact mapped to a  <3kb region of non-coding sequence with a 

finite number of sequence differences between the mapping populations, efforts to 

identify the specific mutations responsible for the difference have yet to be realized. 
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Transgenic work in D. melanogaster tan null mutants successfully demonstrated that 

genetic rescue by D. novamexicana and D. americana alleles of tan yielded lighter and 

darker abdominal body pigmentation, respectively (Wittkopp et al. 2009; John et al. 

2016). However, these experiments also demonstrated the difficulties and limitations of 

comparing the effects of foreign alleles in an evolutionarily distant genetic background. 

The phenotypic effects of the D. novamexicana and D. americana alleles could 

distinguished in some cases when both transgenes were inserted at the same genomic 

location, but the difference between these alleles was indistinguishable when the 

transgenes were integrated at some loci, despite the fact that both alleles were 

expressed and could rescue pigmentation in the tan mutant host (John et al. 2016). 

Further experiments comparing chimeric transgenes with the intronic candidate region 

swapped between the species’ alleles did not yield reliable results (A. John and A. 

Lamb, data not shown), suggesting that assessment of these alleles in the trans genetic 

context of a distantly related species may not be a feasible method for identifying the 

mutations that cause these alleles to produce different pigmentation phenotypes. While 

transgenic analysis is possible in non-model drosophilids, it relies on random 

integration, meaning that the effects of transgenes cannot be controlled for position 

effects. Controlling for position effects of randomly integrated transgenes is difficult in 

any experiment, and in the case of these specific alleles, we already have evidence that 

chromosomal location has a strong impact on our ability to interpret their effects on 

pigmentation even when they can be integrated into a known landing site. Between the 

limitations of transgenic methods and the coarseness of genetic mapping on account of 

chromosomal inversions, technological limitations stalled investigation of the genetic 

basis of light body color in D. novamexicana. 

 

Ideally, direct genetic manipulations at the native ebony and tan loci within D. 

americana and D. novamexicana were the most desirable and easy-to-interpret 

experimental strategies. For example, in the case of pigmentation changes due to 

evolution at tan, the region implicated through mapping is limited to the first intron of tan 

and contains 57 single-nucleotide changes and 19 insertions or deletions (Wittkopp et 

al. 2009). The most desirable approach would be to replace portions of D. 
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novamexicana sequence in this region with homologous D. americana sequence and 

observe pigmentation to see where within this region the causative changes reside. 

Identification of the specific mutation(s) responsible for changes in tan expression would 

allow for follow-up experiments to query the functional differences between alleles to 

identify the molecular mechanism(s) by which this gene’s expression evolved. Until 

recently, these types of manipulations have only been possible through transgenic 

methods, often in distantly related species, which suffer from the difficulties described 

here. Excitingly, with the advent of CRISPR genome editing, genetic manipulations 

became theoretically plausible in any species which could be transformed through 

embryonic injection (Jinek et al. 2012; Doudna and Charpentier 2014; Barrangou and 

Horvath 2017).  Indeed, CRISPR has been used to modify the genomes of a wide 

variety of taxa, including arthropod species spanning nine taxonomic orders (Sun et al. 

2017; Gratz, Cummings, et al. 2013).  

 

Unfortunately, organisms outside the small set of extensively developed model 

species face many challenges that can hinder the efficiency and practicality of genetic 

manipulations, even with the advent of species-agnostic methods such as CRISPR. 

While genome editing in D. melanogaster has become remarkably efficient through the 

use of resources such as transgenic lines that express the molecular machinery 

necessary for CRISPR in specific tissues and developmental stages, similar resources 

have not yet become widely available in non-model organisms - although transgenic 

resources for CRISPR genome editing are gradually becoming available in a wider 

variety of species (Port, Muschalik, and Bullock 2015; David L. Stern et al. 2017). 

Efforts at genetic manipulations in most non-model species often only produce mutants 

at low frequencies, likely due to a combination of microinjection/rearing difficulties and 

the need to inject all components needed for editing rather than relying on stably 

integrated transgenic sources (Sun et al. 2017). Screening for low-frequency editing 

events in non-model species is laborious and time-consuming, especially in cases 

where the desired mutations are not expected to produce a clearly visible phenotype in 

a heterozygous state (Kane et al. 2017). Methods which rely on the insertion of 

selectable markers to overcome this challenge may leave undesirable sequence 
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insertions, deletions, or changes in addition to the desired changes, making the results 

less straightforward to interpret (Bier et al. 2018). To overcome this challenge, I devised 

an allele-replacement strategy that implements a visible, selectable marker and is 

designed to facilitate the insertion of a series of alleles without the need for tedious 

molecular screening and without leaving behind undesired mutations in addition to the 

desired edits (Lamb, Walker, and Wittkopp 2017). This method is described in Chapter 

2 of this dissertation.  

 

In addition to allele replacement techniques, CRISPR genome editing is 

frequently used to generate loss-of-function mutations of target genes (Gratz, 

Wildonger, et al. 2013). The phenotypic effects of two divergent alleles of a gene can be 

compared via a “reciprocal hemizygosity test” so long as (a) loss-of-functions mutants 

can be generated in the two populations of interest and (b) the two populations can be 

crossed and produce viable offspring (David L. Stern 2014). This method is well-suited 

for separating the effects of a single gene from the effects of linked loci when searching 

for the genetic basis of a phenotypic difference since the reciprocal hemizygosity test 

allows the comparison of phenotypes between hybrids that are genetically identical 

except for the parental origin of their functional copy of the gene of interest (David L. 

Stern 2014). By generating ebony mutant alleles in both D. novamexicana and D. 

americana using CRISPR genome editing, we were able to demonstrate the effects of 

divergence at ebony on pigmentation using reciprocal hemizygotes, providing the first 

direct phenotypic evidence for the role of ebony in the evolution of light yellow body 

color in D. novamexicana (Lamb et al. 2020). In Chapter 3 of this dissertation, I describe 

the generation of genome editing methods and resources for D. novamexicana and D. 

americana, the production of the first CRISPR-generated mutants in these species, and 

the effects of ebony on pigmentation divergence between D. americana and D. 

novamexicana. We also show that ebony affects the abundance of cuticular 

hydrocarbons in both these species, suggesting that the recently described role of 

ebony in cuticular hydrocarbon production may be evolutionarily conserved across a 

wide number of Drosophila species (Jonathan H. Massey et al. 2019; Lamb et al. 2020). 
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Turning on more lights: improving our search by finding new regulators 

 

While many of the enzymes involved in the synthesis of cuticle pigments in 

Drosophila have been known for some time, efforts to flesh out the genetic regulation 

and development of Drosophila pigmentation in a more detailed manner began to take 

on momentum as it was first established as a model system for the evolution of 

development around the turn of the 21st century (Wright et al. 1982; Wright 1987; 

Biessmann 1985; Walter et al. 1991; Kopp et al. 2000; Wittkopp, True, and Carroll 2002; 

Wittkopp, Carroll, and Kopp 2003). Over the past two decades, many genes have been 

found to affect the development of pigmentation in Drosophila through genetic mapping, 

GWAS, and genetic screens (J. H. Massey and Wittkopp 2016; Dembeck et al. 2015; 

Kalay et al. 2016; Rogers et al. 2014). Genetic screens using RNAi to assess the effects 

of hundreds of transcription factors on pigmentation have identified many previously 

unknown regulators of pigmentation, though in most cases the specific roles and 

regulatory connections of these transcription factors remain unknown (Kalay et al. 2016; 

Rogers et al. 2014). GWAS was used to identify sequence variants that associate with 

pigmentation variation among over 200 inbred D. melanogaster strains of the 

Drosophila Genome Reference Panel (DGRP), which led to the discovery of 17 genes 

previously unknown to affect pigmentation (Dembeck et al. 2015). These types of 

unbiased studies not only add to our understanding of the complex genetic architecture 

underlying pigmentation development, but will undoubtedly clarify and facilitate studies 

aiming to find the genetic mechanisms underlying pigmentation differences. The 

transcription factor RNAi screens and within-species GWAS efforts described above 

illustrate the utility of searching broadly for new regulators, but both are, like all studies, 

necessarily limited in scope. The RNAi screens are focused specifically on transcription 

factors to the exclusion of all other types of genes, and the GWAS of DGRP lines was 

limited to finding genes that have variant alleles that affect pigmentation within the study 

population. More experiments with different limitations can be used to search widely for 

unknown regulators and are likely to illuminate our understanding of this study system 

even further.  
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Like most model traits, the role of post-transcriptional regulation in both the 

development and evolution of insect pigmentation is not well understood. To my 

knowledge, the only example of a miRNA affecting insect pigmentation is the miRNA 

miR-8, which has been shown to affect pigmentation in the dorsal abdomen of female 

D. melanogaster (Kennell et al. 2012). This effect was only discovered upon mutating 

miR-8 while investigating its role in Wingless signaling and finding that the dark 

melanization of the posterior-most dorsal abdominal segments of female flies was 

noticeably reduced in miR-8 mutants (Kennell et al. 2012). The developmental roles, 

network interactions, and expression patterns of most D. melanogaster miRNAs are not 

well characterized (Lucas and Raikhel 2013). Drosophila pigmentation could 

theoretically be well-suited as a model system in which to study the regulation, 

interactions, and functions of miRNAs in development, evolution, plasticity, and sexual 

dimorphism, to name a few possibilities, but this could only be the case if this trait’s 

development involves regulation by miRNAs. In Chapter 4 of this dissertation, we 

demonstrate the role of several miRNAs in D. melanogaster pigmentation, first by over-

expressing a library of miRNAs and observing their effects on pigmentation, and then 

following up on candidates discovered in this screen.  

Figure 1-3: Looking under the lamppost. Bars represent D. melanogaster chromosomes (from top: X, 
2, 3 – not to scale). Cartoon lampposts represent genes that have been found to underlie differences in 
pigmentation phenotypes within and/or between species in the Drosophila genus. Without understanding 
more about the genetic architecture controlling the development of pigmentation, our ability to identify the 
genes causing differences in pigmentation is mostly limited to a few well-characterized options.  

 

The studies in chapters 2-4 of this dissertation open many questions and 

possibilities for follow up.  The diversity of Drosophila pigmentation may provide an 

excellent opportunity to study the evolution of miRNA regulatory networks. The 

increasing tractability of genetic manipulations of multiple Drosophila species with the 
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advent of new technologies also clears the path to more complex and detailed studies 

of gene expression, evolution, and the evolution of gene expression. In chapter 5, I 

describe the impact of the research in this dissertation on the fields of developmental 

and evolutionary genetics and propose new lines of inquiry that could expand upon the 

findings within.  
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Chapter 2 

Tools and Strategies for Scarless Allele Replacement in Drosophila Using 
CRISPR/Cas9i

 

 

Abstract 

Genome editing via the CRISPR/Cas9 RNA-guided nuclease system has opened 

up exciting possibilities for genetic analysis. However, technical challenges associated 

with homology-directed repair have proven to be roadblocks for producing changes in 

the absence of unwanted, secondary mutations commonly known as “scars.” To 

address these issues, we developed a 2-stage, marker-assisted strategy to facilitate 

precise, “scarless” edits in Drosophila with a minimal requirement for molecular 

screening. Using this method, we modified 2 base pairs in a gene of interest without 

altering the final sequence of the CRISPR cut sites. We executed this 2-stage allele 

swap using a novel transformation marker that drives expression in the pupal wings, 

which can be screened for in the presence of common eye-expressing reporters. The 

tools we developed can be used to make a single change or a series of allelic 

substitutions in a region of interest in any D. melanogaster genetic background as well 

as in other Drosophila species. 

 

 
i This chapter is published as: Lamb, Abigail M., Elizabeth A. Walker, and Patricia J. Wittkopp. 2017. “Tools and 
Strategies for Scarless Allele Replacement in Drosophila Using CRISPR/Cas9.” Fly 11 (1): 53–64. 
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Introduction 

In recent years, genome editing by site-specific nucleases has rapidly increased 

in accessibility, ease, and efficiency. Most notably, the CRISPR/Cas9 RNA-guided 

nuclease system has been developed and optimized for a variety of applications from 

basic gene disruption to knock-ins, endogenous tagging of proteins, and modulation of 

gene expression.1–5 In the CRISPR/Cas9 system, adapted from Streptococcus 

pyogenes (henceforth shortened as “CRISPR”), the Cas9 endonuclease complexes with 

a single-guide RNA (sgRNA), which is designed by the experimenter to match a ∼20bp 

target sequence, and causes double-strand cleavage 3 nucleotides 5′ of the 3′ end of 

the target sequence.5 The selection of sgRNA target sites is flexible, but a protospacer-

adjacent motif (PAM) (the trinucleotide 5′-NGG-3′) is required immediately 3′ of the 20bp 

target sequence.5 After the double-strand break is induced at the target site, the cell's 

native DNA repair machinery can (i) rejoin the 2 ends of the break through non-

homologous end joining (NHEJ), an error-prone process that frequently results in small 

insertions or deletions, or (ii) close the gap using homology-directed repair (HDR), in 

which a DNA molecule with sequence homologous to the break site is used as a repair 

template.3 The repair template used for double-strand break repair by HDR can be a 

homologous chromosome or an exogenous donor molecule with homology to both sides 

of the break site.  

Exogenous repair templates, which are generally used to make one or more 

nucleotide changes in a sequence of interest, typically come in one of 2 forms: a single-

stranded oligonucleotide donor (ssODN)1 or a double-stranded DNA (dsDNA) 

plasmid.4,6 ssODNs are more quickly synthesized, but most synthesis companies limit 

their length to ∼200bp, making them useful only when a suitable CRISPR target site is 

in close proximity to the site of interest (Figure 2-1A).3,4,6,7 dsDNA plasmids can be 

much larger than ssODNs, allowing modifications to be made at a greater distance from 

the cleavage site as well as allowing larger sequences to be inserted at the site of 

repair.4,6 To modify larger regions of sequence, 2 target sites can be used to cut out the 

region to be modified. In this case, the dsDNA used for repair contains the desired 
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change(s) flanked by homology arms targeting regions of DNA outside the 2 target sites 

(Figure 2-1B). Regardless of which type of repair template is used, the end result of 

homology-directed repair (HDR) is that the DNA sequence included in the repair 

template is incorporated into the native locus.  

Using CRISPR-induced HDR to edit specific nucleotides is not always 

straightforward, however. A major challenge results from the fact that the target site 

sequence recognized by the sgRNA that directs the initial double-stranded break in the 

genome is also typically present in the repair template (a.k.a. donor DNA) as well as in 

the genome after editing. These sequences also interact with the sgRNA-Cas9 complex 

and experience unwanted cleavage, complicating the process of editing nucleotides in a 

single step of HDR (Figure 2-1A, B). This unwanted cleavage can be prevented by 

introducing one or more secondary changes that ablate the PAM site or alter the target 

site in the donor DNA in addition to the desired sequence edits, preventing Cas9 from 

Figure 2-1: Challenges for single-stage allele replacement strategies using CRISPR. (A) HDR 
using a ssODN as repair template is shown. Because ssODNs are limited to ∼200bp, the sgRNA 

target site (shown in green) must be in close proximity to the sequence to be edited, as the ssODN 
must span the repair site and have homology to both sides. Unless the introduced change disrupts the 
target site, the edited locus may be re-cleaved by Cas9, potentially leading to error-prone NHEJ 
repair. (B) HDR using a dsDNA plasmid as the repair template is shown. If the genomic target site 
sequences (shown in blue and purple) are present in the donor plasmid, Cas9 cleavage may lead to 
cutting and subsequent degradation of the donor plasmid; successful repair events will also be 
vulnerable to cleavage (C) A second mutation at the PAM site (NGG → N*G) may be introduced to 
prevent re-cleavage of the edited sequence, but this additional mutation(s) may have undesired 
phenotypic effects. (D) Mutating the PAM sites (NGG → N*G) prevents unwanted cleavage of dsDNA 
donor or repaired genomic sequence, but involves the addition of extra mutations known as “scars” 
that may affect phenotypes. Abbreviations used in the figure are defined as follows: NGG = 
protospacer-adjacent motif; CCN = reverse complement (opposite strand) PAM sequence; N*G or 
C*N = mutated protospacer-adjacent motif; ssODN = single-stranded oligodeoxynucleotide donor; 
HDR = Homology-directed repair; HA = Homology arm. Scissor symbols represent target sites 
expected to be cleaved. 
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cleaving the donor as well as the genome after it has been edited (Figure 2-1C, 

D).4,8,9 Because these secondary mutations, or “scars,” remain in the genome after 

editing, care must be taken to minimize their phenotypic effects. When the desired 

sequence edits are located in (or near) a coding sequence, a synonymous change(s) 

can be introduced as the secondary change(s) to prevent recutting.4,9,10 Synonymous 

changes are often assumed to have little impact on protein function, but they do have 

phenotypic effects in some cases.11–13 When the desired changes are located in a non-

coding region far from coding sequence, the PAM site can be ablated with a secondary 

non-coding change, but the impact of non-coding changes is even more difficult to 

predict.11 Ideally, HDR should be used to change only the desired nucleotide(s) without 

introducing any other changes to the final modified genome (i.e. “scarless” editing). 

A second challenge when using CRISPR to modify genomes is identifying 

individuals that have successfully inherited the desired genome alterations. This 

challenge is especially acute for modifications that require HDR because HDR 

resolution of double-strand breaks tends to be more rare than non-homologous end 

joining (NHEJ)14 and imprecise HDR often occurs that results in unwanted changes 

such as incorporating additional DNA at the edited locus.15 In multicellular species, only 

genome edits present in germ cells can be transmitted to offspring, and each individual 

carrying a desired genome modification in its germline (a “founder”) may transmit it to 

only a small percentage of its progeny.1,6,16 Molecular techniques such as high-

resolution melt analysis, Surveyor assays, or even complete sequencing of the targeted 

region can be used to identify F1 individuals with edited genomes and are especially 

useful in cultured cells that can be propagated throughout the screening 

process.4,6,17 Molecular screening methods can be costly and time consuming in a 

species such as Drosophila, however, where F1 progeny are usually genotyped only 

after F2 progeny are produced because the F1 individuals must be killed to extract DNA 

and perform genotyping most reliably. As an alternative, Drosophila researchers often 

choose to incorporate a visible transformation marker for phenotypic screening.3 

When gene deletion, disruption or tagging are desired, a selectable marker may 

be permanently integrated at the targeted locus, but if the goal is to determine the 
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effects of precise nucleotide changes, any transformation markers used should be 

removed prior to phenotypic analysis. Recombinase-mediated cassette exchange 

(RMCE) has been used to remove and replace such a marker gene in Drosophila18; 

however, RMCE is not ideal for this purpose because it leaves scars in the form of 2 

attR sequences at the site of reporter excision. A related strategy has recently been 

developed in which the transformation marker is flanked by repeats that are recognized 

by the PiggyBac transposase (http://flycrispr.molbio.wisc.edu/scarless). PiggyBac-

mediated excision leaves a TTAA motif behind, thus this method can be used to remove 

the transformation marker in a scarless manner when the locus of interest contains an 

endogenous TTAA motif. An alternative scarless “pop-in/pop-out” strategy was recently 

described for use in mammalian cells in which a fluorescent reporter gene is inserted 

along with the desired nucleotide changes in a first transformation step (pop-in), 

allowing modified cells to be identified using fluorescence-activated cell sorting (FACS), 

and then removed via a second round of CRISPR editing (pop-out).19,20 

Here, we describe an alternative pop-in/pop-out strategy for precisely editing one 

or more nucleotides in Drosophila. This method requires less molecular screening than 

single-stage allele replacement strategies and does not result in any unwanted 

sequence changes in the genome (i.e., it is scarless). It uses a customizable 

intermediate donor plasmid with a fluorescent reporter gene for easily identifying 

germline transmission of HDR events that is expressed in the pupal wings, allowing 

screening for it in the presence of the widely used eye-expressing fluorescent markers. 

This reporter gene is then cleanly replaced with the desired sequence, resulting in a 

“scarless” allele swap. We have successfully used this method to introduce 2 single-

nucleotide changes into a D. melanogaster genome without inducing any additional 

modifications. All components used for these reactions (dsDNA repair templates and 

plasmids encoding Cas9 and sgRNAs) were co-injected into the embryo, making this 

method suitable for use in any strain of D. melanogaster as well as in 

other Drosophila species. 
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Results 

The potential of using CRISPR to modify as few as one nucleotide in the genome 

makes it a powerful tool for testing the phenotypic consequences of changes in DNA 

sequence ranging from single nucleotide variants to more substantial differences in 

haplotype. We developed our strategy for making precise nucleotide changes 

in Drosophila by using CRISPR to modify a strain of D. melanogaster (melDA tan) that 

carries a Drosophila americana allele of the tan gene in a PiggyBac transgene marked 

with an eye-expressing green fluorescent protein (GFP). This strain also carries loss-of-

function mutations in the endogenous D. melanogaster yellow, white, and tan genes 

(ywt), with the D. americana tan transgene rescuing the tan mutant phenotype. The D. 

americana tan allele was inserted into D. melanogaster to study changes in its first 

intron that contribute to pigmentation divergence between D. americana and its sister 
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species D. novamexicana,21 thus we targeted the first intron of tan for genome 

modification when developing the tools described below.  

First, we identified unique CRISPR target sites flanking our region of interest by 

using the flyCRISPR Optimal Target Finder tool to rule out target sites with sequence 

similarity elsewhere in the genome that might cause off-target cleavage.22 We chose to 

place the 5′ target site within the first exon of the tan transgene so that the pigmentation 

phenotype could serve as a secondary indicator of successful gene disruption and later 

repair (Figure 2-2). The 3′ target site was located in the first intron of tan. Each of these 

2 selected target sequences was then cloned into its own sgRNA expression plasmid 

(pCFD3).23 

Next, we constructed an intermediate donor plasmid designed to replace our 

region of interest with a visible transformation marker flanked by unique CRISPR target 

sites (Figure 2-2). The melDA tan strain we sought to modify already contained an eye-

expressing red fluorescent protein (RFP) reporter gene marking the attP landing-site 

used to insert the piggyBac transgene and an eye-expressing GFP marking the 

transgene, so we chose a transformation marker for CRISPR that expressed a 

fluorescent protein in a tissue other than the eye: a GFP reporter gene under the control 

Figure 2-2: Schematic of marker-assisted, 2-stage allele swap within the D. americana tan 
transgene in D. melanogaster (previous page). In stage 1, the 3′ end of the first exon (black 
rectangle) and a portion of the first intron of D. americana tan were excised by cleavage at the t5 
(antisense direction) and t3 sgRNA target sites shown in brown. In the donor plasmid used to 
repair this region, pGEM-WingGFP-tan, the PAM sites (highlighted in yellow) and 3 PAM-proximal 
nucleotides at each target site contain sequence from the native target site, but the remaining 17 
nucleotides of each sgRNA target sequence have been edited to differ from the D. americana 
tan sequence. These edited sequences serve as new, unique CRISPR target sites for reporter 
excision, and are labeled as t5re and t3re (“re” for “reporter excision”). These t5re and t3re target 
sites are not recognized by the sgRNA-Cas9 complexes targeting sites t5 and t3, thus preventing 
cleavage of pGEM-WingGFP-tan or the HDR product. When the wing-GFP transformation marker 
was incorporated into the genome, so were these unique t5re and t3re target sites, which contain 
restriction sites that double as multiple cloning regions. The donor plasmid used for stage 2, 
pGEM-tan-edits, contained the region of the D. americana tan sequence amplified with primers 
shown as arrows labeled A and B, which was cloned into the pGEM T-Easy vector. Changes in the 
length of 2 homopolymer runs used to confirm genome modification are represented by red 
asterisks. sgRNAs targeting the t5re and t3re sites flanking the reporter gene were used to remove 
it, with the D. americana tan sequence restored from pGEM-tan-edits via HDR. Locations of PCR 
primers used to test flies that lost wing-GFP expression following stage 2 of the allele swap are 
shown with arrows labeled X and Y. Precise HDR was confirmed by Sanger sequencing the 
amplicon produced by these primers. For primer sequences and details about screening PCRs, 
see Supplemental Table S2-1 in the supplement. Sanger sequencing chromatograms for all edited 
sites are shown in Supplemental Figure S2-1. 
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of a ∼1kb enhancer of the D. melanogaster yellow gene that drives robust expression in 

pupal wings.24 This reporter gene was amplified from genomic DNA of a previously 

constructed transgenic line using primers with sequences designed to function as 

unique CRISPR target sites appended at the 5′ and 3′ ends (Figure 2-2). These unique 

CRISPR target sites showed no exact matches (using a NCBI BLAST search) in any 

sequenced Drosophila genome, making them suitable for use in most, if not 

all, Drosophila species. They also contained cut sites for restriction enzymes, which can 

be used to easily remove and replace the wing-expressing GFP reporter gene with a 

different transformation marker. 

To direct this reporter gene to the desired region of the genome, homology arms 

adjacent to the original CRISPR target sites in the tan transgene were amplified and 

attached to the ends of this reporter gene flanked by unique CRISPR target sites in the 

pGEM T-Easy plasmid using Gibson Assembly (Figure 2-2).25 The restriction enzyme 

cut sites in the pGEM T-Easy part of this pGEM-WingGFP-tan donor plasmid can be 

used in combination with the restriction enzyme cut sites in the unique CRISPR target 

sequences to easily replace one or both homology arms with different sequences for 

other studies (Figure 2-2). 

We injected 1220 melDA tan embryos with a mixture of the pGEM-WingGFP-

tan plasmid, both sgRNA expression plasmids targeting the D. americana tan transgene 

sequence, and a pBS-Hsp70-Cas9 expression plasmid producing Cas9 protein. We 

crossed 150 of the adult flies that emerged from these injected embryos back to 

the melDA tan strain and screened their F1 progeny for inheritance of the reporter gene by 

looking for GFP expression in the developing pupal wings daily under a GFP-enabled 

stereoscope (Figure 2-3B). Six of these 150 injected flies produced progeny with GFP 

expression in pupal wings and were thus considered “founders.” The percentage of 

progeny expressing the WingGFP reporter construct from each founder ranged from 

2.5% to 25.4%. In all, 70 pupae were positive for wing GFP expression, 43 of which 

were ultimately used to establish lines homozygous for the wing-expressing GFP 

marker gene. A summary of these statistics is provided in Supplemental Table S2-2. 
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All 43 of these homozygous lines showed lighter body pigmentation than the D. 

melDA tan parental line, consistent with the marker gene disrupting the D. americana 

tan transgene in an otherwise tan mutant D. melanogaster genetic background 

(Figure 2-3A). The pGEM T-Easy vector backbone was found to have been 

incorporated along with the marker gene in 28 of these 43 lines, and these lines were 

excluded from further study. PCR amplifications were then used to check the 5′ and 3′ 

insertion sites of the WingGFP marker in the remaining 15 lines, 13 of which were found 

to have incorporated it into the correct genomic location. DNA sequencing subsequently 

confirmed that the GFP reporter gene, unique CRISPR target sites, and homology 

regions were as expected in all 13 of these lines. Two of these 13 lines (25.17 and 9.14) 

were expanded for embryo collection and subsequent injection to excise the GFP 

reporter gene and replace it with a modified tan sequence. 

A second donor plasmid was designed to restore the function of the D. 

americana tan transgene by replacing the wing-expressing GFP transformation marker 

with tan sequence excised in the first step. This plasmid, pGEM-tan-edits, was 

constructed by amplifying the D. americana tan transgene sequence from the beginning 

of the 5′ homology arm upstream of exon 1 to the end of the 3′ homology arm in the first 

intron (which includes the original CRISPR target sites) and cloning it into the pGEM T-

Easy plasmid (Figure 2-2). The specific amplicon chosen to construct this plasmid 

contained 2 changes in non-coding homopolymer runs (9T->10T in the 5′ homology arm 

and10T->9T in the intron) that were not expected to affect the function of this sequence 

(Figure 2-2). These changes were included to allow us to confirm that the transformants 

recovered were not contaminants from the original melDA tan strain. Guide RNAs 

matching the 2 unique CRISPR target sites introduced with the GFP transformation 

marker were also cloned into the pCFD3 sgRNA expression plasmid. 

We injected 631 embryos from the wing-GFP expressing line 25.17 and 730 from 

the wing-GFP expressing line 9.14 with a mixture containing the pBS-Hsp70-Cas9 

expression plasmid, pCFD3 sgRNA expression plasmids targeting the unique CRISPR 

target sites, and pGEM-tan-edits. We crossed 179 flies emerging from these injected 

embryos to the same ywt strain of D. melanogaster that harbored the original D. 
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americana tan transgene. 

Pupae from these crosses were 

screened for the absence of 

wing-expressing GFP along with 

the presence of eye-expressing 

GFP and RFP indicating 

presence of the tan transgene 

and the attP landing site the 

transgene was inserted into, 

respectively. From the 15 

crosses found to contain one or 

more pupae that met these 

criteria, we collected a total of 

32 pupae with this pattern of 

fluorescence before eclosion. 

Adult flies emerging from these 

pupae were crossed to a third 

chromosome (TM6B) balancer 

line and their progeny screened 

a second time for pupal wing 

Figure 2-3: Representative pigmentation and fluorescence phenotypes of flies at each stage 
of the tan allele swap process (next page). (A) Dorsal pigmentation of adult flies is shown for 
the melDA tan strain prior to editing (left), the melDA tan strain in which the targeted region of tan has 
been replaced with the wing-GFP marker (middle), and the melDA tan strain after the wing-GFP marker 
was replaced with the edited tan sequence (right). The darker pigmentation seen in flies on the left 
and right is caused by a functional D. americana tan transgene. When this transgene is disrupted 
(middle), pigmentation is visibly lighter on the dorsal head, thorax, and abdomen. Double-headed 
black arrows indicate areas in the thorax and abdomen where the change in pigmentation was most 
readily apparent. (B) GFP fluorescence in late-stage pupae is shown for the melDA tan strain prior to 
editing (left), the melDA tan strain in which the targeted region of tan has been replaced with the wing-
GFP marker (middle), and the melDA tan strain after the wing-GFP marker was replaced with the 
edited tan sequence (right). The GFP fluorescence in eyes of all 3 flies results from the 3XP3-GFP 
reporter gene included in the D. americana tan transgene. GFP expression in the developing wings 
(indicated with arrows) is visible in flies after the first stage of the 2-step allele swap procedure 
(middle) and lost following the second stage (right). All pupae shown were deemed to be at the same 
developmental stage based on visible features of wing development, expression of 3XP3-GFP, and 
lack of pigmentation on the developing wing. 

 

 

asdf 
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GFP expression to make sure that the transient wing fluorescence was not simply 

missed during the initial screen. Ultimately, 5 founders produced 11 flies whose progeny 

were verified to have lost wing-expressing GFP. Ten of these 11 progeny were 

successfully used to establish lines homozygous for the edited transgene (Figure 2-3B), 

none of which showed evidence of the pGEM T-Easy backbone being incorporated. 

One of these 10 lines showed the ∼2.5kb product expected from a PCR spanning the 

edited region from one homology region to the other and had dark pigmentation 

consistent with a rescue of D. americana tan function (Figures. 2-2, 2-3A). The 

remaining 9 lines failed to produce the expected PCR product and had light 

pigmentation suggesting that the tan sequence was not successfully restored. Sanger 

sequencing of the modified region of D. americana tan in the line with dark pigmentation 

showed precise repair with both homopolymer runs matching the donor plasmid 

sequence rather than the original transgene sequence (Supplemental Figure S2-1), 

confirming that wesuccessfully introduced 2 single-nucleotide changes in the D. 

americana tan transgene in our desired D. melanogaster genetic background. A 

summary of efficiency at each stage of this second swap is provided in Supplemental 

Table S2-3. The fact that mutations in both the 5′ homology arm and the intron were 

incorporated suggests that the HDR was likely initiated from a double-strand break at 

the t3re site. Because HDR is initiated by one of the two free 3′ ends at the double-

strand break, repair from the t5re site could only result in the incorporation of one or the 

other of these mutations, which are positioned to either side of the t5re site, whereas 

repair from the t3re site could incorporate both mutations.26 We mention the 

directionality of repair to illustrate the importance of careful experimental design 

regarding the position of desired insertions/mutations relative to CRISPR target sites. 

All of the reagents used in this work were developed with flexibility for future 

studies in mind. For example, restriction sites were included in the unique CRISPR 

target sequences for easy modifications, as described above. We have already used 

these restriction sites to make an alternative version of the intermediate donor vector 

(pGEM-WingGFP-tan) in which the pupal wing-expressing GFP reporter gene was 

replaced with an eye-expressing RFP (pGEM-3XP3.RFP-tan). Fluorescent proteins 

expressed in the adult eye by the 3XP3 promoter have been shown to function in a wide 
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variety of insect taxa,27,28 making this donor plasmid useful for HDR not only in D. 

melanogaster, but also in many other insect species. The wing-GFP marker we used 

allows screening in lines that already carry eye-expressing markers or have eye color 

that makes the detection of eye-expressing fluorescent markers difficult, but we 

encourage the use of the 3xP3-RFP intermediate donor when screening for 

fluorescence in the eyes of white mutant flies is possible because it is less laborious 

than screening for the gain and loss of expression from the pupal wing-GFP marker. 

pGEM-3XP3.RFP-tan also contains restriction sites in novel CRISPR target sites 

introduced to prevent re-cutting and facilitate easy cloning. The homology arms in this 

plasmid target the D. americana tan gene, but other researchers can replace these 

homology arms with their own sequences of interest. When preparing reagents for a 

new locus, it should be noted that the 3 PAM-proximal nucleotides of these unique 

CRISPR target sequences are specific to each locus, and the sgRNAs should be 

customized to match the locus targeted by the donor plasmid (Figure 2-2). 

 

Discussion 

We have developed tools and protocols to implement a 2-step, marker-assisted 

genome editing strategy suitable for making precise changes at targeted sites 

in Drosophila with greatly reduced requirements for molecular screening (Figure 2-4). 

Our method adds to the few available techniques that leave no unwanted changes 

(“scars”) in the genome, such as those that occur when ablating PAM sites or using 

integrase-mediated excision to remove selectable markers 

(http://flycrispr.molbio.wisc.edu/scarless).19,20 Our method is also better-suited than 

these other methods for making a series of allelic changes at the same locus, as the 

intermediate line containing the marker gene need only be generated once. This is 

useful, for example, when reintroducing the original, unedited sequence in parallel with 

an experimental manipulation as a control for side effects of the CRISPR process or 

when testing a set of allelic variants to identify sites with specific functions. 
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With three scarless, 2-stage allele swap methods now described (Xi 

et al.,20 http://flycrispr.molbio.wisc.edu/scarless, and this study), researchers should 

consider the differences among these methods when designing their own experiments. 

First, both our method and the pHD-ScarlessDsRed method 

(http://flycrispr.molbio.wisc.edu/scarless) are specifically optimized for use 

in Drosophila, whereas the “pop-in/pop-out” strategy described by Xi et al20 uses 

reagents designed for use in mammalian cells. Second, the pHD-ScarlessDsRed 

method requires the presence of a TTAA motif at the target locus for scarless editing, 

which adds some restriction to target site selection, but circumvents the need for a 

second round of injections when working with D. melanogaster because flies carrying 

the reporter can be crossed to existing transgenic lines that express the PiggyBac 

transposase.29 However, to apply this method in species other than D. melanogaster, a 
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second injection step will still be required in order to introduce the PiggyBac 

transposase. Third, our method uses a novel transformation marker and uniquely 

designed target sites in the reporter construct which double as cloning sites for later 

customization of homology arms or reporter cassette. Finally, with both the Xi 

et al.20 and pHD-ScarlessDsRed methods, the desired changes are introduced along 

with a reporter gene during the first step and the reporter gene is excised in the second 

step. In our method, only the reporter gene is introduced in the first step. In instances 

where larger genomic regions are being edited, this feature reduces the size of the 

region that must be inserted initially by HDR, which increases efficiency,30 and creates a 

stable genotype that can be used to eliminate the first stage CRISPR modification in 

any future experiments that modify the same locus.  

Our method is also particularly well-suited for use in any D. melanogaster genetic 

background or in any Drosophila species. This feature realizes the great potential of 

genome editing via site-specific nucleases for making genetic manipulations at a gene's 

native locus and in its native genomic background. For example, the function of sites 

that have diverged between 2 Drosophila species can now be tested in their native 

context rather than in a heterologous species such as D. melanogaster.31–33 However, 

Figure 2-4: Workflow for 2-stage marker assisted allele swap. (1) Target sites flanking the area 
to be edited are identified (red and blue) using online tools to identify optimal target sites and search 
for potential off-target cleavage sites.22,39 (2) Sequences from the selected target sites are then 
cloned into sgRNA expression plasmids or used to generate in vitro transcribed sgRNAs. Homology 
arms flanking the region of interest (recommended length ∼1kb) are cloned into the reporter donor 

plasmid, which contains unique CRISPR target sites (light and dark purple) in place of the genomic 
target sites (red and blue). (3) Embryos are injected with the donor plasmid, sgRNAs (expression 
plasmids or in vitro transcribed RNAs) and a source of Cas9 (expression plasmid, mRNA, or protein) 
unless any of these components is produced by a transgene already present in the host. (4) Adult 
flies that develop from the injected embryos are collected as virgins and then crossed back to the 
parental line. F1 progeny emerging from these crosses are screened for the selectable marker, with 
flies positive for the selectable marker allowed to produce F2 progeny before extracting their DNA for 
molecular screening. (5) Individuals with the correct reporter gene insertion are made homozygous 
and the population is expanded for embryo collections. (6) sgRNAs with sequences matching the 
unique CRISPR target sites introduced with the reporter gene (light and dark purple) as well as a 
plasmid containing the original CRISPR target sites and the edited version of the original sequence 
are prepared. (7) Flies carrying the reporter at the locus of interest are injected for the second allele 
swap step. (8) Because the selectable marker is dominant, adult flies developing from injected 
embryos must be crossed back to either the original parental line from step (1) or to a balancer line 
(if available) for screening. Progeny from this cross that do not show expression of the selectable 
marker are then crossed and analyzed with molecular tests to determine whether they contain the 
desired editing events. 
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currently available Cas9- and sgRNA-expression plasmids (including those used in this 

study) contain promoters derived from D. melanogaster, so injecting purified Cas9 

protein or mRNA along with in vitro transcribed sgRNAs instead of using expression 

plasmids will likely give better results when working with 

other Drosophila species.17,34,35 We have recently had success using commercially 

available Cas9 protein and in vitro transcribed sgRNAs to induce NHEJ and/or HDR 

in Drosophila elegans, Drosophila americana, Drosophila novamexicana, 

and Drosophila virils (unpublished data). 

The two-stage allele swap method reported here provides additional precision 

and flexibility for allele replacements using CRISPR in Drosophila. Further modifications 

are likely to increase the efficiency of this method even more, however. For example, if 

a specific genetic background is not required, one of several lines of D. 

melanogaster developed to increase CRISPR efficiency can be used, such as lines with 

Cas9 and/or sgRNA expressed from transgenes integrated into the genome16,36,37 or 

lines with reduced lig4 activity that increase the frequency of HDR events by inhibiting 

the NHEJ pathway.10,38 Similar lines could also be constructed in 

other Drosophila species to optimize CRISPR-based genome modifications in these 

hosts. Selection of sgRNA target sites may also be optimized to maximize the likelihood 

of cleavage according to criteria that have been identified in other studies.39–41 We note, 

however, that the need to improve CRISPR efficiency is decreased by the use of 

methods which employ fast and easy phenotypic screening of large populations. 

In designing genome editing experiments, the most pertinent strategies and 

screening techniques will depend on the types of changes desired as well as the 

resources available to the researcher. For instance, experiments to alter the coding 

sequence of essential genes would rule out the use of an intermediate stage that 

disrupts both copies of the gene, which would preclude the use of our 2-stage method 

as described. Nonetheless, the applicability of our method to many other types of 

experiments in a wide variety of genetic backgrounds makes it a valuable addition to the 

existing methods and tools for scarless genome modifications available to 

the Drosophila research community. 
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Materials and methods 

Fly strains 

The D. americana tan transgene was constructed as previously described in 

Wittkopp et al.21 The transgenic strain of D. melanogaster melDA tan was constructed by 

integrating this D. americana tan transgene and a 3XP3-GFP transformation marker in a 

piggyBac plasmid containing an attB sequence into an attP landing site marked with 

3XP3-RFP (Flybase ID FBst0024749) at cytological location 86Fb on the third 

chromosome using phi-C31-mediated integration.42 GenetiVision (Houston, TX) 

performed the injections that produced the melDA tan transgenic line. Transformant flies 

carrying the melDA tan transgene were crossed to a line that was mutant for yellow, white, 

and tan (ywt) to confirm that the D. americana tan transgene rescued the D. 

melanogaster tan mutant phenotype and to allow easier detection of the 3xP3-GFP and 

3xP3-RFP fluorescent markers. 

The transgenic D. melanogaster line carrying the wing-expressing GFP reporter 

gene (referred to as “line 890”) was constructed using D. melanogaster yellow enhancer 

sub-element “mel_a2” described in Kalay, 2012.24 The reporter gene from line 890 was 

chosen as a selectable marker for this study because of its clear expression pattern in 

the developing wings, which can be screened independently of the eye-expressing 

fluorescent markers present in melDA tan. 

To generate lines homozygous for the edited D. americana tan transgene on the 

third chromosomes, we first constructed a ywt;+;TM6B strain by crossing the TM6B third 

chromosome balancer (Flybase ID FBst0007197) into the same ywt genetic background 

used in the construction of melDA tan. This ywt;+;TM6B genotype was crossed with the 

originally recovered melDA tan flies to produce a stock homozygous for ywt as well 

as melDA tan. Flies were maintained at ∼25°C on standard cornmeal media except were 

otherwise specified. 
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Plasmids 

To construct pGEM-WingGFP-tan, the wing-expressing GFP reporter gene 

sequence from line 890 and homology arms flanking the targeted region of D. 

americana tan were PCR amplified to generate overlapping regions of homology for 

cloning into the pGEM T-easy vector via Gibson Assembly.25 The 831bp 5′ homology 

arm was PCR amplified from D. americana tan using primer pair 5 (Supplemental Table 

S2-1), which appended a region homologous to the pGEM T-easy vector on the 5′ end 

and added new sequence to form the t5re target site on the 3′ end (Figure 2-2, in light 

purple). The 966bp 3′ homology arm was amplified using primer pair 6 (Supplemental 

Table S2-1), appending new sequence to form the t3re target site at the 5′ end 

(Figure 2-2, in dark purple) and a region homologous to the pGEM T-easy vector to the 

5′ end. Both homology arm PCR reactions used melDA tan genomic DNA as template. 

The wing-expressing GFP reporter was PCR amplified from line 890 genomic DNA 

using primer pair 7 (Supplemental Table S2-1), which appended the t5re target site to 

the 5′ end and the t3re target site to the 3′end (Figure 2-2). These amplicons and the 

pGEM T-easy vector were assembled using New England Biolabs (NEB) Gibson 

Assembly Master Mix. 

pGEM-tan-edits, the donor plasmid used for the second stage of the allele swap, 

was generated by PCR amplifying the targeted D. americana tan region along with the 

flanking homology regions from melDA tan genomic DNA using primer pair 8 

(Supplemental Table S2-1, see Figure 2-2) and inserting the resulting amplicon into 

pGEM T-Easy vector via Gibson Assembly. 

To construct the eye-expressing RFP donor, pGEM-3XP3.RFP-tan, the 3XP3-

RFP reporter was PCR amplified from D. melanogaster genomic DNA containing the 

M{3XP3-RFP.attP}ZH-51C landing site (Flybase ID FBtp0023088) using primer pair 11, 

which added Acc65I and Bsu36I restriction sites (Supplemental Table S2-1). Before 

constructing pGEM-3XP3.RFP-tan, we had replaced the 3′ homology arm of pGEM-

wingGFP-tan with sequence from another region of D. americana tan using Bsu36I and 

MluI restriction sites. This new homology arm was amplified from melDA tan genomic DNA 
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using primer pair 10 (Supplemental Table S2-1). The 3XP3-RFP reporter amplicon was 

cloned into this modified pGEM-WingGFP-tan plasmid using the Acc65I and Bsu36I 

restriction enzyme cut sites. 

sgRNA expression plasmids were made by ligating target-site specific annealed 

oligonucleotide inserts into BbsI-digested pCFD3 (Addgene # 49410) according to the 

methods described by Port et al.23 The following oligonucleotide pairs were used to 

generate the cloning inserts for the indicated sgRNA target sites: ‘t5’ – primer pair 12, 

‘t3’ – primer pair 13, ‘t5re’ – primer pair 14, ‘t3re’ – primer pair 15 (Supplemental Table 

S2-1). We used the pBS-Hsp70-Cas9 plasmid (Addgene #46294) as a Cas9 source. 

Drosophila husbandry and injection 

Plasmids for CRISPR were prepared for injection using either Zymo Zyppy 

Plasmid Maxi Prep kit or Mechery-Nagle Nucleobond Xtra EF Midi Prep kit followed by 

ethanol precipitation and re-suspension in nuclease-free water. For all injections, 

plasmid concentrations were as follows: 500ng/µL HDR donor, 100ng/µL each sgRNA 

plasmid, 250ng/µL pBS-Hsp70-Cas9. After injection, embryos were maintained at 25°C 

for 3–4 d, at which time larvae were moved to vials with cornmeal media. Embryo 

injections were performed as described previously.43 For pupal wing reporter screening, 

flies were moved to 18°C upon entering the wandering larval stage to slow development 

in an effort to prolong the amount of time the fluorescent marker signal was present. 

Fluorescence screening 

To screen for the presence of fluorescent markers, we used a Leica MZ6 

stereoscope equipped with a Kramer Scientific Quad Fluorescence Illuminator. GFP 

expression from the wing-GFP reporter gene used in this study becomes easily 

detectable in the wings after the developing wing is clearly visible, but before 3XP3-GFP 

signal is visible in the eyes. GFP signal in wings is easily detectable for approximately 

2 d at 18°C, with GFP signal fading rapidly at the onset of wing pigmentation. 



 48 

To screen for the presence or absence of the wing-expressing GFP marker, 

F1 pupae (progeny of injected parents) were observed daily under the GFP stereoscope 

at 18°C. After the first stage of the allele swap, when the wing-GFP marker was 

inserted, pupae with detectable GFP expression in the developing wings were removed 

from the vial with a wet paintbrush and isolated in a ventilated microcentrifuge tube with 

food to await future crossing and molecular screening. Surviving wing-GFP positive 

pupae were crossed to the ywt TM6B balancer line. From these balancer crosses, 

siblings with both the wing-GFP phenotype and the TM6B bristle phenotype were 

crossed to form homozygous lines. 

Following the second stage of the allele swap (marker excision and 

replacement), pupae with detectable GFP expression in the developing wings were 

removed and discarded. Any pupae that remained in the vial until their wings darkened 

were removed and isolated for future crossing. Crosses were performed as described in 

the results. 

Molecular screening 

To test for the presence of unwanted pGEM T-easy vector (plasmid “backbone”) 

in edited flies, we used PCR reactions with one primer in the vector backbone and the 

other in either the 5′ or 3′ homology arm, using primer pair 1 and primer pair 2 for the 5′ 

and 3′ sides, respectively (Supplemental Table S2-1), while the donor plasmid was used 

as a positive control template. Strains that produced a band from either of these PCR 

reactions were excluded from further study. 

To confirm integration of the wing-GFP reporter gene into the correct genomic 

location, we used a PCR reaction that amplifies DNA sequence from within the reporter 

gene sequence to outside the homology region on both the 5′ and 3′ sides of the 

reporter gene, using primer pair 3 to screen the 5′ side and primer pair 4 to screen the 3′ 

side (Supplemental Table S2-1). The amplicons from these PCR reactions were Sanger 

sequenced to confirm scarless repair at both the target sites and throughout both 

homology regions. To screen for correct HDR after the second stage of the allele swap, 

the entire edited locus was amplified via PCR using primers outside the homology 
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regions (see Figure 2-2 and primer pair 9 in Supplemental Table S2-1 for details). This 

amplicon was Sanger sequenced to confirm the presence of expected sequence edits. 

All diagnostic PCRs were performed using genomic DNA extracted from single 

flies following the Gloor and Engels “squish prep” protocol.44 

Imaging 

Fly images shown in Figure 2-3 were captured using a Leica MZFLIII 

fluorescence stereoscope equipped with a Leica DC480 microscope camera. 
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Abbreviations 

CRISPR Conserved Regularly Interspaced Short Palindromic Repeats 

Cas9 
CRISPR-associated protein-9 nuclease 
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sgRNA 
single guide RNA 

PAM 
protospacer-adjacent motif 

ssODN 
single-stranded oligodeoxynucleotide 

dsDNA 
double stranded DNA 

NHEJ 
Non-homologous end-joining 

HDR 
Homology-directed repair 

GFP 
green fluorescent protein 

RFP 
red fluorescent protein 

SNP 
single nucleotide polymorphism 
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Chapter 3 

ebony Affects Pigmentation Divergence and Cuticular Hydrocarbons 

in Drosophila americana and D. novamexicanai 

Abstract 

Drosophila pigmentation has been a fruitful model system for understanding the 

genetic and developmental mechanisms underlying phenotypic evolution. For example, 

prior work has shown that divergence of the tan gene contributes to pigmentation 

differences between two members of the virilis group: Drosophila novamexicana, which 

has a light yellow body color, and D. americana, which has a dark brown body color. 

Quantitative trait locus (QTL) mapping and expression analysis has suggested that 

divergence of the ebony gene might also contribute to pigmentation differences 

between these two species. Here, we directly test this hypothesis by using 

CRISPR/Cas9 genome editing to generate ebony null mutants in D. americana and D. 

novamexicana and then using reciprocal hemizygosity testing to compare the effects of 

each species’ ebony allele on pigmentation. We find that divergence of ebony does 

indeed contribute to the pigmentation divergence between species, with effects on both 

the overall body color as well as a difference in pigmentation along the dorsal 

abdominal midline. Motivated by recent work in D. melanogaster, we also used 

the ebony null mutants to test for effects of ebony on cuticular hydrocarbon (CHC) 

profiles. We found that ebony affects CHC abundance in both species, but does not 

contribute to qualitative differences in the CHC profiles between these two species. 

Additional transgenic resources for working with D. americana and D. novamexicana, 

such as white mutants of both species and yellow mutants in D. novamexicana, were 

 
i This chapter is published as: Lamb, Abigail M., Zinan Wang, Patricia Simmer, Henry Chung, and Patricia J. 

Wittkopp. 2020. “Ebony Affects Pigmentation Divergence and Cuticular Hydrocarbons in Drosophila Americana and 
D. Novamexicana.” Frontiers in Ecology and Evolution 8: 184. 
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generated in the course of this work and are also described. Taken together, this study 

advances our understanding of loci contributing to phenotypic divergence and illustrates 

how the latest genome editing tools can be used for functional testing in non-model 

species. 

 

Introduction 

Insect pigmentation is a well-studied trait that displays a variety of phenotypic 

differences within and between species (Wittkopp et al., 2003a; Kronforst et al., 2012). 

These differences have evolved over a wide range of divergence times and in a great 

diversity of ecological contexts. Differences in insect pigmentation often appear to be 

ecologically relevant, correlating with geographic and climatic factors and playing a role 

in phenomena such as mate recognition, camouflage, thermoregulation, and water 

balance (True, 2003; Wittkopp and Beldade, 2009). Studies of pigmentation differences 

within the genus Drosophila have emerged as a productive model for studying the 

evolution of development, exploiting the diversity of phenotypes as well as genetic tools 

available for working with Drosophila and a long history of research into the genetic and 

biochemical mechanisms controlling pigmentation development (Wittkopp et al., 

2003a; Massey and Wittkopp, 2016; Rebeiz and Williams, 2017). Indeed, since the 

early 2000s, the genetic bases of dozens of pigmentation differences have been 

identified in varying levels of detail. Strikingly, in every case where a causal role has 

been directly attributed to a specific gene, the mechanism of change has been found to 

be a cis-regulatory change that affects gene expression rather than a change in the 

protein’s function (Massey and Wittkopp, 2016). These case studies have also identified 

multiple independent instances of divergent expression for some pigmentation genes, 

suggesting that these genes are particularly tractable routes for the evolution of 

pigmentation in this genus (Massey and Wittkopp, 2016). 

Changes in cis-regulatory sequences are thought to be a common mechanism of 

developmental evolution because they tend to be less pleiotropic than changes in 

protein function (Wray et al., 2003; Carroll, 2005). For example, a cis-regulatory change 
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might alter a gene’s expression in only a single tissue or a single point in development 

whereas changing its protein function is expected to impact the organism everywhere 

that protein is expressed. Genes controlling pigmentation development in Drosophila 

might be especially likely to evolve using this mechanism because the proteins encoded 

by these genes are also required for other biological functions. For example, genes 

required for pigment synthesis have also been shown to affect mating success, 

circadian rhythm, vision, and innate immunity (Nappi and Christensen, 2005; True et al., 

2005; Suh and Jackson, 2007; Wittkopp and Beldade, 2009; Takahashi, 2013; Massey 

et al., 2019a). The pigmentation biosynthesis genes ebony and tan have also been 

found to affect the profiles of cuticular hydrocarbons on adult flies, which are 

hydrophobic lipids on the surface of insect cuticle that are involved in chemical 

communication, mate recognition, and water balance (Chung et al., 2014; Chung and 

Carroll, 2015; Massey et al., 2019b). 

Here, we investigate genetic changes contributing to the evolution of novel body 

color in D. novamexicana. This species has evolved a much lighter and more yellow 

body color than its sister species D. americana during the approximately 400,000 years 

since these species diverged from their most recent common ancestor (Figure 3-

1; Caletka and McAllister, 2004; Morales-Hojas et al., 2008). D. novamexicana and D. 

americana show signs of reproductive isolation (Patterson and Stone, 1949; Ahmed-

Braimah and McAllister, 2012), but they are interfertile and can produce viable, fertile 

F1 hybrids in the laboratory, allowing genetic analysis (Wittkopp et al., 2003b, 2009). 

Prior genetic mapping has identified two quantitative trait loci (QTL) that together 

account for ∼87% of the pigmentation difference between D. novamexicana and D. 

americana (Wittkopp et al., 2009). Fine mapping and transgenic analysis revealed that 

the QTL of smaller effect was driven by divergence at tan (Wittkopp et al., 2009), a gene 

that encodes a hydrolase that catalyzes the conversion of N-B-alanyl dopamine (NBAD) 

to dopamine, a precursor for dark melanin pigment (True et al., 2005). The QTL of 

larger effect was linked to an inverted region containing the candidate gene ebony, but 

the presence of the inversion prevented fine mapping to separate the effects 

of ebony from linked loci (Wittkopp et al., 2009). ebony encodes a synthetase that 

catalyzes the conversion of dopamine into NBAD, a precursor for light yellow pigments 
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(Koch et al., 2000), which is the opposite of the reaction catalyzed by Tan. ebony has 

also been shown to have expression differences between D. novamexicana and D. 

americana caused by cis-

regulatory divergence (Cooley 

et al., 2012). 

 

Despite these data 

suggesting 

that ebony contributes to 

pigmentation divergence 

between D. 

novamexicana and D. 

americana, the phenotypic 

effects of sequence divergence 

at ebony have not been 

demonstrated. Here, we show 

that divergence at ebony does 

indeed contribute to 

pigmentation divergence 

between these two species. We 

use CRISPR/Cas9 genome 

editing to mutate ebony in both 

species and use these mutant 

genotypes to directly 

test ebony’s contribution to 

pigmentation divergence 

through reciprocal hemizygosity 

testing (Stern, 2014). We find 

that the D. novamexicana 

ebony allele causes lighter 

pigmentation throughout the 

Figure 3-1: Drosophila novamexicana shows divergent body 
color within the virilis group. Phylogenetic relationships with 
estimated divergence times (Caletka and McAllister, 
2004; Cooley et al., 2012) are shown for D. novamexicana, D. 
americana, D. lummei, and D. virilis. For each species, a dorsal 
view of the thorax and abdomen is shown for females (left) and 
males (right), with heads, wings, and legs removed. 
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body than the D. americana ebony allele. We also find that allelic divergence at ebony is 

primarily responsible for a spatial difference in abdominal pigmentation between these 

species: the D. novamexicana ebony allele causes the absence of dark melanin along 

the dorsal midline of the abdomen seen in D. novamexicana. Finally, we show 

that ebony affects the cuticular hydrocarbon (CHC) profiles in D. americana and D. 

novamexicana, but does not contribute to the qualitative differences in CHC profiles 

seen between species. Taken together, our data show the power of using 

CRISPR/Cas9 genome editing to test functional hypotheses about evolutionary 

mechanisms. In addition, resources generated and lessons learned in the course of this 

work are expected to help other researchers perform CRISPR/Cas9 genome editing 

in D. americana, D. novamexicana and other Drosophila species. 

 

Materials and Methods 

Fly stocks and husbandry 

The following fly lines were used in this study: D. americana “A00” (National 

Drosophila Species Stock Center number 15010-0951.00), D. novamexicana “N14” 

(National Drosophila Species Stock Center number 15010-1031.14), D. 

lummei (National Drosophila Species Stock Center number 15010-1011.08), D. 

virilis (National Drosophila Species Stock Center number 15010-1051.87), D. 

melanogaster y1 M{w[+mC] = nos-Cas9.P}ZH-2A w∗ (Bloomington Drosophila Stock 

Center number 54591), and D. melanogaster Canton-S. All flies were reared on 

standard cornmeal medium at 23–25°C with a 12:12 hour light:dark cycle. 

Transgenesis and CRISPR mutant generation in D. americana and D. novamexicana 

To the best of our knowledge, prior to this work, the only transformation of D. 

americana or D. novamexicana resulted from the insertion of a piggyBac transgene 

(Wittkopp et al., 2009). We therefore first used the CRISPR/Cas9 system to 

generate white mutants in both species to test the feasibility of CRISPR genome 

modification and to create lines that are easier to screen for common transformation 
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markers that drive expression of fluorescent proteins or restore red pigmentation in the 

eyes by restoring white function. We successfully generated white mutant N14 and A00 

lines used as transgenic hosts for future work, by injecting single guide RNAs (sgRNAs) 

targeting coding sequences in white conserved between D. novamexicana and D. 

americana in the second and third exons and screening for the loss of red eye pigment 

in male offspring of injected females (Supplemental Figure S3-1); white is on the X 

chromosome and thus only present in a single copy in males. These same guide RNAs 

were also used in Drosophila virilis to cut white and integrate an attP landing site 

potentially useful for site-directed transgene insertion (Lachowiec and Wittkopp, 

unpublished data), although the PhiC31 system does not seem to work well in D. 

virilis (Stern et al., 2017). For all CRISPR experiments, sgRNAs were in 

vitro transcribed from DNA templates using Invitrogen T7 MEGAscript Transcription Kit 

according to protocol described by Bassett et al. (2013). Oligonucleotides used to 

generate sgRNAs are listed in Supplemental Table S3-1. After transcription, sgRNAs 

were purified using RNA Clean and Concentrator 5 kit (Zymo Research), eluted with 

nuclease-free water, and quantified with Qubit RNA BR Assay Kit (Thermo Fisher 

Scientific). For CRISPR injections, sgRNAs were mixed with purified Cas9 protein (PNA 

Bio #CP01) with a final injected concentration of 0.05% phenol red to visualize the 

injection mix. CRISPR injections were performed in-house, using previously described 

methods (Miller et al., 2002). 

To try to increase efficiency of CRISPR mutagenesis in these species, we next 

sought to generate transgenic lines expressing Cas9 in the germlines of white mutant D. 

americana (A00) and D. novamexicana (N14) flies using piggyBac transgenesis (Horn 

and Wimmer, 2000). Based on prior reports that the nanos (nos) promoter and 3′UTR 

drive expression in the germline of Drosophila virilis (Holtzman et al., 2010), a close 

relative of D. americana and D. novamexicana, we amplified the nos-Cas9-

nos transgene from the pnos-Cas9-nos plasmid (Addgene #62208; Port et al., 2014) 

using Phusion High Fidelity Polymerase (NEB) with tailed primers and cloned the 

amplicon into pBac{3XP3-ECFPafm} (Horn and Wimmer, 2000) digested with AscI and 

Bsu36I restriction enzymes using Gibson Assembly Master Mix (NEB). Primers are 

included in Supplemental Table S3-1. We confirmed the insert was correctly 
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incorporated and free of PCR-induced errors by Sanger sequencing. We sent 

the white mutant lines of D. americana A00 and D. novamexicana N14 that we 

generated to Rainbow transgenic services for piggyBac transgenesis 

(www.rainbowgene.com) and screened offspring of injected adults for expression of the 

enhanced cyan fluorescent protein (ECFP) in the eye using a Leica MZ6 stereoscope 

equipped with a Kramer Scientific Quad Fluorescence Illuminator. Transformants were 

obtained from injections into D. novamexicana (N14) (PCR verified), but not from 

injections into D. americana (A00), despite multiple attempts. 

All subsequent CRISPR injections in D. novamexicana were performed using 

flies homozygous for the nos-Cas9-nos transgene, some with and some without the 

inclusion of commercially available Cas9 protein in the injection mix. CRISPR mutants 

were only obtained from injections containing the commercially available Cas9 protein, 

however, suggesting that the nos-Cas9-nos transgene might not drive expression of 

Cas9 in the germline of D. novamexicana. To test this hypothesis, we used western 

blotting to examine Cas9 protein expression in 3 transformed D. novamexicana N14 

lines with independent insertions of the piggyBac transgene and in a D. 

melanogaster transgenic line carrying the original pnos-Cas9-nos transgene 

(Bloomington Drosophila Stock Center line 54591, transformed with Addgene plasmid 

#62208, Port et al., 2014). These experiments showed that the nos-Cas9-nos transgene 

in D. novamexicana N14 flies does not express Cas9 protein in the ovaries 

(Supplemental Figure S3-2). This conclusion was further supported when injection of 

sgRNAs targeting the yellow gene into the D. novamexicana line carrying the nos-Cas9-

nos transgene also only produced yellow mutants when the Cas9 protein was co-

injected with the sgRNAs (Supplemental Figure S3-3). Ability of the nos promoter to 

drive germine expression in the closely related species D. virilis has also been found to 

be variable among transgenic lines (Hannah McConnell, Aida de la Cruz, and Harmit 

Malik, personal communication), suggesting that other promoters should be used in the 

future to drive reliable germline expression in the virilis group. 

To generate ebony mutant D. americana (A00) and D. novamexicana (N14), we 

synthesized five sgRNAs targeting conserved sites in the first coding exon of ebony. 
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Because ebony is located on an autosome and ebony loss-of-function mutant alleles 

are generally considered recessive in D. melanogaster (Thurmond et al., 2019), we did 

not expect to be able to identify ebony mutants by simply screening progeny of injected 

flies for mutant phenotypes as we did for white and yellow. We therefore co-injected a 

donor plasmid containing the sequence of an eye-specific red fluorescent protein 

marker (3XP3-RFP) flanked by ebony sequences that could be inserted into ebony via 

homology-directed repair and used to screen for ebony mutants. Although we observed 

RFP expression in larvae injected with the homology-directed repair donor fragment, 

indicating that the reporter gene was functional in these species, injected individuals did 

not produce any offspring with red fluorescent eyes, suggesting that the donor plasmid 

was not integrated in the germline of injected individuals. Because non-homologous end 

joining occurs more frequently than homology directed repair following double-strand 

breaks (Liu et al., 2018), we also tried to identify flies that might be heterozygous for 

an ebony mutant allele by closely inspecting all offspring of injected (G0) flies for any 

subtle changes in pigmentation. Specifically, we collected and mated (G1) offspring of 

injected flies with any noticeably darker pigmentation, keeping them grouped by 

G0 parent of origin. As further described in the results, we were ultimately able to 

identify homozygous ebony mutants among progeny from these G1 × G1 crosses of 

relatively dark flies derived from two independent D. novamexicana G0 flies and one D. 

americana G0 fly. Sanger sequencing these flies confirmed they were homozygous 

for ebony alleles containing deletions. We then crossed the mutated ebony alleles back 

into wild-type backgrounds of each parental species to generate 

homozygous ebony mutant lines with wild-type red eyes. 

 

Western blotting 

For ebony western blotting, proteins were extracted from stage P14/15 pupae, 

identified by the following characteristics: black pigmentation present in wings and 

bristles, meconium visible in abdomen (Cooley et al., 2012). For each sample, five 

pupae were homogenized in 100 uL of homogenization buffer (125 mM Tris pH 6.8, 6% 

SDS, 2.5X Roche cOmplete protease inhibitor cocktail, EDTA-free), then centrifuged for 
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15 min at 15000 rcf, and the supernatant transferred to a fresh tube with an equal 

volume of 2x Laemmli buffer (125 mM Tris pH 6.8, 6% SDS, 0.2% glycerol, 0.25% 

bromophenol blue, 5% Beta-mercaptoethanol). 

For Cas9 western blotting, protein was extracted from ovaries dissected in ice 

cold PBS from the following lines: untransformed N14 white mutants (host line), three 

independently transformed lines of N14 white carrying the pBac{3XP3-ECFPafm-

nosCas9nos} transgene, transgenic D. melanogaster carrying the pnos-Cas9-

nos transgene, and wild-type (Canton-S) D. melanogaster. For D. 

novamexicana samples, we collected ovaries from 10 sexually mature flies, whereas 

for D. melanogaster samples, we collected ovaries from 18 sexually mature flies. 

Different numbers of flies were used for the two species because of differences in body 

size. In each case, ovaries were placed into microcentrifuge tubes on ice, spun down 

briefly in a tabletop centrifuge, and excess PBS was removed and replaced with 20 uL 

of homogenization buffer. Samples were then treated as described for ebony western 

blots above. A positive control Cas9 sample was made by diluting purified Cas9 protein 

(PNA Bio CP01) in homogenization buffer, and mixing with 2X Laemmli buffer to a final 

concentration of 2.5 ng/uL. 

Samples were heated at 95°C for 10 min before loading into 7.5% Mini-

PROTEAN® TGXTM Precast Protein Gels (Bio-Rad) and running at 150V for 

approximately 90 min at 4°C in 1X tris-gylcine running buffer. Separate gels were run 

for ebony and Cas9 blots. Samples were loaded in the following volumes: 35 uL per 

pupa sample, 30 uL per ovary sample, 10 uL of Cas9 positive control (25 ng protein), 5 

uL PageRuler prestained protein ladder (Thermo Fisher Scientific). Gels were 

transferred onto PVDF membrane in tris-glycine transfer buffer, 10% MeOH, 0.01% 

SDS at 100 V for 1 h with stirring on ice at 4°C. Membranes were blocked in 3% nonfat 

dry milk in TBST for 30 min at RT with shaking, then divided in half using the prestained 

ladder as a guide just below the 100 kDa mark for the Cas9 membrane and just below 

the 70 kDa mark for the ebony membrane. The lower molecular weight halves of the 

membranes were placed in solutions containing primary antibodies to detect the protein 

used as a loading control (tubulin or lamin), whereas the halves of the membranes 
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containing the higher molecular weight proteins were placed in solutions containing 

primary antibody solutions against the protein of interest (Ebony or Cas9), each diluted 

in 3% nonfat dry milk in TBST. In all cases, membranes were incubated with the primary 

antibodies overnight at 4°C. Primary antibody solutions for ebony included rabbit anti-

ebony 1:300 (Wittkopp et al., 2002) and rabbit anti-alpha tubulin 1:5000 (Abcam 

ab52866) as a loading control. Primary antibody solutions for Cas9 included mouse 

anti-Cas9 1:1000 (Novus NBP2-36440) and mouse anti-lamin 1:200 (DHSB adl67.10) 

as a loading control. Membranes were washed in TBST and transferred to secondary 

antibody solutions diluted in 3% nonfat milk in TBST for 2 h at RT. The following 

secondary antibodies were used: donkey anti-rabbit HRP 1:5000 (Amersham na934) or 

goat anti-mouse HRP 1:5000 (abcam ab97023). Membranes were finally washed in 

TBST and developed with SuperSignal West Pico Chemiluminescent Substrate 

(Thermo Fisher Scientific) and imaged using a Licor Odyssey FC imaging system. 

Fly crosses for reciprocal hemizygosity testing and cuticular hydrocarbon analysis 

To generate F1 hybrids carrying only one (D. americana or D. novamexicana) 

functional ebony allele, wild-type and ebony mutant flies from each species were 

collected as virgins and aged in vials for at least 12 days to reach sexual maturity and 

verify virgin female status by absence of larvae. Crosses were all set on the same batch 

of food on the same day and placed at 25°C. For most crosses, 4 virgin females and 4 

males were used; however, 8 virgin females and 8 males were used in interspecific 

crosses with D. novamexicana females because of reduced mating success in these 

crosses. After 3 days, adult flies from these crosses that would be used for cuticular 

hydrocarbon (CHC) analysis were transferred to new vials with a fresh batch of food. 

Offspring from the first set of vials were used for imaging and pigmentation analysis, 

while offspring from the second set of vials were used for CHC analysis. Flies used for 

pigmentation phenotyping were aged 5–7 days after eclosion and preserved in 10% 

glycerol in ethanol before imaging (Wittkopp et al., 2011). 

Imaging of fly phenotypes 



 66 

Insect specimens were imaged using a Leica DC480 camera attached to a Leica 

MZ16F stereoscope equipped with a ring light attachment and Leica KL 1500 LCD 

lamp. Images were captured using Leica DC Twain software version 5.1.1 run through 

Adobe Photoshop CS6 version 13.0 X32. Prior to imaging, pupal cases and wings were 

mounted on slides in PVA mounting medium (BioQuip). Thorax, abdomen, and whole-

body specimens were prepared from age-matched, preserved flies as described in the 

previous section. For imaging, thorax, abdomen, and whole-body specimens were 

submerged in 100% ethanol in custom wells composed of white oven-cured polymer 

clay (Sculpey). 

Because the color of specimens spanned a wide range across genotypes, 

exposure was optimized for each sample type (e.g., whole body, thorax, abdomen, 

wing, pupal case) individually by placing specimens from the two phenotypic extremes 

in the same frame and adjusting exposure to avoid over-exposing the lightest flies while 

capturing as much detail as possible from the darkest flies. Exposure time, lighting, 

white balance, background, and zoom were kept identical across all images of single 

tissue type. Minor color adjustments to improve visibility of phenotypes were performed 

simultaneously across all raw images of the same sample type in a single combined 

document using Photoshop CC 2019, ensuring that all images presented for direct 

comparisons were adjusted identically. 

Cuticular hydrocarbon analyses 

CHCs for each cross were extracted from 5-day-old females by soaking the flies 

for 10 min in 200 μl hexane containing hexacosane (C26; 25 ng/ul) as an internal 

standard. Eight replicates were prepared for each cross. Extracts were directly analyzed 

by the GC/MS (7890A, Agilent Technologies Inc., Santa Clara, CA, United States) 

coupled with a DB-17ht column 30 m by 0.25 mm (i.d.) with a 0.15 μm film thickness 

(Agilent Technologies Inc., Santa Clara, CA, United States). Mass spectra were 

acquired in Electron Ionization (EI) mode (70 eV) with Total Ion Mode (TIM) using the 

GC/MS (5975C, Agilent Technologies Inc., Santa Clara, CA, United States). The peak 

areas were recorded by MassHunter software (Agilent Technologies Inc., Santa Clara, 

CA, United States). Helium was the carrier gas at 0.7 ml/min and the GC thermal 
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program was set as follows: 100°C for 4 min, 3°C/min to 325°C. Straight-chain 

compounds were identified by comparing retention times and mass spectra with 

authentic standard mixture (C6-C40) (Supelco® 49452-U, Sigma-Aldrich, St. Louis, MO, 

United States). Methyl-branched alkanes, alkenes, dienes and trienes were then 

identified by a combination of their specific fragment ions on the side of functional 

groups (methyl branch or double bonds) and retention times relative to linear-chain 

hydrocarbon standards. Each individual CHC peak was quantified by normalizing its 

peak area to the peak area of the internal C26 standard, converting each CHC peak 

area to ng/fly using the known internal standard concentration of 1000 ng/fly. Welch’s t-

tests with a Benjamini–Hochberg correction for multiple testing (Benjamini and 

Hochberg, 1995) were used to compare CHC amounts between pairs of genotypes. 

Because the effect of ebony on individual CHC abundance in D. melanogaster was 

recently shown to increase with CHC chain length (Massey et al., 2019b), we also 

compared the effects of ebony loss of function on different chain-lengths of CHCs. Eight 

biological replicates of homozygous ebony null measurements were divided by the 

mean measurement of the eight replicates of the matched ebony heterozygote for each 

individual CHC. The ratio of ebony null to heterozygote CHC abundance was plotted 

against CHC chain length. The relative effects of D. americana versus D. novamexicana 

ebony in a common F1 hybrid background (described as F1[eA/e–] and F1[eN/e–], 

respectively), were also compared in this manner, with the replicates of the F1[eA/e–] 

divided by the mean F1[eN/e–] measurement for each CHC. We used Spearman’s rank 

correlation (Spearman’s rho) to test the relationship between CHC chain length and the 

effect of ebony on CHC abundance. The threshold for statistical significance was set 

at alpha = 0.05 for all tests. Datafile and R code used for this analysis are provided 

in Supplemental File S3-1 and Supplemental File S3-2, respectively. 

 

Results and Discussion 

 

The reciprocal hemizygosity test is a powerful strategy for identifying genes with 

functional differences that contribute to phenotypic divergence [reviewed in Stern 
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(2014)]. This test is performed by comparing the phenotypes of two hybrid genotypes 

that are genetically identical except for which allele of the candidate gene is mutated. 

Any phenotypic differences observed between these two genotypes are attributed to 

divergence of the candidate gene. Applying this test to identify functional differences 

between species requires loss-of-function (null) mutant alleles in both species and the 

ability for the species to cross and produce F1 hybrids. Consequently, in order to use 

this strategy to test ebony for functional divergence between D. novamexicana and D. 

americana, we first needed to generate ebony null mutant alleles in both species. 

 

Generating ebony mutants in D. americana and D. novamexicana using 

CRISPR/Cas9 

 

We generated ebony null mutants in D. novamexicana and D. americana by 

using CRISPR/Cas9 to target double-strand breaks to five conserved sites within the 

first coding exon of ebony. As described more fully in the “Materials and Methods” 

section, we injected embryos of white mutants from both species with purified Cas9 

protein and sgRNAs targeting all five sites simultaneously. BLAST searches showed 

that all of the sgRNAs targets were at least 5 bp different from all other sequences in 

genomes from two different strains of D. americana. Prior work in D. melanogaster has 

shown that heritable off-target mutations were never recovered in sequences with 3 or 

more mismatches to the sgRNA (Ren et al., 2014). To make it easier to 

identify ebony mutant alleles, we also injected a donor plasmid that would allow 

homology directed repair to integrate a transgene expressing red fluorescent protein in 

the fly’s eyes, but no progeny of injected flies were observed to express this 

transformation marker. However, we reasoned that although we were unable to insert a 

marker at ebony, the CRISPR machinery may still have induced double-strand breaks in 

the target sequence, and ebony mutants could have been generated by non-

homologous end-joining resulting in deletions or insertions. Therefore, we also searched 

for ebony mutants by looking for changes in body pigmentation. 
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In D. melanogaster, ebony loss-of-function mutants have a much darker appearance 

than wild-type flies because they are unable to produce yellow sclerotin, causing an 

increase in production of black and brown melanins (Wittkopp et al., 2002). D. 

melanogaster ebony mutant 

alleles are commonly 

described as recessive to 

wild-type ebony alleles 

(Thurmond et al., 2019); 

however, in some genetic 

backgrounds, flies 

heterozygous for 

an ebony mutant allele are 

slightly darker than wild-type 

flies (Thurmond et al., 2019). 

Because D. 

novamexicana has such a 

light yellow body color (Figure 

3-2A), we thought it possible 

that flies heterozygous for 

an ebony mutant allele might 

also show a detectable 

darkening of pigmentation; we 

were less optimistic about 

being able to detect 

heterozygous ebony mutants 

based on pigmentation in D. 

americana because its wild-

type pigmentation is already 

very dark (Figure 3-2C). 

Nonetheless, we sorted 

through the progeny of 

Figure 3-2:  Ebony affects body, wing, and pupal pigmentation 
in D. novamexicana and D. americana. (A–D) Adult body 
pigmentation is shown from a lateral view (top) and dorsal abdominal 
view (segments A2–A4, bottom) for (A) D. novamexicana, (B) D. 
novamexicana ebony null mutants, (C) D. americana, and (D) D. 
americana ebony null mutants. (E–H) Adult wing pigmentation is 
shown for (E) D. novamexicana, (F) D. novamexicana ebony null 
mutants, (G) D. americana, and (H) D. americana ebony null 
mutants. (I–L) Pigmentation of pupal cases is shown for (I) D. 
novamexicana, (J) D. novamexicana ebony null mutants, (K) D. 
americana, and (L) D. americana ebony null mutants. Arrows 
in (J,L) highlight the most prominent areas with dark pigmentation 
in ebony mutants. 
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injected D. novamexicana and D. americana flies, isolating any individuals that seemed 

to have darker pigmentation than their siblings and allowing these relatively dark flies to 

freely mate in vials segregated by injected parents, keeping individual “founder” 

mutations separate.  

Two of the vials of darker pigmented D. novamexicana flies produced pupae with 

an unusual black pattern on the anterior end of the pupal case (Figure 3-2J). We moved 

these pupae to new vials and found that black-patterned pupae from both “founder” 

vials developed into adults with the much darker than wild-type body color expected for 

homozygous ebony mutants in D. novamexicana (Figures 3-2A,B). Because 

pigmentation of the pupal case is very similar between D. novamexicana and D. 

americana (Figures 3-2I,K, Ahmed-Braimah and Sweigart, 2015), we also searched for 

pupae with similar pigmentation marks in the vials containing progeny of darker flies 

descended from injected D. americana. We found such pupae in only one of the D. 

americana vials (Figure 3-2L). Flies emerging from these pupal cases also showed 

darker pigmentation than wild-type D. americana (Figures 3-2C,D), as expected for 

homozygous ebony mutants, but this difference was much more subtle than in D. 

novamexicana (Figures 3-2A,B). Flies from both species emerging from pupal cases 

with abnormal pigmentation also showed increased levels of dark melanins in wings in a 

pattern similar to that seen in D. melanogaster ebony mutants (Figures 3-2E–

H, Wittkopp et al., 2002), further suggesting that they were homozygous 

for ebony mutant alleles. Crossing putative homozygous ebony mutants from the same 

species to each other resulted in true-breeding lines of D. americana and D. 

novamexicana presumed to be homozygous for ebony mutant alleles. 

To determine whether these true-breeding lines were indeed homozygous 

for ebony mutant alleles, we used Sanger sequencing to search for changes in 

the ebony sequence in the region targeted for double strand breaks with CRISPR/Cas9. 

We found that the presumed ebony mutant lines of both species harbored deletions 

corresponding to the locations of sgRNA target sites in the first coding exon, with the 

two D. novamexicana mutant lines carrying deletions of 7 and 10 bases and the D. 

americana mutant line carrying a deletion of 46 bases (Figure 3-3A). Each of these 
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mutations is expected to cause frameshifts, leading to multiple early stop codons. 

Further experiments described in this study using D. novamexicana ebony mutants 

were conducted with the 10 base deletion line, and any further description 

of ebony null D. novamexicana refers to this line. 

To further assess whether these mutations caused null alleles, we used western 

blotting to examine the expression of the Ebony protein during late pupal stages when 

adult pigmentation is developing and the ebony gene is expressed in the developing 

abdomen (Wittkopp et al., 2002; Cooley et al., 2012). We performed western blots on 

protein extracts from P14/P15 stage pupae of both wild-type and homozygous 

ebony mutant flies of both D. americana and D. novamexicana using an antibody 

against D. melanogaster ebony (Wittkopp et al., 2002). This antibody recognizes a 94 

kDa protein consistent with the predicted molecular weight of Ebony in pupal protein 

extracts from wild-type lines of both Drosophila melanogaster and Drosophila biarmipes, 

but does not produce a 94 kDa band in pupal protein extracts of either e1 or 

In(3R)eAFA ebony mutant lines of D. melanogaster (Wittkopp et al., 2002). Wild-type 

extracts of both D. americana and D. novamexicana produced presumptive Ebony 

bands while extracts from flies homozygous for ebony deletions did not produce a 94 

kDa band for either species (Figure 3-3B). The nature of the frameshift deletions as well 

as the western blot evidence together show that these ebony mutations cause null 

alleles. 

 

ebony divergence contributes to body color differences between D. 

novamexicana and D. americana 

We used the homozygous ebony mutant D. novamexicana and D. 

americana lines to perform a reciprocal hemizygosity test by crossing ebony mutant D. 

novamexicana (e–/e–) to wild-type D. americana (eA/eA) and ebony mutant D. 

americana (e–/e–) to wild-type D. novamexicana (eN/eN) (Figure 3-4A). In order to 

observe the effects of the two species’ ebony alleles in the presence of each species X 

chromosome, we conducted sets of reciprocal crosses (i.e., swapping the genotypes of 

the male and female parents). Female F1 hybrids from reciprocal crosses are genetically 
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identical except for the parent of origin of their one functional ebony allele (eN or eA). 

F1 hybrid females carrying a functional D. novamexicana ebony allele (F1[eN/e–]) 

developed a lighter body color than F1 hybrid females carrying a functional D. 

americana ebony allele (F1[eA/e–]) (Figures 3-4B,C vs. Figures 3-4D,E). These data 

demonstrate for the first time that functional divergence between the D. 

Figure 3-3: CRISPR/Cas9-induced mutations created null alleles of the D. 
novamexicana and D. americana ebony genes. (A) A schematic of the ebony gene is shown with 
gray boxes indicating exons; coding sequence is indicated in the darker shade of gray. Locations of 
the five guide RNAs targeting the second exon of ebony are shown with solid lines below scissor 
symbols. Mutations observed in the two ebony mutants (eΔ10 and eΔ7) isolated in D. 
novamexicana (“N”) and the one ebony mutant (eΔ46) isolated in D. americana (“A”) are shown. All 
three alleles included deletions that caused frameshifts. (B) Western blotting showed that the D. 
americana eΔ46 and D. novamexicana eΔ10 mutants (lanes 2 and 4, respectively), lacked a ∼100 kDa 

protein (arrows) recognized by an antibody raised against D. melanogaster Ebony protein (Wittkopp 
et al., 2002) that is present in wild-type (wt) D. americana and D. novamexicana (lanes 1 and 3, 
respectively). Relative abundance of total protein loaded into each lane can be seen by the relative 
intensities of the shorter proteins also detected by the Ebony antibody (Wittkopp et al., 2002) as well 
as the relative intensities of ∼55 kDa bands detected by an antibody recognizing alpha Tubulin 

(Abcam ab52866). The solid black line shows where the membrane was cut prior to incubation with 
primary antibodies during the western blotting procedure; the top half was incubated with anti-Ebony 
antibodies whereas the bottom half was incubated with anti-Tubulin antibodies. The two halves were 
realigned by hand for imaging, using the shape of the cut and the ladder staining as a guide. An un-
annotated image of this blot is shown in Supplemental Figure S3-4. 
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novamexicana and D. americana ebony alleles contributes to divergent body color 

between these two species. 

 

To determine how ebony divergence interacts with divergent loci on the X-

chromosome, we also compared the body color of male progeny from these reciprocal 

crosses. Like the F1 hybrid females, these F1 hybrid males differ for the parent of origin 

for their one functional ebony allele (eA or eN); however, they also differ for the parent of 

origin of all X-linked genes. Prior work has shown that divergence on the X-

chromosome, particularly divergence in non-coding sequences of the tan gene, also 

contributes to differences in body color between D. novamexicana and D. 

americana (Wittkopp et al., 2003b, 2009). As expected, we found that body color 

differed between males carrying alternate species’ X chromosomes (Figure 3-

4F vs. Figure 3-4G and Figure 3-4H vs. Figure 3-4I) as well as between males carrying 

the same X chromosome but different species’ functional ebony alleles (Figure 3-

4F vs. Figure 3-4H and Figure 3-4G vs. Figure 3-4I). Consistent with prior findings 

demonstrating that divergence in the QTL containing ebony explained more of the 

difference in pigmentation than divergence at X-linked genes, we found that males with 

functional D. americana ebony alleles had the darkest phenotypes, regardless of their 

X-chromosome genotype (Figures 3-4F–I). 

 

ebony divergence also contributes to a difference in abdominal pigment 

patterning between D. novamexicana and D. americana 

Although the divergent overall body color is the most striking difference in 

pigmentation between D. novamexicana and D. americana, there is also a difference in 

the distribution of pigments along the dorsal midline of the abdomen between these two 

species (Figure 3-1). This difference is also visible in individuals of both species 

heterozygous for an ebony null allele (Figures 3-4J–M). Prior work has shown that the 

absence of dark pigments seen in this region of D. novamexica is dominant in 

F1 hybrids to the presence of dark pigments seen in this region of D. 
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ameriana (Wittkopp et al., 2003b). In addition, genetic mapping of this trait between D.  

novamexicana and D. virilis (which has a dark midline region similar to D. americana) 

Figure 3-4 Reciprocal hemizygosity testing shows effects of ebony divergence between D. 
americana and D. novamexicana on body pigmentation. (A) Schematic shows representative sex 
chromosomes (XX and XY) and autosomes of the parents and progeny of reciprocal hemizygosity 
crosses, along with the genotypes of the progeny. Although a single autosome is shown for simplicity, 
these species have five autosomes. Superscript “A” and “N”, as well as brown and yellow colored bars, 
indicate alleles and chromosomes from D. americana and D. novamexicana, respectively; e– indicates 
an ebony null allele. Although the schematic illustrates the crosses only with D. americana as the female 
parent, the same crosses were performed with sexes of the parental species reversed. (B–I) Dorsal 
thorax and abdomen phenotypes are shown for female (B–E) and male (F–I) progeny of reciprocal 
hemizygosity crosses. Genotypes of autosomal and sex chromosomes are shown to the left and above 
panels (B–I), respectively, using the same schematic notation as in panel (A). Individuals in 
panels (B,C,F,G) carry a wild-type copy of D. novamexicana ebony allele, whereas individuals in 
panels (D,E,H,I) carry a wild-type copy of the D. americana ebony. (J–M) Dorsal thorax and abdomen 
phenotypes are shown for female (J,K) and male (L,M) flies heterozygous for the ebony null allele in D. 
novamexicana (J,L) and D. americana (K,L) for comparison to flies shown in panels (B–I), which also all 
carry one null and one wild-type ebony allele. Red arrowheads in panels (B,C,F,G,J,L) highlight the 
reduced dark pigmentation in the abdomen along the dorsal midline relative to lateral regions. 
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has shown that the chromosome including ebony (chromosome 2) has a large effect on 

this trait (Spicer, 1991). We found that D. novamexicana ebony mutants showed even 

pigmentation across the width of each abdominal segment (Figure 3-2B), demonstrating 

that ebony is required for the development of lighter pigmentation along the dorsal 

midline in wild-type D. novamexicana (Figure 3-2A). In addition, comparing the 

pigmentation of this abdominal dorsal midline region between F1 hybrid flies of both 

sexes from the reciprocal crosses described above (Figure 3-4) showed that divergence 

at ebony contributes to this trait difference between D. novamexicana and D. 

americana. Specifically, we observed less dark pigments in the dorsal midline region of 

the abdomen in F1 hybrid individuals inheriting the wild-type D. novamexicana 

ebony allele (F1[eN/e–], Figures 3-4B,C,F,G) than the D. americana ebony allele 

(F1[eA/e–]) (Figures 3-4D,E,H,I). Males carrying a functional D. novamexicana 

ebony allele (F1[eN/e–]) showed reduced pigmentation in the dorsal midline relative to 

the lateral regions regardless of the origin of their X chromosome (Figures 3-4F,G), 

indicating that divergent loci on the X-chromosome (including tan) do not affect the 

presence of this phenotype. 

 

Cuticular hydrocarbon profiles differ between D. americana and D. novamexicana 

and are affected by ebony expression but not ebony divergence 

ebony expression was recently found to affect the relative abundance of cuticular 

hydrocarbons (CHCs) in D. melanogaster (Massey et al., 2019b). In addition, variation 

in ebony expression was also shown to correlate with variation in CHC profiles among 

natural isolates of D. melanogaster (Massey et al., 2019b). CHC profiles have been 

shown to vary among virilis group species as well, including between D. 

novamexicana and the strain of D. americana used in this study (Bartelt et al., 1986). 

We therefore asked whether differences in ebony might contribute to differences in CHC 

profiles between these two species using a reciprocal hemizygosity test. Because this 

test compares phenotypes of reciprocal hemizygotes that each carry a single functional 

copy of ebony, we also examined CHC profiles in D. americana and D. 

novamexicana flies with a single functional copy of ebony. We found that D. 
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novamexicana flies hemizygous for ebony contained a distribution of CHCs biased 

toward shorter chain hydrocarbons relative to CHCs extracted from D. americana flies 

hemizygous for ebony. Prior work found similar profiles of CHCs for wild type D. 

americana and D. novamexicana (Bartelt et al., 1986): in both studies, CHCs with a 

chain length of 25 or fewer were only present in D. novamexicana, whereas multiple 

CHCs with a chain length greater than 30 were only present in D. americana (Figure 3-

5A). These data suggest that the wild-type ebony allele has a dominant effect on CHC 

profiles.  
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Figure 3-5 Cuticular hydrocarbons (CHCs) are affected by ebony and differ between D. 
americana and D. novamexicana. (A–C) Abundance of individual CHC compounds (ng/fly) and 
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summed CHCs extracted from female flies are plotted for the following genotypes: (A) D. 
americana and D. novamexicana, each heterozygous for an ebony null (e–) allele, (B) D. 
americana heterozygous and homozygous for an ebony null allele, (C) D. novamexicana heterozygous 
and homozygous for an ebony null allele. Eight biological replicates are shown for each genotype, with 
error bars representing 95% confidence intervals. For each comparison, the p-value from a Welch’s t-test 
with a Benjamini–Hochberg multiple test correction (alpha = 0.05) is shown when a significant difference 
in abundance was detected for a CHC present in both genotypes being compared. CHCs are shown from 
left to right with increasing chain length (represented by “C” followed by the chain length) with double-
bond and methyl-branched structures indicated by notations after the colon or before the “C”, 
respectively. For example, C25:1 represents a 25-carbon monoene, C25:2 represents a 25-carbon diene, 
and 2Me-C28 represents a 28-carbon alkene with a methyl branch at the second carbon. (D–
E) Abundance of each CHC in ebony null mutants relative to flies heterozygous for the ebony null allele is 
plotted by carbon chain length for (D) D. americana and (E) D. novamexicana. Black trendlines in panels 
(D–E) show linear regressions, with shaded areas representing the standard error and both Spearman’s 
rho and p-values indicated on each plot. 

In order to test whether ebony affects CHCs in these species, we compared 

CHCs extracted from homozygous ebony mutants to those extracted 

from ebony heterozygotes. In both species, the loss of ebony function had no qualitative 

effect on which CHCs were produced by either species, but increased the abundance of 

some CHCs in both D. americana and D. novamexicana (Figures 3-5B,C). 

Because ebony loss-of-function mutants in D. melanogaster were recently shown to 

preferentially increase the abundance of long chain CHCs (Massey et al., 2019b), we 

compared relative abundance of individual CHCs between ebony null and heterozygous 

samples and plotted the results against CHC chain length (Figures 3-5D,E). We 

observed a similar pattern to D. melanogaster in D. americana, with ebony loss-of-

function increasing the abundance of longer chain CHCs more strongly (Figure 3-5D). 

In D. novamexicana, we observed the opposite pattern, however: CHCs with shorter 

chain lengths showed greater increases in abundance in ebony null mutants (Figure 3-

5E). The reason for this difference in how ebony affects CHCs in D. americana and D. 

novamexicana remains unclear, but might have to do with the different levels 

of tan expression in these two species (Cooley et al., 2012) given that tan was also 

shown to affect CHC profiles in D. melanogaster (Massey et al., 2019b). 

Specifically, tan expression is lower in D. novamexicana pupae relative to D. 

americana (Cooley et al., 2012), and tan loss-of-function has been shown to 

preferentially increase the abundance of shorter chain CHCs in D. 

melanogaster (Massey et al., 2019b). Further experiments exploring the mechanisms 
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underlying CHC production in these species may provide more insight into the 

contrasting effects of ebony on CHCs in D. americana and D. novamexicana. 

Figure 3-6 ebony does not contribute to divergence of CHCs between D. americana and D. 
novamexicana. (A) Abundance of individual CHC compounds (ng/fly) and summed CHCs extracted 
from female flies are plotted for D. americana and D. novamexicana ebony heterozygotes as well as 
F1 hybrids heterozygous for wild-type alleles of ebony. (B–C) CHCs from F1 hybrids homozygous 
for ebony null alleles are compared to CHCs from F1 hybrids with wild-type D. americana and D. 
novamexicana ebony alleles, showing the absolute abundance of individual and summed CHC 
compounds (B) as well as the relative abundance of CHCs by carbon chain length (C). In panel (B), p-
values are shown from a Welch’s t-test with a Benjamini–Hochberg multiple test correction (alpha = 0.05) 
when a significant difference in abundance was detected for a CHC present in both genotypes. (D–
E) CHC profiles are plotted for reciprocal F1 hybrids that differ only by which wild-type ebony allele they 
carry, either D. americana (eA) or D. novamexicana (eN), with absolute abundance of individual and 
summed CHCs shown in (D) and relative abundance of CHCs by chain length shown in (E). No p-values 
are shown in (D) because no CHCs showed a statistically significant difference in abundance between 
the two F1 hybrid genotypes from the reciprocal hemizygosity test (Welch’s t-test with Benjamini–
Hochberg multiple test correction, p > 0.05 for each CHC). In panels (C,E), blue trendlines show linear 
regressions, with shaded areas representing the standard error and both Spearman’s rho and p-values 
indicated on each plot. In all panels, data from eight replicate flies is shown for each genotype. 
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We also examined the CHC profiles of female F1 hybrids produced by 

crossing D. americana females with D. novamexicana males. We found that these 

F1 hybrid females showed a CHC profile that was distinct from both species, but more 

similar to D. novamexicana (Figure 3-6A): it contained some of the short chain CHCs 

unique to D. novamexicana and none of the long chain CHCs unique to D. 

americana (Figure 3-6A). As seen for both species, eliminating ebony function in 

F1 hybrids by making them homozygous for ebony null alleles caused an increase in 

abundance of some CHCs but did not alter which CHCs were present (Figure 3-6B). 

Longer chain CHCs were more likely to show increased abundance than shorter chain 

CHCs (Figure 3-6C), but this relationship was not as strong as that seen for D. 

americana (Figure 3-5D). To determine whether divergence between the D. 

americana and D. novamexicana ebony alleles affected CHCs profiles, we compared 

CHCs extracted from females from the reciprocal hemizygosity test. These flies have 

only one functional ebony allele (D. americana or D. novamexicana) in the F1 hybrid 

genetic background. The CHC profiles from these flies were not significantly different 

from each other (Figures 3-6D,E), indicating that allelic divergence at ebony does not 

have a detectable effect on CHCs in this species pair. 

Conclusions 

 

Identifying the genes responsible for phenotypic differences between species 

remains a significant challenge for evolutionary biology. This task is especially 

challenging when a gene contributing to phenotypic divergence is located in a region of 

the genome inverted between species, which precludes recombination-based mapping. 

Such is the case for the ebony gene in D. americana and D. novamexicana. Prior work 

suggested that ebony might contribute to differences in overall body color between 

these two species (Wittkopp et al., 2009; Cooley et al., 2012), but its location in an 

inversion made it difficult to directly test this hypothesis. In this study, we overcame this 

hurdle by using CRISPR/Cas9 genome editing to generate null mutants for ebony in D. 

americana and D. novamexicana, and then using these mutants to perform a reciprocal 

hemizygosity test (Stern, 2014), which directly compares the effects of the two species’ 
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alleles on pigmentation. We found that divergence at ebony does indeed contribute to 

differences in body color between D. americana and D. novamexicana. 

Characterizing the phenotypes of D. americana and D. novamexicana 

ebony mutants, as well as flies from the reciprocal hemizygosity test, also identified 

effects of ebony on other phenotypes. For example, we found that differences in the 

activity of ebony alleles between D. americana and D. novamexicana are responsible 

for the absence of dark pigmentation seen along the dorsal abdominal midline of D. 

novamexicana but not D. americana. This trait has previously been described as 

derived in D. novamexicana (Spicer, 1991); however, we see a similar dorsal midline 

lightening in at least some lines of D. lummei (see Figure 3-1), another member of the 

virilis group, suggesting that the dorsal midline activity of ebony existed prior to the 

divergence of D. americana and D. novamexicana. An unexpected change in pupal 

pigment patterning was also seen in D. americana and D. novamexicana ebony null 

mutants. Although ebony is known to affect pupal case development in D. 

melanogaster (Sherald, 1980), its loss causes a pale white pupa color rather than the 

dark pigmentation we see in D. americana and D. novamexicana ebony null mutants. 

Because ebony is required for the production of yellow pigments, the dark markings 

seen in ebony mutant pupal cases likely result from expression of an enzyme required 

for synthesis of dark pigments, such as tan. Finally, we found that ebony null mutants 

showed significant changes in the abundance of some CHCs in each species, but 

divergence of ebony did not contribute to differences in the CHC profiles seen between 

species. These observations illustrate how cis-regulatory changes can cause 

divergence of some, but not all, traits affected by a pleiotropic gene. 

Observations reported in this work were made possible by the ability to 

manipulate the D. americana and D. novamexicana genomes with CRISPR/Cas9 

genome editing. While this technology has great potential for allowing functional 

hypothesis testing in species that have not historically been considered genetic model 

systems, this work was not always straightforward. We hope that the detailed 

descriptions of our genome editing efforts provided in the Materials and “Materials and 
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Methods” section of this paper will be helpful for other researchers striving to manipulate 

the genomes of non-model species. 
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Chapter 4 

 

microRNAs Are Necessary Components of the Genetic Architecture Underlying 

Adult Cuticle Pigmentation in Drosophila melanogaster. 

 

Abstract 

 The genetic architecture encoding all phenotypes incorporates multiple levels of 

regulation to ensure gene expression is tightly controlled. While most research into the 

genetic basis of phenotypes and the regulation of gene expression has focused on the 

process of transcription, post-transcriptional regulation is increasingly understood to be 

an important component of development in metazoans. One critical mechanism of post-

transcriptional regulation is microRNA-induced silencing or degradation of messenger 

RNAs, preventing the production of proteins from targeted transcripts. However, the 

roles of microRNAs within developmental networks are poorly understood. In this study, 

we examined the effects of microRNAs on cuticular pigmentation in adult Drosophila 

melanogaster, a system that has been extensively studied as a model of genetic 

regulation and the evolution of gene expression. We overexpressed a collection of 166 

miRNAs in the dorsal midline of developing flies and found that 48 were sufficient to 

affect pigmentation. We further investigated the endogenous effects of 41 miRNAs on 

pigmentation by competitively inhibiting them in the same tissue, finding that 22 were 

necessary for the development of wildtype pigment patterns. We then identified 

candidate miRNA-target interactions through computational predictions. Functional 

testing of a subset of potential miR-8 targets revealed evidence of coordinated 

regulation of multiple genes with similar effects on pigmentation, suggesting a possible 



 89 

mechanism for this miRNA’s action within the genetic network underlying D. 

melanogaster pigmentation. 

 

Introduction 

 

Proper development of a multicellular organism requires strict control of gene 

expression, with genes expressed in the necessary time, place, and environmental 

context. This expression is controlled first by transcriptional regulation, in which 

enhancers and promoters interact with transcription factors to determine when, where, 

and how much RNA is transcribed from a gene. After RNA transcripts are made, post-

transcriptional regulation further impacts the expression of gene products by altering the 

stability, splicing, capping, polyadenylation, and translational efficiency of RNAs 

(Halbeisen et al., 2008). microRNAs (miRNAs) are small, non-coding RNAs that act as 

important post-transcriptional regulators by guiding the RNA-induced silencing complex 

(RISC) to the 3’ UTRs of messenger RNAs (mRNAs) and preventing their translation 

into protein (Bartel, 2018). Despite their key role in regulating gene expression, many 

questions remain about how post-transcriptional regulation by miRNAs impacts the 

gene regulatory networks that control development.   

 

Individual miRNAs were once thought to have little effect on phenotypes because 

early studies of miRNAs in Caenorhabditis elegans showed that loss of a single 

miRNA’s function often had no discernable impacts on the phenotypes assayed (Miska 

et al., 2007). More recent studies in Drosophila, however, have shown that loss of 

miRNA function can have strong effects on many phenotypes, including viability, 

lifespan, fertility, and various morphological, physiological and behavioral phenotypes 

(Chen et al., 2014; Fulga et al., 2015; Garaulet et al., 2020; Picao-Osorio et al., 2015, 

2017; Verma and Cohen, 2015). Natural variation in miRNA expression has also been 

shown to affect the pattern of leg trichomes in Drosophila (Arif et al., 2013), suggesting 

that miRNAs can also contribute to the evolution of development.  Yet it remains unclear 

how miRNAs affect the development of complex traits. For example, how many miRNAs 
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typically affect a trait? How do these miRNAs work with other genes (e.g., transcription 

factors, effector genes) involved in the development of the same trait? And to what 

extent do individual miRNAs impact a given trait? Here, we approach these questions 

by systematically studying the role of miRNAs in the development of pigmentation in 

adult Drosophila melanogaster, a trait that has served for decades as a model system in 

studies of genotype-phenotype relationships (Massey and Wittkopp, 2016a). 

 

Drosophila pigmentation has been used as a model system to understand the 

regulation of gene expression, developmental processes, and mechanisms of 

phenotypic evolution (Massey and Wittkopp, 2016a; Rebeiz and Williams, 2017). Many 

of the genes required for the synthesis of pigments that make up adult pigment patterns 

are well-characterized (Massey and Wittkopp, 2016a), as are many of the transcription 

factors that regulate (either directly or indirectly) the expression of these genes (Kalay et 

al., 2016; Rogers et al., 2014). Prior work has shown that at least one miRNA, miR-8, 

affects pigment patterning in adult flies: when miR-8 is mutated or competitively 

inhibited, dark melanin is reduced in the abdomen (Kennell et al., 2012). To more 

systematically search for miRNAs that impact pigmentation development, we 

overexpressed 166 miRNAs along the dorsal midline of developing flies and found that 

more than one quarter of these miRNAs (48/166) were sufficient to cause a visible 

change in pigmentation in the adult cuticle. We competitively inhibited 41 miRNAs 

chosen from among those whose overexpression affected pigmentation, and found that 

22 of these were also necessary for the development of normal pigmentation. 16 of 

these miRNAs showed opposite phenotypes in response to overexpression and 

inhibition of the miRNA, suggesting that the miRNA plays a critical role in pigmentation 

development. Surprisingly, the magnitude of effects on pigmentation caused by these 

miRNAs were similar to the magnitude of effects caused by the knockdown of many 

transcription factors shown to affect pigmentation (Kalay et al., 2016; Rogers et al., 

2014).   

 

 We further investigated predicted targets of miR-8, and found that this miRNA 

appears to promote the production of dark pigmentation in the posterior female 
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abdomen by coordinately repressing a suite of genes that function in the development 

of light yellow pigments rather than dark melanins. In addition, we identify several 

promising miRNA-target pairs for further investigation into their role in the genetic 

network that regulates pigmentation development in Drosophila. Together, these 

experiments reveal a previously under-appreciated role of post-transcriptional regulation 

in adult D. melanogaster pigmentation, making this system a promising model system 

for the study of miRNA regulation within a genetic network and its effects on 

phenotypes. 

 

Results and Discussion 

 

To identify miRNAs that regulate the development and synthesis of pigments in 

D. melanogaster, we used the UAS/Gal4 system (Brand and Perrimon, 1993) to 

overexpress 166 miRNAs in developing flies and assessed their effects on 

pigmentation. This set of miRNAs includes 85.7% of all confidently annotated miRNAs 

in D. melanogaster (Kozomara et al., 2019), and 97% of the available UAS-miRNA lines 

from the collection described in Schertel et al. (Schertel et al., 2012). We chose to use 

pannier-Gal4 (pnr-Gal4) to overexpress miRNAs, since this driver expresses Gal4 in the 

dorsal midline of pupae during the stages in which pigmentation develops (Kalay et al., 

2016; Rogers et al., 2014; Wittkopp et al., 2002). Because the expression pattern of 

pnr-Gal4 forms a clearly-defined stripe along the anterior-posterior body axis, lateral 

regions of each fly could be used as an internal control to compare pigmentation 

between regions of dorsal abdominal cuticle with and without miRNA expression within 

the same animal (Figure 4-1). This same Gal4 diver was later used to express miRNA 

sponges to competitively inhibit 41 miRNAs to determine whether these miRNAs also 

affect pigmentation endogenously (Fulga et al., 2015). Pigmentation of flies carrying 

both the UAS and Gal4 constructs was scored by visually comparing pigmentation in 

the dorsal midline region of the abdomen to the more lateral abdominal regions of the 

same animal. While we initially planned to also compare flies inheriting pnr-Gal4 to 

siblings inheriting the TM6B balancer present in this Gal4 line, we found that flies 
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carrying TM6B were unusually darkly pigmented. This is likely due to the ebony 

mutation on this balancer chromosome, which, while classically described as recessive, 

appears to display incomplete dominance. For each fly phenotyped, the pigmentation of 

the dorsal midline where the miRNA was mis-expressed was scored as either 

“unaffected” (i.e., dorsal midline pigmentation was not noticeably lighter or darker than 

the lateral regions for any segments) or  either “lightened” or “darkened” if the dorsal 

midline was noticeably lighter or darker than lateral regions in any segment. We found 

that the vast majority of flies phenotyped had extremely consistent phenotypes, making 

those with darker or lighter pigmentation easy to recognize. In some cases, the dorsal 

midline was darker than the lateral regions in one body segment, but lighter than the 

lateral regions in another body segment, so the phenotypes for the different body 

segments were recorded individually. Pigmentation was scored for an average of 10 

female and 9 male flies per cross. Noticeably lightened or darkened pigmentation 

phenotypes were often observed in a subset of siblings within a single cross, and only 

genotypes with consistent effects observed in at least 50% of flies are included in the 

counts below. Observations for each individual fly with each genotype are provided as 

Supplemental Table S4-1.  

 

Figure 4-1 Schematic of miRNA overexpression and competitive inhibition screens and scoring 
parameters. Virgin female flies carrying pnr-Gal4 were crossed to males carrying UAS-miRNA for the 
overexpression screen (shown in pink), or to males carrying UAS-miRNA sponge for the competitive 
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inhibition screen (shown in blue). Offspring from these crosses have their respective UAS-driven 
trangenes expressed down the dorsal midline of the fly, either overexpressing or inhibiting the miRNA 
under investigation. These offspring were classified as “unaffected”, “darkened”, or “lightened” based on 
the pigmentation phenotype in the pnr-Gal4 expression domain. Cartoon schematics represent 
hypothetical genetic relationships mediating the effects of miRNAs on pigmentation. Downward-facing 
arrows and nail heads represent positive and negative regulation, respectively. Target genes that are 
expected to have reduced expression in response to miRNA manipulation are shown in gray, while those 
that are expected to have increased expression (de-repression) are shown in bold. Black and yellow 
boxes represent the production of dark melanins and light yellow pigments, respectively. Larger or 
smaller black or yellow boxes represent increased or decreased production of pigments in response to 
miRNA overexpression or competitive inhibition. 

 

Overexpression of 48 individual miRNAs is sufficient to lighten or darken pigmentation 

in one or more body segments. 

 

Of the 166 miRNAs tested, the ratio of progeny inheriting both Gal4 and UAS-

miRNA versus those inheriting a balancer in place of either transgene was significantly 

less than the expected mendelian ratio for 19 miRNAs, (one-sided binomial test, p < 

.05) suggesting that overexpression of the miRNA along the dorsal midline with the pnr-

Gal4 driver reduced viability (Table 4-1). Of these 19 crosses with reduced viability, 13 

produced 2 or fewer progeny carrying both Gal4 and UAS-miRNA, which we defined as 

a “lethal” phenotype. Of the 153 miRNAs that could be overexpressed non-lethally with 

pnr-Gal4, we found 105 did not cause a noticeable change in pigmentation at a 

penetrance of 50% or higher in any body segment. Of the remaining 48 miRNAs, only 

counting phenotypes with a penetrance of 50% or higher, overexpression of 25 caused 

lighter pigmentation in one or more body segments, 29 caused darker pigmentation in 

one or more body segments, and 6 caused lighter pigmentation in some segments but 

darker in others (Figure 4-2, Table 4-1). Of the miRNAs that affected pigmentation, the 

most common phenotypes were darkening or lightening of the posterior female 

abdomen, generally restricted to the A6 abdominal segment, but occasionally extending 

into A5 (Figure 4-2). Much rarer were miRNAs that affected pigmentation in either 

anterior abdominal segments (A1-A4) or the thorax. Only one of the miRNAs tested 

visibly affected male posterior abdomen pigmentation, which is likely because male A5 

and A6 are fully melanized in wild type male animals, meaning any miRNAs that 

promote the production of dark pigments in the posterior male abdomen were unlikely to 
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be identified and any that lighten pigmentation would need to do so quite a bit to be 

readily detectable. 

 

Surprisingly, the phenotypes resulting from overexpression of many miRNAs 

were qualitatively similar in effect to phenotypes observed in published transcription 

factor RNAi screens using the same pnr-Gal4 driver. For instance, many of the 

phenotypes observed in two separate surveys of transcription factors affecting D. 

melanogaster abdominal pigmentation were limited to or more prominent in the A5-A6 

segments of female flies (Kalay et al., 2016; Rogers et al., 2014). Interestingly, the 

female A5-A6 region displays wide phenotypic variation both within and between 

Figure 4- 2: Pigmentation phenotypes resulting from overexpressing 153 miRNAs. (A) Pie charts 
depict the counts of miRNAs that were sufficient to lighten or darken pigmentation, as well as those that 
did not affect pigmentation for male and female flies. Each row represents a broad category of body 
segments along the anterior-posterior body axis: thorax, anterior abdomen (A1-A4), posterior 
abdomen(A5-A6) (B) Representative examples of flies with “lightened”, “darkened”, and “unaffected” 
phenotypes in each anatomical category. Black arrows and white arrows represent areas of increased 
and decreased pigmentation, respectively. The “unaffected phenotype” image represents the consistent 
phenotype observed in the vast majority of flies without balancer phenotypes. 
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species across the Drosophila genus and also displays the greatest phenotypic 

plasticity in response to temperature in D. melanogaster (Dembeck et al., 2015a; Gibert 

Table 4-1 Summary of phenotype data from all miRNA overexpression crosses. Column 
headings: “PA” - posterior abdomen, “AA” - anterior abdomen, “T” - thorax, “n” - number of pnr-
Gal4/UAS-miRNA individuals phenotyped for each category, “Viability” - results of one-sided binomial 
test comparing the proportion of pnr-Gal4/UAS-miRNA individuals collected relative to those inheriting 
balancers in place of either pnr-Gal4 or UAS-miRNA. Abbreviations for results: “L” - dorsal midline 
lightened, “D” - dorsal midline darkened, “R” - viability reduced (one-sided binomial test p < 0.05), “X” - 
overexpression lethal (one-sided binomial test p < 0.05 and ≤ 2 total pnr-Gal4/UAS-miRNA individuals 
collected). All fields marked with “L” or “D” represent crosses where either lightening or darkening 
phenotypes were observed at a penetrance ≥50% 
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et al., 2007; Salomone et al., 2013; Yassin et al., 2016). In addition, the only miRNA 

with a demonstrated role in D. melanogaster pigmentation, miR-8, is limited in effect to 

the posterior female abdomen (Kennell et al., 2012). The results of this screen add to a 

large body of evidence suggesting that the female A5-A6 pigmentation in Drosophila is 

particularly sensitive to genetic and environmental perturbations. Surprisingly, we did 

not find a strongly penetrant effect on pigmentation when overexpressing miR-8 in this 

screen. Because previous experiments demonstrating the effects of miR-8 on 

pigmentation all employed miR-8 loss-of-function (genetic mutation and competitive 

inhibition), it is possible that miR-8 is natively expressed at a high enough level in the 

developing cuticle to repress its target genes to a sufficient extent that additional miR-8 

expression does not exert any further effects. 

  

Native expression of 22 miRNAs is required for development of normal abdominal 

pigmentation 

 

While this overexpression experiment demonstrates which miRNAs are sufficient 

to affect pigmentation, the miRNAs identified in this screen may or may not be 

expressed in the correct tissues and developmental stages to affect pigmentation. We 

therefore followed this experiment by using the same pnr-Gal4 driver to competitively 

inhibit a subset of miRNAs that were identified as sufficient to alter pigmentation in the 

overexpression screen, as well as miR-8 in an effort to repeat the published phenotype 

of lightened pigmentation with loss of miR-8 function. We used miRNA “sponges”, which 

are comprised of RFP-labeled transgenes under UAS-control with 3’ UTRs containing 

20 recognition sites for a specific miRNA (or 2-3 miRNAs with identical recognition sites 

in some cases). Ectopic expression of these miRNA recognition sites can out-compete 

native miRNA targets for miRNA binding, effectively suppressing the effects of the 

targeted miRNA in the dorsal midline during pigmentation development (Fulga et al 

2015). Because we suspected that competitive inhibition might cause more subtle 

effects on pigmentation than overexpression, depending on the native expression level 

and effect size of each miRNA, we set each sponge cross in duplicate at two 

temperatures that cause darker (18ºC) or lighter (28ºC) overall body pigmentation 
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(Gibert et al., 2004). We reasoned that lightening phenotypes might be easier to 

distinguish on more darkly pigmented flies 
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Figure 4-3. Penetrance of pigmentation phenotypes for all miRNAs included in competitive 

inhibition screen. From left to right, the plots represent penetrance of phenotypes observed in the 
posterior abdomen, anterior abdomen, and thorax of female flies.  Penetrance of phenotypes range from 
0 (no flies observed display plotted phenotype) to 1 (all flies observed display plotted phenotype). 
Penetrance of lightening phenotypes are plotted extending to the left from the “0” axis, while penetrance 
of darkening phenotypes are plotted extending to the right. Competitive inhibition data is represented by 
blue bars without borders, while over-expression data is represented by pink bars with black borders. 
Numbers of flies phenotyped for each penetrance value are listed on the right of the figure under “N=”, 
and are color coded in the same manner as penetrance data. All competitive inhibition data displayed 
was collected from crosses set at 28ºC. Data from competitive inhibition crosses set at 18ºC as well as 
male data are shown in the same format as this figure in Supplemental Figure S4-1, Supplemental Table 
S4-2, and Supplemental Figure S4-3. † -  miR-6-1, miR-6-2, and miR-6-3 share a seed sequence, and 
thus were simultaneously inhibited by a single miRNA sponge. The competitive inhibition data for these 3 
lines are duplicated to display alongside the overexpression data of the corresponding individual miRNAs. 
‡ - miR-2b-1 and miR-2b-2 also share a seed and sponge construct, and are displayed in the same 
manner as the miR-6 family. Summary data from all screen crosses is available in Supplemental Table 
S4-3 

reared at 18ºC, while darkening phenotypes might be easier to distinguish on more 

lightly pigmented flies reared at 28ºC.   

 

Using the same scoring parameters as in the overexpression screen, we found 

that of these 41 miRNAs, 22 caused noticeable differences in pigmentation in the dorsal 

midline in at least one body segment and one rearing temperature at a penetrance over 

50% (Figure 4-3, Table 4-2). While a frequency of over 50% of competitively inhibited 

miRNAs causing changes in pigmentation was surprisingly high, we note that the 

miRNA sponge lines we chose to assay were selected from among miRNAs that had 

already shown pigmentation phenotypes in our overexpression screen. Furthermore, 

large numbers of miRNAs were found to affect adult flight muscle development in a 

competitive inhibition screen using the same miRNA sponge collection, with 24% 

(14/58) of miRNAs having a detectable effect on this phenotype (Fulga et al., 2015). In 

addition, a survey of miRNA effects on self-righting behavior in D. melanogaster larvae 

found that 41% of miRNA mutant line assayed significantly affected this phenotype 

(Picao-Osorio et al., 2017). Together, these data suggest that many phenotypes may 

rely on the action of many miRNAs in their development. 

 

In 15 of the 22 miRNA sponge lines affecting pigmentation, overexpressing the 

same miRNA caused the opposite phenotype (i.e. darkening versus lightening), 

suggesting that these miRNAs are both necessary for the development of normal 
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pigmentation and sufficient to alter pigmentation (Figure 4-3, Table 4-2, Supplemental 

Figure S4-1, Supplemental Figure S4-2, Supplemental Figure S4-3, Supplemental 

Table S4-3). Representative images of the phenotypes caused by both overexpression 

and competitive inhibition of 4 of these miRNAs (miR-33, miR-279, miR-92b, and miR 

276a) are shown in Figure 4-4. Of the 15 miRNAs that were both sufficient and 

necessary to produce pigmentation phenotypes, 6 showed a phenotype in one body 

segment when overexpressed, but the opposite phenotype was observed upon 

competitive inhibition only in a different body segment. For instance, overexpressing 

miR-306 caused darkening in the thorax (scutellum), while competitively inhibiting miR-

306 caused lightening of the female posterior abdomen but not the scutellum (Figure 4-

3, Table 4-2). These miRNAs may natively act on pigmentation development in the body 

segment(s) where competitive inhibition causes a change in pigmentation, but, as we 
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observed with miR-8, may normally be expressed highly expressed enough that 

overexpression did not alter pigmentation in the miRNA’s native context. Alternatively, it 

is possible that the miRNA sponge could be interfering with other miRNAs with similar 

seed sequences to the targeted miRNA, leading to the observed pigmentation changes. 

However, we note that the sponge lines used in this study have been assessed for 

specificity and off-target effects, and any miRNA sponge transgenic lines with observed 

off-target effects were reportedly removed from the miRNA sponge line collection (Fulga 

et al., 2015). Beyond the 15 miRNAs we identified as necessary and sufficient to affect 

pigmentation at a penetrance of 50% or higher, an additional 4 miRNAs (miR-8, miR-

965, miR-985, miR-978, see Table 4-2) showed opposite phenotypes in overexpression 

vs competitive inhibition, but were excluded from the main list because either the 

overexpression or competitive inhibition phenotypes were observed at a penetrance 

below 50%, suggesting further experiments may be needed to determine their role in 

pigmentation development.  

 

In the process of phenotyping pnr-Gal4/UAS-miRNA sponge flies, we noticed 

that, while many lines showed pigmentation differences when the sponge line was 

expressed down the dorsal midline, the difference between the dorsal midline and 

lateral dorsal cuticle was rarely as distinct as in the miRNA overexpression crosses. 

However, we were confident of the phenotypes since these flies differed noticeably from 

those over-expressing the “scrambled” control sponge, which was designed to be 

identical to the miRNA sponge lines while not targeting any miRNA in the D. 

melanogaster genome, thus serving as a negative control. For example, flies expressing 

Table 4-2. Summary of phenotypic effects of overexpression and competitive inhibition of all 
microRNAs included in competitive inhibition screen (Previous page). Column headings: “PA” - 
posterior abdomen, “AA” - anterior abdomen, “T” - thorax, Abbreviations for results: “L” - dorsal midline 
lightened, “D” - dorsal midline darkened. Competitive inhibition phenotypes marked with * were observed 
in crosses set at 28ºC, while those marked with † were from crosses set at 18ºC. For miR-971, 
competitive inhibition data is only represented from crosses set at 28ºC because the cross set at 18ºC 
failed. All fields marked with “L” or “D” represent crosses where either lightening or darkening phenotypes 
were observed at a penetrance ≥50%, except where penetrance values are listed in parentheses. 
miRNAs that cause opposite phenotypes when overexpressed versus competitively inhibited are shown 
in bold. miR-6-1, miR-6-2, and miR-6-3 share a seed sequence, as do miR-2b-1 and miR-2b-2. For these 
miRNAs competitive inhibition data was performed with a single sponge targeting all miRs with a common 
seed, and data obtained with these sponge lines are reproduced in each row that contains 
overexpression data from the individual miRNAs. 
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the sponge transgenes 

targeting miR-92b and miR-

276a both appeared to have 

darker pigmentation along the 

entire width of the posterior 

edge of affected tergites, rather 

than being confined entirely to 

the pnr-Gal4 expression 

domain along the dorsal 

midline (Figure 4-4F,H). Since 

we did not observe this 

phenomenon in the pnr-

Gal4/UAS-miRNA flies using 

the same pnr-Gal4 line, we 

wondered whether this may be 

due to “leaky” expression of the 

sponge transgenes in the 

absence of Gal4. We confirmed 

this suspicion by observing the 

UAS-miRNA sponge lines from 

the original stock vials, which 

do not contain a Gal4 

Figure 4-4. Images demonstrating miRNAs that are both sufficient to alter abdominal 
pigmentation and necessary for normal pigmentation development. In all images, white arrows or 
brackets indicate areas of lightened pigmentation in the pnr-Gal4 expression domain.  while black 
arrows represent areas of darkened pigmentation in the pnr-Gal4 expression domain. A-F: dissected 
and mounted dorsal abdominal cuticles of female flies comparing flies carrying transgenes to either 
overexpress (A,C, E) or competitively inhibit (B, D, F) individual miRNAs compared to matched control 
flies (left panels of A-F). Images depict results from manipulating miR-33 (A,B), miR-279 (C,D), and 
miR-92b (E,F). G-H: images of whole fly abdomens carrying transgenes to overexpress (G-G’’’) or 
competitively inhibit (H) miR-276a. G: dorsal view of abdomen of female fly over-expressing miR-276a 
along the dorsal midline.  G’: enlarged view of the region outlined in dashed lines in panel G, with area 
of lightened pigmentation marked by white brackets. G’’: right lateral view of abdominal segments A5 
and A6 from specimen pictured in panels G and G’. Black arrow indicates sharp increase in 
melanization at the border of the pnr-Gal4 expression domain. G’’’: dorsal view of abdomen of male fly 
overexpressing miR-276a with white arrows indicating reduced melanization of segments A5 and A6. H: 
images of whole fly abdomens carrying transgenes to express miRNA sponge constructs targeting 
either a scrambled region as a negative control (left) or targeting miR-276a.   
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transgene, under a fluorescence stereo microscope, where we saw clear RFP signal 

across the bodies of many of these flies (data not shown). The only RFP reported in 

these flies’ genotype is the coding sequence of the miRNA sponge transcripts 

themselves, suggesting that these sponge transgenes are expressed in the absence of 

Gal4 activation, though this expression was noticeably weaker than the RFP signal 

along the dorsal midline of the flies that inherited both pnr-Gal4 and the UAS-sponge 

transgenes. We suggest that this leaky miRNA sponge expression should be taken into 

account when designing and interpreting experiments using these miRNA sponge 

transgenic lines.  

 

During the course of the screen experiments described in this manuscript, 

another group independently identified miR-33 as a regulator of D. melanogaster 

pigmentation by observing darkened pigmentation in the A5 and A6 segments of miR-

33 mutants relative to wildtype individuals (J. Kennell, unpublished personal 

communication). Their results agree with the observations we report in this study. We 

found that overexpressing miR-33 caused a mild but noticeable and penetrant reduction 

in the dark pigment stripe along the posterior edge of the A6 segment in females, while 

competitively inhibiting miR-33 reliably caused an increase in dark melanization in 

female A6 (Figure 4-3, Figure 4-4A-B). 

 

One noteworthy miRNA, miR-276a, showed a particularly striking set of 

phenotypes in these screen experiments. Interestingly, overexpression of this miRNA 

caused distinctly opposite phenotypes in the anterior abdomen vs the posterior 

abdomen of female flies. In abdominal segments anterior to A6, pigmentation was much 

lighter in the pnr-Gal4 expression domain relative to the dorsal cuticle outside this 

region, with a sharp boundary between the affected and unaffected portions of the 

cuticle (Figure 4-4G-G’). In contrast, the A6 segment of female abdomens was almost 

fully melanized within the boundaries of the pnr-Gal4 expression domain, again with a 

sharp transition between affected and unaffected cuticle (Figure 4-4G,G’’) Furthermore, 

miR-276a was the only miRNA out of 153 overexpression genotypes to show a clear 

phenotype in the male posterior abdomen, where pigmentation was noticeably lightened 
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in the pnr-Gal4 expression domain relative to the lateral dorsal cuticle (Figure 4-4G’’’). 

The opposite effect of miRNA expression in the posterior abdomen depending on sex 

was unique to miR-276a. Excitingly, the sponge transgene targeting miR-276a caused a 

strong lightening effect in the female A6 segment, the pigmentation in anterior abdomen 

segments of the same flies appeared darker than scrambled sponge controls (Figure 4-

4H). Competitive inhibition of miR-276a did not cause a detectable phenotype in the 

fully melanized male A5 and A6 segments, which is to be expected if, as suggested by 

the overexpression phenotype, this miRNA represses the formation of dark pigments in 

male A5 and A6. These results suggest that miR-276a may be an important regulator of 

sex-specific pigmentation in the posterior abdomen, a trait that has been the subject of 

a large body of research on the development and evolution of sexually dimorphic 

phenotypes (Gompel and Carroll, 2003; Jeong et al., 2006; Kopp et al., 2000; Roeske et 

al., 2018; Salomone et al., 2013; Signor et al., 2016; Williams et al., 2008). 

 

Identifying potential targets of miRNAs affecting pigmentation 

 

Having identified a collection of miRNAs that affect pigmentation patterning, we 

next sought to investigate the mechanisms by which these miRNAs might be affecting 

this phenotype. In canonical miRNA-mediated post-transcriptional repression, miRNAs 

direct the RNA-induced silencing complex (RISC) to messenger RNAs by binding to 

short 6-8 base sequences in the 3’ UTRs of target genes complementary to a region on 

the miRNA known as the “seed” (Bartel, 2018). Because the “seed” region of individual 

miRNAs can be identified by their position in the primary miRNA transcript, potential 

candidate targets of miRNAs can be identified bioinformatically by scanning the genome 

for seed matches in the 3’ UTRs of protein-coding genes (Enright et al., 2003; Lewis et 

al., 2003). However, in order to affect the expression of any gene through this canonical 

mechanism, the miRNA and target mRNA must be co-expressed in the same tissue and 

developmental stage and there must also be sufficient RISC components present, 

meaning that a large portion of predicted seed matches in 3’ UTRs will not represent 

biologically relevant direct miRNA-mRNA regulatory connections (Betel et al., 

2010).  Therefore, we expect only a small proportion of genome-wide predicted seed 
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sites to be relevant to pigmentation. Unfortunately, detailed expression patterns are 

unavailable for most D. melanogaster miRNAs, so we cannot narrow down potential 

target genes by filtering for co-expression with miRNAs of interest.  

 

Figure 4- 5. Computationally-predicted seed matches between known pigmentation genes and 
miRNAs that showed reciprocal phenotypes when overexpressed versus competitively inhibited. 
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Columns represent miRNAs represented in bold in Table 4-2. miR-2a-1 and miR-2a-2 as well as miR-96b 
and miR-312 target sites with identical seed sequences according to the TargetScan 7.2 database, and 
so their predicted targets are identical. Rows represent individual genes from Supplemental Table S4-4, 
which are known to affect the development of pigmentation in adult cuticle. Light gray boxes surround the 
names of  miRNAs that are sufficient to darken pigmentation in one or more body segments as well as 
genes that promote the development of dark pigments by the parameters described in the main text. 
Black-outlined boxes with no fill surround the names of miRNAs that are sufficient to lighten pigmentation 
in one or more body segments as well as genes that promote the production of light pigments or repress 
the production of light pigments according to the parameters described in the main text. Several 
pigmentation genes and miR-276a are contained within both categories, meaning they promote opposite 
phenotypes in a context-dependent manner. Dark gray rectangles indicate the presence of one or more 
seed matches to the indicated miRNA within the 3’ UTR of the most abundant transcript isoform of the 
indicated pigmentation gene.  

In order to narrow down the predicted miRNA-mRNA pairs and enrich for targets 

that are likely to affect pigmentation, we identified target predictions for mRNAs from 

genes that have been shown to affect pigmentation. We generated a list of pigmentation 

genes by searching gene ontology annotations via flybase.org and manually annotating 

to include only genes that have been experimentally demonstrated to affect 

pigmentation, usually through RNAi or loss-of-function mutations (details in Materials 

and Methods) (Thurmond et al., 2019). We also included genes identified through large-

scale screens or GWAS identifying genes underlying pigmentation phenotypes in D. 

melanogaster, so long as the authors provided experimental evidence of the gene’s 

effect on pigmentation (Dembeck et al., 2015a; Kalay et al., 2016; Rogers et al., 2014). 

We compiled a list of 93 genes that have been experimentally shown to affect 

pigmentation and annotated their role in pigmentation as “darkens” if the gene has been 

experimentally demonstrated as either necessary or sufficient for the development of 

dark pigmentation, and “lightens” if experimental evidence shows that it is necessary to 

prevent the development of dark pigments or sufficient to lighten pigmentation where 

misexpressed (Supplemental Table S4-4). If a gene has different effects on 

pigmentation depending on sex or body segment, we listed its pigmentation role as 

“context-dependent”. Because the majority of phenotypes we observed in the miRNA 

overexpression and competitive inhibition screens were located on the female A6 

segment, for each gene we listed the effect of the gene’s loss-of-function on this 

segment’s phenotype, if known. We also note that for many of the genes in this list, the 

mechanisms by which they affect pigmentation remain unknown, and it is possible that 
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the pigmentation effects reported could be caused by disruption to more general 

developmental processes that alter morphology. 

 

Using the TargetScan 7.2 database of all miRNA 7mer and 8mer seed matches 

in 3’ UTRs of the most-abundant transcript for each gene in the D. melanogaster 

genome (Agarwal et al., 2018), we filtered this dataset to only include the genes in our 

pigmentation gene list, and further filtered to include only predictions from a set of 

miRNAs that showed opposite effects on pigmentation when overexpressed versus 

competitively inhibited in the screens described above (Figure 4-5). Since miRNAs 

canonically repress their targets, predicted miRNA-target pairs where the miRNA 

overexpression phenotype (darkening or lightening) is the opposite of the pigmentation 

gene’s role (darkening or lightening) indicate promising candidates for biologically-

relevant interaction within the genetic network regulating the development of 

pigmentation. While we did not see a striking pattern of miRNA-target predictions 

suggesting that genes which promote dark pigmentation are more likely to contain seed 

matches for miRNAs which lighten pigmentation, or vice versa, this was not necessarily 

expected. Presence of a seed site in a gene’s 3’ UTR is not necessarily sufficient to 

cause miRNA regulation of that gene for several reasons. Pigmentation develops in the 

epidermis across several different body segments during a period starting 

approximately 60 hours after pupation and continuing for several hours after eclosion, 

meaning there is a wide range of spatial and temporal expression profiles that would be 

compatible with a gene regulating pigmentation (Bainbridge and Bownes, 1981; 

Wittkopp et al., 2002). The miRNA and the gene with a predicted seed match may not 

be co-expressed along with the RISC, meaning the interaction between them would be 

unlikely to affect pigmentation. Furthermore, even if the expression patterns of the 

miRNA and predicted target allow for interaction, factors such as the position of the 

seed within the 3’ UTR and the secondary structure of the 3’ UTR may leave the seed 

site less accessible for miRNA binding (Agarwal et al., 2018). These caveats lead to 

false-positive predictions of miRNA regulation of potential target genes. On the other 

hand, while more perfect seed matches in 3’ UTRs appear to cause the strongest 

repression by miRNAs, imperfect seed matches and pairing with bases in the mature 
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miRNA outside the seed region also lead to repression of target genes in C. elegans 

(Broughton et al., 2016). This suggests that there are likely many biologically 

meaningful miRNA-target interactions occurring that we cannot currently identify by 

searching for seed matches, leading to an unknown false negative rate. 

 

While the interpretation of predicted miRNA-target binding is difficult, predicted 

seed pairing may still be useful in generating hypotheses for more direct testing. We 

note several intriguing miRNA-target predictions in our data that merit further 

investigation. For instance, miR-276a only had predicted seed sites in 6/93 genes, of 

which 3 genes (Abd-B, loco, sd) have loss-of-function phenotypes consistent with the 

miR-276a overexpression phenotype. RNAi against loco caused increased pigmentation 

in female A6 (Dembeck et al., 2015b), while miR-276a overexpression causes 

increased pigmentation in female A6 (Figure 4-4G,G’’) . Knockdown of sd caused 

reduced pigmentation in male A2-A6 (Kalay et al., 2016), which we also observed in 

flies with miR-276a overexpressed (Figure 4-4G''') . Abd-B is a most intriguing candidate 

target of miR-276a, since this gene is a pivotal regulator of sex-specific pigmentation in 

D. melanogaster (Kopp et al., 2000), and miR-276a was the only miRNA we found to 

have opposite effects on males versus females . RNAi to knock down Abd-B causes a 

loss of male specific pigmentation in A5 and A6, much like the phenotype we observed 

with miR-276a over-expression (Kalay et al., 2016; Rogers et al., 2014). Abd-B is 

hypothesized to regulate sex-specific pigmentation by binding cis-regulatory sequences 

associated with bab1 along with sex-specific isoforms of dsx, with dsx-f and Abd-B 

together activating bab1 transcription in the posterior female abdomen, but dsx-m and 

Abd-B repressing the activation of bab1, which represses the formation of dark 

pigments (Williams et al., 2008). The overexpression phenotype of miR-276a, increased 

melanization in female A6 and decreased melanization in Male A5-A6, is consistent with 

expectations for down-regulating Abd-B within this sex-specific genetic network, though 

further experiments will be needed to determine whether miR-276a affects pigmentation 

through direct regulation of Abd-B. In another notable set of predictions, the hormone 

receptors Hr4 and Hr38, which both show loss of melanization in female A6 when 

knocked down with RNAi, each are predicted to be regulated by 4 out of 5 possible 
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seeds associated with miRNAs that cause only lightened pigmentation with 

overexpression, while their 3’ UTRs contained proportionally fewer seed sites for 

miRNAs sufficient to only darken pigmentation (Hr4, 3/12 seeds, Hr38 1/12 seeds, 

Figure 4-5) (Kalay et al., 2016; Rogers et al., 2014).  

 

Finally, we were interested to assess the mechanism by which the only miRNA 

previously shown to regulate pigmentation, miR-8, affects pigmentation (Kennell et al., 

2012). While miR-8 seed sites were present in 21 pigmentation genes from our list, we 

noticed that this miRNA has seed matches in 4 genes that are crucial for suppressing 

melanization of the posterior abdomen in female D. melanogaster: ebony (e), black (b), 

bric a brac 1 (bab1), and bric a brac 2 (bab2) (Figure 4-5, Figure 4-6A) (Massey and 

Wittkopp, 2016b). We were particularly interested in determining whether miR-8 affects 

pigmentation by targeting a single gene or by coordinately regulating several targets in 

order to promote the production of dark melanins.  

 

Functional tests suggest miR-8 may coordinately regulate multiple genes involved in the 

production of light yellow cuticle and suppression of dark melanin synthesis. 

 

We tested whether the predicted seed sites in the 3’ UTRs of e, b, bab1, and 

bab2 are targeted by miR-8 by inserting sequences from the 3’ UTRs of these potential 

target genes downstream of the stop codon of a lacZ reporter gene and co-transfecting 

them with a miR-8 expression vector into S2 cells (Figure 4-6C). We found that reporter 

genes containing e, b, bab1, and bab2 3’ UTRs were repressed when co-transfected 

with miR-8 relative to those co-transfected with an empty vector. When we mutated the 

predicted miR-8 recognition site in the e and bab1 constructs, we found that the reporter 

genes were no longer repressed in the presence of miR-8 overexpression, suggesting 

that these 3’ UTRs are directly targeted by miR-8. We observed an unexpectedly large 

increase in LacZ expression upon deleting the miR-8 seed site in the bab1 3’-UTR 

sequence (Figure 4-6C). We propose several possible reasons for this. First, the 

sequence cloned into the LacZ expression vector contained 683bp of bab1 3’-UTR 

sequence including the predicted miR-8 seed site, while the full-length bab1 3’ UTR is 
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1958bp in length, meaning there could be sequences outside the region we assayed 

that affect the structure or function of this 3’ UTR. Follow-up experiments using the full-

length 3’ UTR will be necessary to determine whether this is the case. Alternatively, it is 

possible that ablating the miR-8 seed site in the 3’-UTR sequence we tested may have 

eliminated miR-8 regulation by endogenous miR-8 in the S2 cells, though we would 

expect to see the same large increase in expression from the e 3’-UTR construct if both 

seed sites cause a similar magnitude of repression in the presence of endogenous miR-

8 in S2 cells. miR-8 is one of the 10 most abundantly expressed miRNAs in S2 cells 

(Wessels et al., 2019), suggesting that endogenous miR-8 may be negatively regulating 

the expression of reporter constructs containing miR-8 seed sites. It is also possible, 

perhaps likely, that miR-8 overexpression in transfected cells may be altering the 

expression of endogenous genes, which could affect the expression of other miRNAs 

with binding sites in the bab1 3’-UTR sequences used. In fact, recent data using 

Photoactivatable Ribonucleoside-Enhanced Crosslinking and Immunoprecipitation 

(PAR-CLIP) to identify in-vivo miRNA-mRNA interactions in S2 cells identified 52 genes 

whose transcripts physically associated with miR-8 (Wessels et al., 2019). Further 

information about the transcriptome-wide effects of over-expressing miR-8 in these cells 

will be needed to fully explore this possibility. Repeating this experiment in cell lines 

which lack miR-8 expression, either endogenously or through targeted miR-8 deletion, 

could also provide clarification. 
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Figure 4-6. miR-8 coordinately regulates ebony, black, bric a brac 1 and bric a brac 2 to promote 
the production of dark pigments in female A6. A: Schematic of a portion of the D. melanogaster 
pigmentation biosynthetic pathway depicting the genetic control of a switch between the production of 
dark pigments and light, yellow pigments. Metabolites are depicted in gray rounded rectangles. Genes 
with miR-8 seed sites in their 3’ UTRs are shown in blue. Arrowheads represent positive regulation while 
nail heads represent negative regulation. B: Dissected dorsal abdominal cuticle from female flies 
expressing miRNA sponge transgenes along the dorsal midline. Left: a negative control sponge with 
scrambled sequence in place of miRNA seed sites. Right: sponge containing miR-8 seed sites.  White 
arrow indicates reduction of pigmentation with competitive inhibition of miR-8. C: (Left) Schematic of cell 
culture assay measuring the effect of miR-8 on the protein production from LacZ reporter genes cloned 
with potential target gene 3’ UTRs. (Right) Relative LacZ signal measured from cells co-transfected with 
pAc-miR-8 over cells co-transfected with empty pAc vector. A ratio of 1 indicates no difference in LacZ 
signal  in the presence vs absence of pAc-miR-8, while ratios less than or greater than one indicate 
reduced or increased LacZ signal relative to cells transfected with empty vector in place of pAc-miR-8, 
respectively. Error bars show 95% confidence intervals. All transfections performed in triplicate. The X-
axis labels describe the 3’ UTR sequences cloned into each reporter construct downstream of the LacZ 
stop codon but upstream of the polyadenylation signal.  “None” - pAc-LacZ reporter plasmid with no 
added 3’ UTR sequence. “2x miR-8” - a positive control: pAc-LacZ with a 3’ UTR composed of two perfect 
complements to the miR-8 mature sequence. “e” - pAc-LacZ with full wild type ebony 3’ UTR.  “e mut 
miR-8” - same as “e” construct, but with miR-8 seed site mutated. “bab1” - pAc-LacZ with 683bp of wild 
type bab1 3’ UTR containing endogenous miR-8 seed site. “bab1 mut miR-8” - same as “bab1” construct, 
but with miR-8 seed site mutated. “bab2” - pAc-LacZ with 529bp of wild type bab2 3’ UTR containing 
endogenous miR-8 seed site. “b” - pAc-LacZ with full wild type black 3’ UTR. 
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Taken together, our results suggest that miR-8 may promote the development of 

dark pigmentation in the posterior abdomen of female flies by coordinately repressing 

multiple genes that are each individually necessary to promote the production of yellow 

pigments rather than dark melanins. In part because miRNAs generally cause mild 

repression of their individual target genes, rarely exceeding 20% reduction (Guo et al., 

2010; Stadler et al., 2012), single miRNAs have long been thought to have little effect 

on phenotypes (Miska et al., 2007). In contrast to this assertion, changes in expression 

of a single gene by as little as 29% over a brief period in pupal development contribute 

to differences in pigmentation between Drosophila species to an extent that can be 

visually distinguished in genetic mapping studies (Cooley et al., 2012). As more studies 

demonstrate the phenotypic effects of disrupting individual miRNAs, it has become clear 

that, despite their typically modest direct effects on single targets, many miRNAs are 

necessary for the development of normal phenotypes in metazoans (Bartel, 2018; Chen 

et al., 2014; Fulga et al., 2015; Picao-Osorio et al., 2017). One mechanism by which 

miRNAs might exert their effects on phenotypes is by coordinately regulating multiple 

target genes with similar functions. In fact, miR-iab-4 and miR-iab-8, which are encoded 

in a single transcript within the D. melanogaster Hox locus, have been shown to 

coordinately regulate the Hox genes Abd-A and Ubx as well as the Hox cofactors exd 

and hth in the larval ventral nerve cord in a manner that is essential for proper segment 

patterning, fertility, and mating behavior (Garaulet and Lai, 2015; Garaulet et al., 2014). 

Our results support a model of combinatorial control, where multiple miRNAs are 

necessary for wild type pigmentation development, and single miRNAs (such as miR-8) 

may coordinately regulate multiple functionally related genes.  

 

Conclusion 

We propose that the development of Drosophila pigmentation is well-suited as a 

potential model system for the study of miRNA-mediated regulation of gene expression 

and phenotypic development. Further studies refining the roles of individual miRNAs in 

the development of pigmentation patterning may be informative to our understanding of 

the roles of miRNAs, individually and in concert with other miRNAs, within a genetic 
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network. In addition to the genetic tractability of this model system, Drosophila 

pigmentation displays a wide variety of phenotypic diversity across a wide range of 

evolutionary time scales. Comparative studies of pigmentation differences within and 

between species could provide new insights into the evolution of miRNA-mRNA 

connections within genetic networks.  

 

 

 

Materials and Methods 

 

Fly strains and crosses 

 

UAS-miRNA lines were obtained from the FlyORF Zurich ORFeome Project 

miRNA collection (www.flyORF.ch, Schertel et al, Genetics, 2012). For the 

overexpression screen, 2 virgin female pnr-Gal4/TM6B flies per vial were crossed to 

male UAS-miRNA flies for each miRNA tested (crosses were set for 172 total UAS-

miRNA lines in 8 batches conducted across ~10 weeks). miRNA overexpression 

crosses were reared in a 23C incubator on a 12hr light/dark cycle. For the competitive 

inhibition screen, 2 virgin females from the same pnr-Gal4 line were crossed to each 

UAS-miRNA sponge line (obtained from the BDRC - cite Fulga et al sponge paper). 

Stock information for all UAS-miRNA and UAS-miRNA sponge lines is listed in 

Supplemental Table S4-3. Because we anticipated potentially smaller effects from 

competitive inhibition than from overexpression, we set competitive inhibition crosses at 

two temperature extremes (see main text). We reasoned that the more darkly 

pigmented flies reared at 18C would allow greater visibility of lightening effects from 

miRNA inhibition, while lighter flies reared at 28C would allow greater visibility of 

darkening effects. All flies were aged to 3-5 days after eclosion before phenotyping. The 

flies’ pigmentation outside the pnr expression domain was used as an internal control to 

compare to the effects of miRNA overexpression in the dorsal midline. UAS-ebony 

(Wittkopp et al., 2002) and UAS-ebony RNAi (RRID:BDSC 28612) were crossed to pnr-
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Gal4 as positive controls for lightened and darkened midline pigmentation, respectively. 

Each fly was observed individually by A. L., at which time the eclosion date, collection 

date, genotype, sex, and phenotypes were recorded in a spreadsheet for each screen 

(Supplemental Table S4-1 and Supplemental Table S4-2). Flies with balancer 

phenotypes were documented with the identity of the balancer. Flies inheriting both pnr-

Gal4 and a UAS- transgene were documented categorically as unaffected, lightened, 

darkened, or both lightened and darkened along with a short description of the 

phenotype and segment(s) affected, as well as any conspicuous developmental defects. 

Additional crosses were set to compare pnr-Gal4/UAS-miRNA flies to a genetically 

similar negative control by first crossing the pnr-Gal4 to a double balancer line 

(genotype w-;Sco/CyO;MKRS/TM6B, courtesy of Scott Pletcher) to obtain pnr-

Gal4/MKRS flies, since, unlike TM6B, MKRS does not include any alleles that visibly 

affect pigmentation. We crossed pnr-Gal4/MKRS to UAS-miR-8, UAS-miR-92b, UAS-

miR-33, and UAS-miR-279, rearing and collecting in the same conditions and manner 

as the UAS-miRNA screen crosses described above. 

 

Sample preparation and imaging 

 

Flies displaying lightened or darkened pigmentation phenotypes were placed in 

10% glycerol in ethanol solution for storage and labeled with the associated cross 

information. In addition, flies from two randomly chosen pnr-Gal4/UAS-miRNA crosses 

for which all individuals were classified as displaying an “unaffected” phenotype (UAS-

miR-100 and UAS-miR-1014) were stored in 10% glycerol in ethanol for comparison 

purposes. A subset of flies with notable phenotypes (including those shown in Figure 4-

2) were photographed immediately after collection and before storage, using a Leica 

MZ6 stereomicroscope equipped with a ring light and Scion (CFW-1308C) camera 

operated via TWAIN driver in Adobe Photoshop. Dorsal abdominal cuticles were 

dissected from the offspring of the pnr-Gal4/MKRS x UAS-miRNA crosses described in 

“Fly strains and crosses” for the images in Figure 4-4A-F and Figure 4-6B. Dissection 

and mounting were performed as described in (John et al., 2016) before imaging. For 

the images in Figures 4-4G-F, flies preserved from the screen experiments were 
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partially embedded in 1% agar in white centrifuge tube caps, which were then flooded 

with 95% ethanol before imaging. All photographs in Figure 4-4 and Figure 4-6 were 

taken using the same equipment described above.  

 

Analysis of predicted miRNA target genes 

 

We compiled a list of 93 genes with experimentally validated effects on 

pigmentation by searching literature and annotations from flybase.org (Thurmond et al., 

2019). We first compiled the names and phenotypes associated with all genes 

described in three reviews on Drosophila pigmentation (Massey and Wittkopp, 2016b; 

Wittkopp et al., 2003; Wright, 1987), as well as two large-scale transcription factor RNAi 

screens for pigmentation regulators (Kalay et al., 2016; Rogers et al., 2014) and one 

GWAS of within species pigmentation from the Drosophila Genome Reference Panel 

(Dembeck et al., 2015b). We then searched Gene Ontology annotations for “Biological 

Process” on Flybase.org, filtering for the following terms: “negative regulation of 

developmental pigmentation”, “positive regulation of developmental pigmentation”, 

“regulation of cuticle pigmentation”, “regulation of eye pigmentation”, “regulation of 

female pigmentation”, “regulation of male pigmentation”, “regulation of pigment cell 

differentiation", “regulation of adult chitin-containing cuticle pigmentation”. We then 

checked the references for each gene identified by this search, excluded all that were 

solely associated with pigmentation in structures other than adult cuticle, and reviewed 

the evidence supporting any remaining genes that were not described in the previously 

described sources. We only included genes where the supporting data presented in the 

referenced studies included descriptions or images of mutant or RNAi phenotypes 

associated with the gene in question. The results of this search are shown in 

Supplemental Table S4-4.  

 

For predictions of direct miRNA-mRNA regulatory interactions, we downloaded 

all predictions for genome wide matches to both “conserved” and “nonconserved” 

miRNA seed sites in the 3’ UTRs of the most highly expressed transcript of each gene 

in the D. melanogaster genome from TargetScanFly v7.2 
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(http://www.targetscan.org/fly_72/, (Agarwal et al., 2018)). We then filtered this 

database to only include only the 3’ UTRs of genes listed in Supplemental Table S4-4 

and the miRNA seeds associated with miRNAs that produced opposite phenotypes 

when overexpressed versus competitively inhibited in the screens described in this 

study (Table 4-2).  

 

Cell culture assays of predicted miR-8 target genes 

 

 Reporter genes assays for direct miRNA-mRNA were performed as described in 

(Blauwkamp et al., 2008) with modifications. For miR-8 expression, the miR-8 gene was 

cloned into a pAc5.1-V5/His-a expression vector (Invitrogen), while 3’ UTRs with an 

upstream, in-frame stop codon were cloned into a pAc-LacZ vector (Invitrogen) using 

NotI and XhoI. The full-length 3’ UTRs of e and b were used, while we used a 683bp 

portion of the bab1 3’ UTR and a 529bp portion of the bab2 3’ UTR, each containing the 

endogenous miR-8 seed site. To ablate miR-8 seed sites, we mutated the 3’ UTR 

sequence of the 7mer, changing all 7 bases from C to A and G to T, or vice versa. We 

plated 500uL of S2R+ cells in 24-well plates at 1x10^6 cells/mL and allowed them to 

grow for 24 hours at 25ºC before transfection. Cells were transiently transfected using 

FuGENE 6 transfection reagent (Promega) with a total of 150ng of plasmid DNA (125ng 

of either pAc-miR-8 or empty vector, 12.5ng of LacZ reporter, and 12.5ng of pAc-

Luciferase). Cells were lysed and assayed for Beta-galactosidase and luciferase activity 

using GalactoStar (Invitrogen) and Tropix LucScreen (Applied Biosystems) 

approximately 36 hours post-transfection. Beta-galactosidase signal was normalized for 

transfection efficiency using Luciferase signal. All transfections were performed in 

triplicate.  
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Chapter 5 

Conclusions and Future Directions 

 

The systems by which genes and genomes encode phenotypes, despite being 

studied for decades, still remain poorly understood in many ways. Similarly, our 

understanding of the genetic mechanisms by which phenotypes evolve is limited by 

many barriers, including gaps in our understanding of genotype-phenotype 

relationships. While the scientific community’s advances in the fields of developmental 

genetics and evolutionary biology are incrementally accumulating, it has become clear 

that increased insight into the general principles, exceptions, caveats, mechanisms, and 

conflicts in either field informs our understanding of the other. In short, investigating how 

genes and phenotypes evolve informs our understanding of how genes function and 

affect phenotypes, while our knowledge of how genes encode phenotypes informs the 

hypotheses we make while investigating the root causes of phenotypic differences.  

 

The studies described in this dissertation aim to approach both sides of this 

interconnected, multidisciplinary field of inquiry wherein we seek to understand 

evolution, development, and the evolution of development. In the experiments I describe 

in the preceding chapters, I sought to improve the methods by which we can directly 

query the phenotypic effects of natural genetic variants by inducing precise allele 

replacements (Chapter 2), expand our understanding of the genetic basis of an evolved 

difference between two recently diverged species (Chapter 3), and broaden our 

understanding of the genetic architecture underlying the development of a model trait to 

include a class of molecules that had previously been largely unexplored in the context 

of this trait (Chapter 4). In this chapter, I describe the conclusions drawn from the 
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research presented in this body of work, as well as potential future directions for 

addressing the questions that arise from this research.  

 

Improving the efficiency of precise insertions of DNA sequence at a gene’s native locus 

brings feasibility to previously intractable strategies for the study of genetics and 

evolution. 

 

In Chapter 2, I describe a 2-stage allele replacement method in Drosophila 

melanogaster, with an emphasis on preventing unwanted secondary mutations and only 

using materials that are not limited to specific transgenic lines. This method was also 

developed to overcome the widely-reported problem of low-frequency of CRISPR-

induced incorporation of donor DNA at the locus of interest (Liu et al., 2017), which 

often necessitates laborious, costly screening through large numbers of potential 

mutants to identify rare successes. While I was ultimately able to execute an allele 

replacement without unwanted secondary mutations using this method, there is 

certainly room for improvement. While I initially aimed to replace the intermediate 

reporter construct with a series of three co-injected alleles, I ultimately only recovered 

mutants containing one of these alleles. I propose that this was a result of the overall 

low efficiency of homology-directed repair we observed, and that multiple allele 

replacements could be induced within a single round of injections if one could identify 

the experimental parameters necessary to increase the rate of donor DNA incorporation 

at the locus being edited.  

 

Several approaches have been successful in increasing the efficiency of precise 

DNA sequence changes via homology-directed repair. Some particularly efficient 

methods described since the publication of the research in Chapter 2 involve tethering 

the donor DNA repair template to the CRISPR machinery, for instance by covalently 

attaching a multi-copy single-stranded DNA donor to a Retron scaffold on the sgRNA in 

Cas9 Retron preciSe Parallel Editing via homologY (CRISPEY) ((Sharon et al., 2018), 

or by tethering the single-stranded DNA donor to a fusion protein made up of Cas9 and 

HUH endonuclease, which covalently binds ssDNA (Aird et al., 2018). While these 
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tethering methods achieve great efficiency increases in recovering precise integration of 

sequences from single-stranded DNA donors, their applications may be limited. For 

instance, the CRISPEY method was developed in yeast, and involved the use of yeast 

strains with genomically integrated transgenes expressing reverse transcriptase and 

Cas9, meaning significant changes would be needed to adapt this method for use in 

non-transgenic animal models, for instance (Sharon et al., 2018). In addition, tethering 

methods make use of single stranded DNA donors of approximately 100 to 200nt in 

length including homology regions, and it is unclear at present whether these methods 

will be adaptable to inserting longer sequences. However, improvement of homology-

directed repair efficiency is an area of active, rapid research, and many other 

approaches, such as drug-based or genetic manipulations of endogenous DNA repair 

machinery (Ray and Raghavan, 2020), show promise for applicability across a wider 

range of model systems. 

 

Investigating the genetic causes of evolved differences in pigmentation: an opportunity 

to test hypotheses about pleiotropy and modularity. 

 

In Chapter 3, I directly assessed the role of ebony in the evolved light body color 

of Drosophila novamexicana relative to its sister species D. americana and all other 

known species in the Virilis group. Studies into this pigmentation difference identified 

ebony as a candidate gene initially in 2003, as it resides in a quantitative trait locus 

(QTL) strongly associated with the trait of interest, but chromosomal rearrangements 

prevented any direct assessment of the effects of ebony without linked sequences 

confounding interpretation (Cooley et al., 2012; Wittkopp et al., 2003, 2009). By using 

CRISPR/Cas9 genome editing to generate ebony null mutants in both D. novamexicana 

and D. americana and comparing the phenotypes of reciprocal F1 hybrids differing only 

in the species of origin of their intact ebony allele, I provided the first direct evidence 

that divergence at ebony is responsible for a large portion of the pigmentation difference 

between these species.  
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Evidence collected over years of study suggests that the effect attributed to the ebony-

containing QTL acts in cis, or on the same chromosome rather than through the action 

of diffused factors, and not through coding changes in ebony (Cooley et al., 2012; 

Wittkopp et al., 2009). As described in Chapter 1, evolution through changes in non-

coding cis-regulatory sequence are thought to be evolutionarily favorable in cases 

where the associated gene is expressed in a modular fashion and has pleiotropic 

effects on multiple phenotypes (Carroll, 2005; Stern and Orgogozo, 2008). While ebony 

fits these qualifications, as it is required in the nervous system for neurotransmitter 

recycling and vision (Borycz et al., 2002), affects the production of cuticular 

hydrocarbons (Massey et al., 2019a), and has demonstrated modular cis-regulatory 

elements driving expression in different tissues (Rebeiz et al., 2009), it is unclear 

whether changes at ebony that affect pigmentation are limited to expression in the 

developing cuticle or are also causing changes in other ebony-dependent phenotypes. 

To begin to address whether the effects of differences in ebony were limited to body 

color, we assessed the effect of both species’ ebony alleles on cuticular hydrocarbons 

and found that, while ebony does indeed affect cuticular hydrocarbons in these species, 

there was no detectable difference in the effects of the two species’ ebony alleles on 

this phenotype. While we cannot determine whether the effects of differences in ebony 

function between these alleles was limited to changing pigmentation, the absence of an 

allele-specific effect on cuticular hydrocarbons at least suggests that evolution at ebony 

in these species did not have widespread, detectable effects on all phenotypes that rely 

on ebony. 

 

Interestingly, in all cases of pigmentation evolution within Drosophila where the 

causative sequence changes have been identified, the mutations are non-coding, cis-

regulatory changes (Massey and Wittkopp, 2016). While this model system affords us 

the rare opportunity to investigate the extent of phenotypic changes resulting from 

evolution of cis regulatory sequences that control the expression of genes with known 

pleiotropic roles in multiple traits (Takahashi, 2013; Wittkopp and Beldade, 2009), 

studies rarely investigate whether the mutations underlying pigmentation differences 

affect expression in other tissues associated with other characteristics. I see this as a 
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missed opportunity to test the hypothesis that cis-regulatory changes are favored 

because of their limited pleiotropy. Furthermore, investigating the effects of known 

alleles with different effects on pigmentation outside of the tissues and developmental 

stages related to pigmentation has the potential to possibly aid in the investigation of the 

selective forces underlying changes in pigmentation. It is possible that pigmentation 

differences could, in some cases, be tied to changes in cuticular hydrocarbons, vision, 

behavior, or other characteristics that have been shown to rely on genes such as 

yellow, ebony, and tan that have repeatedly been found to underlie differences in 

pigmentation (Borycz et al., 2002; Kennell et al., 2012; Massey et al., 2019a, 2019b; 

Wittkopp and Beldade, 2009).  

 

 

More mechanistic studies into the evolution of increased expression are needed. 

 

 While the experiments described in Chapter 3 demonstrate the long-

hypothesized role of ebony in the evolution of light body color in D. novamexicana and 

D. americana, we still do not know the specific mutations that cause this change in 

ebony function, nor the mechanism by which these mutations change ebony activity. 

While it has been shown that D. novamexicana ebony is more highly expressed than D. 

americana ebony during the stages when pigmentation develops (Cooley et al., 2012), it 

is unknown how D. novamexicana ebony gained this increase in expression. Molecular 

insight into the increase in D. novamexicana ebony expression is a particularly attractive 

prospect, considering that of the few cases where the mutations underlying a change in 

pigmentation have been identified and characterized, most cause a decrease in the 

expression of the associated gene (Jeong et al., 2008; Martin and Orgogozo, 2013; 

Prud’homme et al., 2006). In fact, this trend has been observed beyond Drosophila, 

leading to a general hypothesis that tissue-specific loss of expression through cis-

regulatory mutation may be a particularly common mode of phenotypic evolution (Chan 

et al., 2010; Gompel and Prud’homme, 2009; Martin and Orgogozo, 2013; Prud’homme 

et al., 2007; Rus et al., 2005; Stern and Frankel, 2013). Interestingly, another case of 
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derived light body pigmentation in Drosophila, this time within-species variation in D. 

melanogaster, was found to result from an increase in ebony expression, but this 

increase in expression was due to loss-of-function in a silencer element (Johnson et al., 

2015). The overall trend in the available case studies suggest that evolution of 

phenotypes through cis-regulatory changes may occur largely through loss-of-function 

mutations in regulatory sequence, even in cases where expression is increased. It 

would be interesting to determine whether the increase in ebony expression in D. 

novamexicana, too, is caused by a loss of silencer function, or by other means. 

Improvements in genome editing methods to swap sequences at native loci in non-

model Drosophilids would greatly facilitate mechanistic studies of this locus, allowing 

the exchange of candidate regulatory sequences between D. novamexicana and D. 

americana ebony alleles to identify the causative mutations.  

 

Gene expression is more than just transcription: Incorporating post-transcriptional 

regulation into the study of evolution and development in pursuit of a more holistic 

understanding. 

 

While Chapters 2 and 3 of this dissertation describe specific, targeted efforts to 

identify the genetic basis of phenotypic differences and to develop genetic tools to 

facilitate this process, the motivations behind the research described in Chapter 4 were 

more broadly exploratory. Noting a distinct dearth of available information on the role of 

post-transcriptional regulation in the evolution of genetic regulation (Chen and 

Rajewsky, 2007), I set out to determine whether microRNAs (miRNAs), a class of small, 

non-coding RNAs that canonically repress messenger RNAs before translation, play a 

role in the development of D. melanogaster pigmentation. I found that miRNAs do, in 

fact, regulate the development of this trait, presenting evidence for 22 miRNAs that 

appear to be necessary for the development of wild type pigmentation phenotypes in D. 

melanogaster. Furthermore, I provide evidence that miR-8, the one miRNA previously 

shown to affect pigmentation development in this species, may exert its effects on 

pigmentation by coordinately regulating several protein coding genes with long-
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established roles in promoting the production of light yellow pigments over dark 

melanins. It is my hope that the results presented in Chapter 4, in addition to providing 

insight into the roles of miRNAs in the development of D. melanogaster pigmentation,  

might serve as evidence that this model system is a potentially valuable source of 

insight into the roles of miRNAs in development and evolution more generally. There 

are many areas of inquiry that I would like to see explored as a follow-up to my findings 

on this subject. 

 

Understanding the role of miRNAs within the D. melanogaster pigmentation 

developmental network: next steps 

 

The overexpression and competitive inhibition screens described in Chapter 4 

revealed that dozens of miRNAs are sufficient to cause either darkened or lightened 

pigmentation phenotypes in the dorsal cuticle of the abdomen or thorax, and 22 of the 

41 miRNAs competitively inhibited caused changes in pigmentation, suggesting that 

these miRNAs are necessary for the development of normal pigmentation patterns. In 

order to illuminate the roles of these miRNAs within the genetic network underlying 

pigmentation development, further investigation into the genes targeted by these 

miRNAs is necessary. In the case of miR-8, for instance, the reporter assays I 

performed in cell culture provide evidence that the 3’ untranslated regions (UTRs) of 

ebony, black, bric a brac 1 and bric a brac 2 are responsive to strong co-expression of 

miR-8. However, there is currently no direct evidence that any of these genes are 

regulated by miR-8 in vivo during the stages when pigmentation develops. Several 

avenues of inquiry could clarify this. First, immunofluorescence against putative targets 

of miR-8 could be performed in the presence of miR-8 overexpression, competitive 

inhibition of miR-8 via sponge transgene, wild type miR-8 expression, and a miR-8 

mutant background. Functional targets of miR-8 should show reduced protein 

abundance with miR-8 overexpression (unless endogenous miR-8 expression is 

sufficient to fully repress the target), while miR-8 inhibition or loss of function should 

cause increased protein abundance of functional targets. While these experiments 
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would demonstrate that miR-8 affects these target genes, however, it would not be able 

to distinguish between direct and indirect regulation since the protein abundance of the 

potential target gene may be affected by other changes in the genetic environment in 

response to miR-8 presence or absence. Ideally, precise mutation of the predicted miR-

8 binding sites in the 3’ UTRs of these genes could be induced using CRISPR-Cas9, 

after which manipulations of miR-8 presence could be performed as described above, 

with the expectation that ablation of the seed site in a direct target gene’s 3’ UTR will 

cause the protein abundance of the target gene to no longer respond to these 

manipulations.  

 

Alternatively, or in addition, direct assays of miRNA-target interaction may be 

employed, such as Cross-Linking ImmunoPrecipitation (CLIP) or Chimera PCR (ChimP) 

(Broughton and Pasquinelli, 2018; Wessels et al., 2019). These methods have the 

benefit of providing an opportunity to investigate all miRNA-target interactions present in 

the assayed tissue sample rather than focusing on a single, specific miRNA-target pair. 

However, care must be taken in planning these experiments and interpreting the results. 

Previous research has shown that genes can exert their effects on pigmentation during 

short, transient time frames, making it easy to miss biologically relevant information 

depending on the developmental staging of specimens (Cooley et al., 2012). 

Furthermore, the evidence of a physical interaction between a miRNA and 3’ UTR of a 

mRNA is not sufficient to prove the miRNA is repressing the translation of the mRNA to 

which it is bound. For instance, miRNA-target pairs where binding occurred primarily via 

sequence outside the canonical “seed” region of the miRNA have been identified in 

CLIP data but shown to have no detectable effect on transcript abundance of the 

targeted genes, while other classes of miRNA-target interactions generally reduced 

mRNA abundance (Broughton et al., 2016). Therefore, the caveats and limitations of 

each method must be carefully considered when determining a strategy to identify 

biologically meaningful miRNA-target interactions. 
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Models of genetic architecture in metazoans lacking post-transcriptional information are 

incomplete. 

 

Beyond investigating the direct relationships between miRNAs and target genes 

that affect the development of pigmentation, the timing and patterning of miRNA 

expression within the developing cuticle is also an interesting area of inquiry. 

Importantly, well-characterized expression profiles for miRNAs will immensely aid in 

narrowing down potential target genes through which they may affect pigmentation by 

cross-referencing their expression patterns against those of predicted targets (Luo et 

al., 2019). In addition, spatial and temporal expression patterns of miRNAs that affect 

pigmentation might be informative as to how they regulate the development of 

pigmentation. Genes such as yellow, tan, and ebony have expression patterns that 

prefigure the patterning of adult pigmentation patterns, with strong ebony expression in 

regions that will become yellow cuticle, and yellow and tan expression in areas that will 

be dark/black in adult cuticle (Ordway et al., 2014; Rebeiz et al., 2009; Wittkopp et al., 

2002a). If any miRNAs with demonstrated effects on pigmentation have expression 

patterns similar to known pigmentation genes or reminiscent of adult pigment patterns, 

this would raise interesting questions. Are the miRNAs expressed in the developing 

cuticle regulated by the same transcription factors as other pigmentation genes that are 

expressed in similar patterns? Do the expression patterns of miRNAs that affect 

pigmentation change across strains or species of flies with differing pigmentation 

patterns as is often seen with protein-coding genes like ebony, tan, yellow, and bric a 

brac (Ordway et al., 2014; Salomone et al., 2013; Wittkopp et al., 2002b)? A significant 

barrier to investigating the expression patterns of miRNA expression, however, is the 

technical difficulty of visualizing the expression of small, non-coding RNAs which, unlike 

proteins cannot be detected with antibodies, and unlike mRNAs cannot be easily 

targeted with nucleic acid probes using traditional methods due to their short length 

(Urbanek et al., 2015). However, a new, highly sensitive in-situ hybridization method 

called hybridization chain reaction has recently been shown to detect miRNAs in 
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zebrafish and mouse, suggesting that this method may be applicable in Drosophila as 

well (Acharya, 2016; Zhuang et al., 2020). 

 

Characterizing the roles of miRNAs within the genetic network underlying D. 

melanogaster pigmentation may offer rare insights into the regulatory logic coordinating 

the expression of miRNAs, their target genes, and the transcription factors that regulate 

the expression of both of these classes of genes. A few case studies have identified 

interesting regulatory relationships involving miRNAs, such as transcription factors 

regulating the miRNAs that target their own 3’ UTRs, suggesting a feedback mechanism 

(Finnegan and Pasquinelli, 2013; Martinez et al., 2008). Coordinated expression of two 

miRNAs with distinct seed sequences encoded on complementary strands of the same 

locus has also been described in two separate cases, with miRNAs expressed from 

both strands affecting the same biological processes (Garaulet et al., 2014; Scott et al., 

2012). Intriguingly, I found that the paralogs bric a brac 1 and bric a brac 2, which both 

repress the production of black pigment in the posterior abdomen of female D. 

melanogaster in a sexually dimorphic regulatory circuit, each contain seed matches to 

miR-8 that are responsive to miR-8 in cell culture assays, despite the fact that the 3’ 

UTRs did not have overlapping predicted binding sites for other miRNAs in my analysis 

(see Chapter 4, Figure 4-5 and Figure 4-6) (Couderc et al., 2002; Kopp et al., 2000). It 

would be interesting to investigate the evolution of 3’ UTR sequences and miRNA 

regulation of paralogs over evolutionary time. While bric a brac 1 and bric a brac 2 are 

co-expressed in most Drosophila lineages, divergent expression of the two paralogs has 

been identified in at least one lineage (Salomone et al., 2013). These paralogs could 

provide a system to compare the evolutionary rates of transcriptional and post-

transcriptional regulation over a broad range of evolutionary distances. Consideration of 

both transcriptional regulation and post-transcriptional regulation of genes can provide a 

more complete understanding of the regulation of gene expression. It is worth noting 

that common approaches to characterizing the expression patterns of genes using 

reporter genes, such as enhancer traps or transgenes composed of enhancer or 

promoter sequences cloned upstream of reporters, separate the gene from any 

regulatory information contained within the gene’s native 3’ UTR. This could plausibly 
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cause reporter expression to occur outside of the regions where the native protein 

would be expressed if it is usually repressed by miRNAs through sequences in its 3’ 

UTR. Interestingly, ectopic expression has been identified in many enhancer trap lines 

(Casas-Tintó et al., 2017). I propose that the D. melanogaster pigmentation model 

system provides an excellent opportunity to investigate the holistic regulatory 

architecture and evolution of gene expression including the combined actions of pre- 

and post-transcriptional mechanisms. 
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Appendix A 

Supplemental Data for Chapter 2 
 
 

Supplemental Text S2-1: Annotated pGEM-WingGFP-tan sequence (7290bp): 

 
Underlined sequences represent primers used for plasmid construction and 
screening. 
Double underlines represent areas where two primers overlap 
 
5’ homology arm 
5’ target PAM  
Unique portion of 5’ target site for reporter excision (restriction sites: BglII, BsiWI, Acc65I)  
Pupal wing enhancer from D. melanogaster yellow gene 
EGFP with Hsp70 promoter and SV40 polyadenylation signal 
Unique portion of 3’ target site for reporter excision (restriction sites: NarI, Bsu36I, ClaI) 
3’ homology arm 
3’ target PAM 
Restriction sites within pGEM backbone for homology arm removal: 5’ end – ApaI, SphI; 3’ end – 
SbfI, MluI 
 
ATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTC
ACGACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTGGGCCCGACGTCGCA
TGCTCCCGGCCGCCATGGCGGCCGCGGGAATTCGATCTCTGGATAAGCGTCAGCCTCGCGTTGCGTCGCAGT
CGCAGTCGCAGTCGCCTTCGCTGCTGGCGTCGCAGCGTCGCCCATTGCTGTTATTGTTGTTGCTGTGTTTCTAT
ATGCGTTGCCTGCTCCGTTATCGCAGCGACGTCGTCGTCGTCGTCGTCGTCGTCATCAGCTGTCTTCGTGTTGT
TGTTGTGCTTTTTGCTGAGTGTTGTTTGTTCGGCACCTCGAATTGCTGCCGCCAAAACATGTCCAATTCAGTTT
GAATTCTGCCTTCAAGCGCTTTAGAACAATCATATAAAAACTTGGCTTGAATTATCTATATACAATTTGTTTACA
CTGAAATTCTCTCTCTCTCTCGTAACCTTTCTCTCGCTCTGTCTCTGTGTGTGCGTGCGTGTGTTTGAGTGTTGG
TAAAGTTTGTTTAATGAAATTATTAACTCAGTTGTGTTTTTTTTTATTATTATTATTATTTCATCTTGTGAATTTTG
TTTTGTTTTTGTTGCAAAATTTGTTGTAATTCACTTTTCCAGCGAGTTTTTATTCCCACTGAATTATTATATATAT
TTCCTGTGCTTTATTTTTGTTTTCGTCTTTCTATTTACATTTTGTGATCGTGGATAAGACGAACCCAAGCAAAAA
AAAAAAAAGAAAAGAAAAGAATAATTGAGAGCATATTATTACTGCTCATCCTGCTCGAATTTCAGAGCCAAAT
AGCGCGAAGAGCGATAAACGGTCCACAGCACATAGACCAAAACGAAAGCCCAGGAAGCCATGTGCACCTCC
CCGGTGGCCCACCAAATGTCGTCCAGCATGTCCTCCGGCAAGATCTCGTACGGTACCATCCATACTCATCAAT
TATCTTATAGCTTATCGTTACGTGTACGGCGCGCCAATGGCGAAACTGGAAACACTAAACTAGTAAATGCGAA
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ATGTATCATATGGATTTTCATATTTTTTCCACTGCTAATGGAAATGTTTGCCTTGAAGAGATTGGTCGACTATTA
AATGATTATCGCCCGATTACCACATTGAGTGGTTTAAAATAGCCATAAAATATGCAACTGACGATGGCTTAAG
ATAAATACGTCGCAGAGTCACTCATAAATTTCGAACGCAGCCCGCTGATTTACCTACCCCTCTAAACGATTCAT
AGTATATGTACGAGTATATCCACTAAGCTTTTTCGAGCACTGATTTTTTCGCTTGCACGAGACAAGTGCACCAC
CGCAATTGCAGGCAAATTATGTCTGAGGTAATGATTCCGTTTCGTGCAAGATTACACAGAAATCAAATTACGA
CAACCTTTATTCAGTAAGCAAACAAAGCCTTTGTTGGCATCTAATTATTCCACTTATGGTTGCGATTTCGGGAG
CTACAATCGGTTTTGGTTTAGTATATCTAGCGAGTTCCTTGGCGACATTTAAAATTTACAAATAAAGTTTCTCTA
TTCAATCGGGACAGTGGAAATTGACTATTTTATTTATATTAATGAACTTATTTTTAATTTGGCTTAAGTTACTAA
GGGGTACTAATAGTTTGAGCGCAGTGCATGTCATGGGGACATGTGCAATTGTGTGTAAGCGGGAAGTGATC
GCGGCCTTCCGAATTTGGCCATGCCAAATAATCCCAGCTCGAAAGGAGGGGACCCGGCGGTCAGGGCCATG
GACATTGAACTTGAAAAAAAAAAAACACAAAAATATATAACACAAAACGGAAAATGCTGTGTACCGCTTATGT
TAGAGAAGTTGAGCAACGGGTTTTTCGTTTTGCAGTCACGATGGATTTCCAAATTAGTGTAGGAGGGGGGAG
GGGAGGGAGGGAGATAATGTCCAGGCTGCCATAAGTGGGGAATAAGGAAAATAAAACATGAAACACGGGT
CGGGCAATGTCATGCGGTATTCGGCTTTGCTTTCCGGCGCGCCTAGGCCGGCCGACATGTACAGAGCTCGAG
GAGCGCCGGAGTATAAATAGAGGCGCTTCGTCTACGGAGCGACAATTCAATTCAAACAAGCAAAGTGAACAC
GTCGCTAAGCGAAAGCTAAGCAAATAAACAAGCGCAGCTGAACAAGCTAAACAATCTGCAGCCAAGCTGATC
CTCTAGGGTACGCGCTAGAGTCGAGAGGCCTGTTTAAACGATCCACCGGTCGCCACCATGGTGAGCAAGGGC
GAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAG
CGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAA
GCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGAC
CACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCA
AGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAG
CTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCA
CAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGA
GGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCC
CGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCT
GCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGAGCAGGCACAGAAGGC
ATCGCCAGCGCTCTAGGAGCCGCAATCGCAGCCGAAGTCGCAGCAGTGAACGAAAACGCCGTCAACGGAGC
CGAAGTCGCAGCAGTGAACGAAGACGCTACTTGTACAAGTAAAGCGGCCGCGACTCTAGATCATAATCAGCC
ATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATG
AATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTT
CACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTACTAGTGGCC
ACGTGGAGGCCGGCCGAATTCGAATGGCCATGGGACGTCGACCTGTGGTAATTATAACCCTGGCGCCTAAGG
ATCGATACTTGGGGATACCCTGAACCCTCTTCTTCCAACACCAAATGCAAATATATATACAGACTCTATATATA
TGCAGACTCTAGCTCTTATTATTTACCCAATTTGCTCAAAAAACAAGATTTCGATATCGATTTTTATCGATTGCT
TGGAAACGGGGCAAGTTATCGAATATCGGAAACAAACTCGATCTGCGTAGACACTAGTCAAGTTCTTCAAGTC
TCTAGCTCTTCTGATATCCCTGCCTTCATACATATGGACGGACGGACGGACGGACATGGCTAGATCGACTCGG
CTATTGATGCTGATCAAGAATATATATACTTTATGGGGTCGGAGGTGCTTCATTCTGCCTGTTACATACATTTG
CATTTTGCACAAACCCTTCTTACCCACTTTCAATGGGTTCAGAGTATAAAATGAAATTGTTTTTGTGCTCATCGA
ATTCGAAATTGTCATTCAAGCAGAAAATTGAAATCAACTGTGAAATTTCCAATAAATATTAAGCATATACAATT
ATGCATTTGAAGCTATTCCAAATTGAAGCTAGAAATTGAGCATATCTGCGGCACGCCGAAGATGAAATACCCT
TCCTTTGCAGATAGGCGCACATTGTCACGCCTCAATTCTCATTTCTCGACCGATTCTTTCCTTTGATCTATATTA
GATAGTCGTACAATATGAGATGAACTAGTCAATGCTACAGTTAGTCCAGATATCTTGATGAAAACAAAGTTTT
TCGTACAAGAACCTACTTAGCGACCTATCGTTCCTATGCCAGCTATATGATATAGAAAACCAGAAGAGATTAC
CTACGACGAATTGCAAGACGTTAGCTAAAATGCTGAGAGACTAGTTCTCAGAGAAACAAACAGATGGATCAG
ATATATATATGGAGATGTTCCCTTCTAGGTGTTACACATTCCATGACAATCTCATAATACCCCGCACAAGCATC
ACTAGTGAATTCGCGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAACGCGTTGGATGCATAGCTTGA
GTATTCTATAGTGTCACCTAAATAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCG
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CTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAA
CTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAAT
CGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCG
CTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGG
GGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTG
CTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAA
ACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCT
GCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGT
ATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTG
CGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACT
GGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGG
CTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGC
TCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAA
AAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTA
AGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAAT
CAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGC
GATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTAC
CATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCA
GCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGC
CGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTG
GTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC
CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTA
TCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGT
GAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGG
GATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCT
CAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTT
ACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGAC
ACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAG
CGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCA
CCTGATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGAAATTGTAAGCGTTAAT
ATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATC
CCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAA
AGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCAC
CCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAG
AGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAG
GGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGG
CGCGTCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCT 
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Supplemental Text S2-2: Annotated pGEM-3XP3.RFP-tan sequence (6653bp): 

 
5’ homology arm 
5’ target PAM  
Unique portion of 5’ target site for reporter excision (restriction sites: BglII, BsiWI, Acc65I)  
3XP3 eye-expression Promoter 
RFP with α-tubulin 3’UTR 
Unique portion of 3’ target site for reporter excision (restriction sites: NarI, Bsu36I, ClaI) 
3’ homology arm 
3’ target PAM 
Restriction sites for homology arm removal: 5’ end – ApaI, NcoI; 3’ end – SexAI, MluI 
 
ATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCAC
GACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTGGGCCCGACGTCGCATGCTC
CCGGCCGCCATGGCGGCCGCGGGAATTCGATCTCTGGATAAGCGTCAGCCTCGCGTTGCGTCGCAGTCGCAGTCG
CAGTCGCCTTCGCTGCTGGCGTCGCAGCGTCGCCCATTGCTGTTATTGTTGTTGCTGTGTTTCTATATGCGTTGCCT
GCTCCGTTATCGCAGCGACGTCGTCGTCGTCGTCGTCGTCGTCATCAGCTGTCTTCGTGTTGTTGTTGTGCTTTTTG
CTGAGTGTTGTTTGTTCGGCACCTCGAATTGCTGCCGCCAAAACATGTCCAATTCAGTTTGAATTCTGCCTTCAAGC
GCTTTAGAACAATCATATAAAAACTTGGCTTGAATTATCTATATACAATTTGTTTACACTGAAATTCTCTCTCTCTCTC
GTAACCTTTCTCTCGCTCTGTCTCTGTGTGTGCGTGCGTGTGTTTGAGTGTTGGTAAAGTTTGTTTAATGAAATTATT
AACTCAGTTGTGTTTTTTTTTATTATTATTATTATTTCATCTTGTGAATTTTGTTTTGTTTTTGTTGCAAAATTTGTTGT
AATTCACTTTTCCAGCGAGTTTTTATTCCCACTGAATTATTATATATATTTCCTGTGCTTTATTTTTGTTTTCGTCTTTC
TATTTACATTTTGTGATCGTGGATAAGACGAACCCAAGCAAAAAAAAAAAAAGAAAAGAAAAGAATAATTGAGAG
CATATTATTACTGCTCATCCTGCTCGAATTTCAGAGCCAAATAGCGCGAAGAGCGATAAACGGTCCACAGCACATA
GACCAAAACGAAAGCCCAGGAAGCCATGTGCACCTCCCCGGTGGCCCACCAAATGTCGTCCAGCATGTCCTCCGG
CAAGATCTCGTACGGTACCAATTGAGCTCATAACTTCGTATAATGTATGCTATACGAAGTTATGTCGACGAATTCG
CGGCCGCGAGCTCGCCCGGGGATCTAATTCAATTAGAGACTAATTCAATTAGAGCTAATTCAATTAGGATCCAAGC
TTATCGATTTCGAACCCTCGACCGCCGGAGTATAAATAGAGGCGCTTCGTCTACGGAGCGACAATTCAATTCAAAC
AAGCAAAGTGAACACGTCGCTAAGCGAAAGCTAAGCAAATAAACAAGCGCAGCTGAACAAGCTAAACAATCGGG
CGGCCGCACTAGAGCCGGTCGCCACCATGAGGTCTTCCAAGAATGTTATCAAGGAGTTCATGAGGTTTAAGGTTC
GCATGGAAGGAACGGTCAATGGGCACGAGTTTGAAATAGAAGGCGAAGGAGAGGGGAGGCCATACGAAGGCCA
CAATACCGTAAAGCTTAAGGTAACCAAGGGGGGACCTTTGCCATTTGCTTGGGATATTTTGTCACCACAATTTCAG
TATGGAAGCAAGGTATATGTCAAGCACCCTGCCGACATACCAGACTATAAAAAGCTGTCATTTCCTGAAGGATTTA
AATGGGAAAGGGTCATGAACTTTGAAGACGGTGGCGTCGTTACTGTAACCCAGGATTCCAGTTTGCAGGATGGCT
GTTTCATCTACAAGGTCAAGTTCATTGGCGTGAACTTTCCTTCCGATGGACCTGTTATGCAAAAGAAGACAATGGG
CTGGGAAGCCAGCACTGAGCGTTTGTATCCTCGTGATGGCGTGTTGAAAGGAGAGATTCATAAGGCTCTGAAGCT
GAAAGACGGTGGTCATTACCTAGTTGAATTCAAAAGTATTTACATGGCAAAGAAGCCTGTGCAGCTACCAGGGTA
CTACTATGTTGACTCCAAACTGGATATAACAAGCCACAACGAAGACTATACAATCGTTGAGCAGTATGAAAGAACC
GAGGGACGCCACCATCTGTTCCTTTAGCGGCCATCGAATTCGAGCTCGCCCACTAAGCGTCGCGCCACTTCAACGC
TCGATGGGAGCGTCATTGGTGGGCGGGGTAACCGTCGAAATCAGTGTTTACGCTTCCAATCGCAACAAAAAATTC
ACTGCAACACTGAAAAGCATACGAAAACGATGAAGATTGTACGAGAAACCATAAAGTATTTTATCCACAAAGACA
CGTATAGCAGAAAAGCCAAGTTAACTCGGCGATAAGTTGTGTACACAAGAATAAAATCGGCCAGATTCAGTGTTG
TCAGAAATAAGAAAACCCCACTATGTTTTTCTTTGCCTTTTCTTTCTCCCAGCGATCATTCATTTCGTGGTGAAAGAA
CGGGGTCATTGCACGGAGTTTCGACTGCGGGAAAGCAGAGCTGCCGTTCACTTCGTCTATAATTAGCGCTTTCTAT
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TTTCCCCGATTCGGGCCGCTGCTGCGCTTTTCCGCCTGCTGTTTGTGGCAAGTGTAGCAGCAGGCTGTGCACGCAG
TGTGGCATGCACTTGGCTTTCCACCGTTGGTATCGATTCTCTGGGACGATGAGTCATTCCTTTCGGGGCCACAGCA
TAATCGTTGCCAGCTCACCGAAATGGTGACTTCATTTCTTAACTGCCGTCAAGCATGCGATTGTACATACATACATA
TTTATATATGTACATATTTATGTGACTATGGTAGGTCGATATAATAGCAATCAACGCAAGCAAATGTGTCAGTCCTG
CTTACAGGAACGATTCTATTTAGTAATTTTCGTTGTATAAAGTAATTATGTATGTATGTAAGCCCCATAAATCTGAA
ACAATTAGGCAAAACCATGCGAAGCTCTCTGGCGCCTAAGGATCGATGCTAGGTCTGACTTTTATATAGAATAATC
TTGCCAGATTTGCATCTTTCTCTGAGTGAACTTTGTTTGATTCTCTCTCTCTCGCTCTCGCCCTCGCTTTCTCGTTCTC
GCTCTCGCTCTCTCTCTCTTATCAGCAGGTGCAATTACAGCTACATATAGTAATCACATAAAGATAATATGATCCTG
ATAAGCGTTTATACGATTCGACTAGTATATCTACTTGTTTCTTTCTTCTACTTTTTTGCCATTTCGTGACCCAGTTCCT
TAACTTAACCTTCACTCAAAACTAACACTCACTCACACTCACACACACACACACACACACACACAAATATAACAATC
ACTCACTTGTTCGCTTTGAGCCGGAAAAACAAAAAAAGAAAAAAAAAGTGGCCAATATCAAGGGCAACAATTGGC
ATGCAGGCCCGACTCCGTCTGGGCGAGCTGCTGGTGGGGTTGGGTTGGCAGGTGAGCGGGCGCTGGGCCGGGT
TGCCCGTGGTCTGGACCCACTCCTGCTCCGTCGAGCAGTCCCCGCGCACATAATTAACAAGCTGGCAACAAGATCT
ATGTCCAACAATAAACCATTATTCATAATGTTGTTTTTAGCGTTTCGTTTTGTTTGTTTGCCCTGTCGATCAGTCGTG
ATCGATTATGGTTCTTTTTGTTGTTGTTGTTGTTGTTGTATATTTTGTAAAATATATTTTTTGCCCAGCAGCAGCATAT
TAGCATACAATACGTTTAAAGAGGGCAATTTGCAAACGGAGTTCGAATCAAATATTTAGAAAGCCGCTTGCAATTC
AATTCAATATTTCCAATTAATCATAATAATATACATTATATATATATATATATATAAATATATGTGTGTGTGCTTTGC
AGGGTCGCACTTTTGGCTCGATGATCAAGAACTTTCTGATCTTATCGCAGCCACTGAACGAGACCTACTTGCCGCTC
TATGGCACCGCAAAAGGCAGTAAGTACTACTCCACGGACCAGGTTGCTTCTCAGATACGCGTTGGATGCATAGCTT
GAGTATTCTATAGTGTCACCTAAATAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGC
TCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCA
CATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCA
ACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTT
CGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGG
AAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATA
GGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAA
GATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCC
GCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCG
CTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAG
TCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTA
GGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCT
CTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGT
GGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGG
GGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTA
GATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAAT
GCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAG
ATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCT
CCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCC
ATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCA
TTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCG
AGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTG
GCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCT
GTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCA
ATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAA
CTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTT
ACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACG
GAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATA
CATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGATGCG
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GTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGAAATTGTAAGCGTTAATATTTTGTTAAAA
TTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAA
AGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAA
CGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGG
GTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGG
CGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCA
CGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCATTCGCCATTCAGGCTGCGC
AACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCT 
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Supplemental Table S2-1: Oligonucleotides and primers used in reagent construction and 
molecular screening: All base-pairing nucleotides are in capital letters. Tailing sequences added to 
primers are in lowercase letters. 

Pair # Purpose Forward (description) 
 

Reverse (description) 

1 Screen for 
plasmid 
backbone 
integration on 
the 5’ end of 
the donor. 
(282bp band if 
backbone is 
present) 

GATGTGCTGCAAGGCGATTAA 
(In pGEM-WingGFP-tan plasmid 
backbone, 5’ of homology arm) 

GAGCAGGCAACGCATATAGAAA
C 
(Within the pGEM-WingGFP-tan 
5’ homology arm) 

2 Screen for 
plasmid 
backbone 
integration on 
the 3’ end of 
the donor. 
(481bp band if 
backbone is 
present) 

GCGACCTATCGTTCCTATGC 
(Within the pGEM-WingGFP-tan 3’ 
homology arm) 

CAGCTGGCACGACAGGTTTC 
(In pGEM-WingGFP-tan plasmid 
backbone, 3’ of homology arm) 

3 Confirm wing-
GFP reporter 
insertion at 
correct locus 
on the 5’ side. 
(1541bp band 
if correctly 
integrated) 

AAACGAACCGCAACTGATATTGAAC 
(In D. americana tan transgene DNA 
outside the 5’ homology arm. 
Represented as primer X in Figure 2-
2.) 

GTCAATTTCCACTGTCCCGATTG 
(In the pGEM-WingGFP-tan 
reporter sequence, specifically 
the pupal wing enhancer from 
the  D. melanogaster yellow 
gene) 
 

4 Confirm wing-
GFP reporter 
insertion at 
correct locus 
on the 3’ side. 
(1163bp band 
if correctly 
integrated) 

TGGTTTGTCCAAACTCATCAA 
(In the pGEM-WingGFP-tan reporter 
sequence, specifically in GFP) 
 

AATATAGAGCGCAGCGGCTGTT 
(In D. americana tan transgene 
DNA outside the 3’ homology 
arm. Represented as primer Y 
in Figure 2-2.) 

5 Amplify 5’ 
homology arm 
for pGEM-
WingGFP-tan 
tailed with 
Gibson 
assembly 
overlaps 

catggcggccgcgggaattcgatCTCTGGATA
AGCGTCAGCCTC 
(Represented as primer A in Figure 2-
2.) 

gatgagtatggatggtaccgtacgagatct
TGCCGGAGGACATGCTGGAC 
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6 Amplify 3’ 
homology arm 
for pGEM-
WingGFP-tan 
tailed with 
Gibson 
assembly 
overlaps 

ttataaccctggcgcctaaggatcgatACTTGG
GGATACCCTGAACC 

gccgcgaattcactagtgatGCTTGTGC
GGGGTATTATGAG 
(Represented as primer B in 
Figure 2-2) 

7 Amplify wing-
expressing GFP 
reporter tailed 
with Gibson 
assembly 
overlaps 

agatctcgtacggtaccATCCATACTCATCAATG
TATCTTATAGCTTATCGTTACGTGTA 
 

agtatcgatccttaggcgccAGGGTTATAA
TTACCACAGGTCG 
 

8 Amplify tan 
sequence to 
replace wing-
GFP reporter 
in second 
stage of allele 
replacement 

catggcggccgcgggaattcgatCTCTGGATA
AGCGTCAGCCTC 
(Same forward primer as in Pair #5 
from this table. Represented as 
primer A in Figure 2-2.) 

gccgcgaattcactagtgatGCTTGTGC
GGGGTATTATGAG 
(Same reverse primer as in Pair 
#6 from this table. Represented 
as primer B in Figure 2-2.) 

9 Spanning PCR 
across edited 
tan locus after 
second 
replacement 
step (~2.5kb 
band if 
repaired 
correctly) 

AAACGAACCGCAACTGATATTGAAC 
(Same forward primer as in Pair #3 from 
this table. Represented as primer X in 
Figure 2-2.) 

AATATAGAGCGCAGCGGCTGTT 
(Same reverse primer as in pair #4 
from this table. Represented as 
primer Y in Figure 2-2.) 

10 Amplify new 3’ 
homology arm 
which in the 
modified 
pGEM-
WingGFP-tan 
before the 
construction of 
pGEM-
3XP3.RFP-tan 
(cloned into 
pGEM-
WingGFP-tan 
using Bsu36I 
and MluI)  

atcctgcctaaggatcGATGCTAGGTCTGAC
TTTTATATAGAATAATC 
(Tailed with Bsu36I and ClaI 
restriction sites.) 

gatacaacgcgtatctGAGAAGCAAC
CTGGTC 
(Tailed with MluI restriction 
sites.) 

11 Amplify 3XP3-
RFP reporter 

ttatggcgcgCCAACGTGTCGGTACCAATT
G 

atcgatccttaggcgccAGAGAGCTTC
GCATGGTTTTGC 
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out of M{3XP3-
RFP.attP}ZH-
51C landing 
site to 
assemble 
pGEM-
3XP3.RFP-tan 

(Contains Acc65I restriction site in 
the primer.) 

(Tailed with NarI and Bsu36I 
restriction sites.) 

12 Oligo-
nucleotide pair 
for cloning 
sgRNA 
expression 
plasmid pCFD3 
targeting t5 
site (see Figure 
2-2) 

gtcGCGACGGGGCAATATCTTGC 
(Sense oligo. which matches t5 target 
site. Note that the sgRNA does not 
include the PAM nucleotides. “gtc” 
tail is for cloning into the BbsI 
restriction site in pCFD3. Instructions 
for pCFD3 cloning at: 
http://www.crisprflydesign.org/wp-
content/uploads/2014/05/Cloning-
with-pCFD3.pdf) 

aaacGCAAGATATTGCCCCGTCG 
(Antisense oligo. to anneal with 
sense oligo to form insert for 
cloning. “aaac” tail is for cloning 
into the BbsI restriction site in 
pCFD3.) 

13 Oligo-
nucleotide pair 
for cloning 
sgRNA 
expression 
plasmid pCFD3 
targeting t3 
site (see Figure 
2-2) 

gtcGTTCAGGGTATCCCCAAGTC 
(See description for Pair #12) 

aaacGACTTGGGGATACCCTGAA 
(See description for Pair #12) 
 

14 Oligo-
nucleotide pair 
for cloning 
sgRNA 
expression 
plasmid pCFD3 
targeting t5re 
site (see Figure 
2-2) 

gtcGGTACCGTACGAGATCTTGC 
(See description for Pair #12) 

aaacGCAAGATCTCGTACGGTAC 
(See description for Pair #12) 

15 Oligo-
nucleotide pair 
for cloning 
sgRNA 
expression 
plasmid pCFD3 
targeting t3re 
site (see Figure 
2-2) 

gtcGGCGCCTAAGGATCGATACT 
(See description for Pair #12) 

aaacAGTATCGATCCTTAGGCGC 
(See description for Pair #12) 

Seq1 Sanger 
sequencing 5’ 
PolyT 

CTCTGGATAAGCGTCAGCCTCG 
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Seq2 Sanger 
sequencing 5’ 
PolyT 

CGCCCATTGCTGTTATTGTT 

Seq3 Sanger 
sequencing 5’ 
target sites 

ATTACTGCTCATCCTGCTCG 

Seq4 Sanger 
sequencing 3’ 
PolyT 

TCACTATGAGGTCGGCTTCG 

Seq5 Sanger 
sequencing 3’ 
PolyT and 3’ 
target sites 

TTGACTAGTGTCTACGCAGATCG 
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Embryos 
injected 

Injected 
adults crossed Founders1 

Homozygous 
edited lines 

established from 
progeny of 
founders 

Proportion of 
founders’ 

progeny with 
wing GFP 

expression 

Homozygous 
lines with 

carrying correct2 
repair events 

1220 150 6 43 2.5%-25.4% 13 
1: In this experiment, founders are defined as injected adults who produced progeny with pupal wing GFP expression. 
2: Correct repair events were identified first by the PCR screens described in the results section. All 13 lines that passed the PCR 
screen were later verified to carry correctly repaired sequence by Sanger sequencing. 

Supplemental Table S2-2: Genome editing rates in the first stage of the allele swap 
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Embryos 
injected 

Injected 
adults crossed Founders1 

Homozygous 
edited lines 

established from 
progeny of 
founders 

Proportion of 
founders’ 

progeny that 
lost wing GFP 

expression 

Homozygous 
lines with 

carrying correct2 
repair events 

1361 179 5 10 0.68%-1.1% 1 
1: In this experiment, founders are defined as injected adults who produced progeny that did not express GFP in the pupal 
wings. 
2: Correct repair events were identified first by the PCR screen described in the results section. The single line that passed the 
PCR screen was later verified to have a correctly repaired sequence by Sanger sequencing. 

Supplemental Table S2-3: Genome editing rates in the second stage of the allele swap 
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Supplemental Figure S2-1: Chromatograms showing the sequence of the edited sites before and 
after each stage of the editing process. In all panels, the reference sequence in the top row represents 
the unedited D. americana tan transgene that was targeted for genome editing in this study. The 
sequencing primers are listed to the left of the chromatograms, and all primer sequences are provided in 
Supplemental Table S2-1. Panels (A) and (B) show chromatograms of the edited homopolymer runs in 
the 5’ homology arm (A) and in first intron (B) of the D. americana tan transgene throughout the allele 
swap process. Sequencing data for homopolymer runs are shown for two different primers per DNA 



151 

template. Panels (C) and (D) show chromatograms of the 5’ target sites and 3’ target sites, respectively, 
across the stages of genome editing. The PAM sequences and sgRNA target sites are labeled.



 152 

Appendix B 

Supplemental Data for Chapter 3 

 

 

 

Supplemental Figure S3-1. Mutations in the D. novamexicana and D. americana white genes cause 
white-eyed phenotype. Photograph shows D. americana white mutant adult male (left) alongside D. 
novamexicana white mutant mutant adult male (right). 
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Supplemental Figure S3-2. nanos promoter failed to drive expression of Cas9 in transgenic D. 
novamexicana. Western blotting showed that three independent insertions of a transgene expected to 
express Cas9 protein in the germline under the control of the nanos promoter failed to produce detectable 
levels of Cas9. From left to right, lanes contained a sample of pure Cas9 protein obtained commercially (a 
positive control) and then total protein extracts from ovaries of sexually mature adult female flies from 
three lines of D. novamexicana with independent insertions of the piggyBac transgene (lines 1-3), the D. 
novamexicana N14 white mutant (w-) host line transgenes were injected into (a negative control), a line of 
D. melanogaster expressing Cas9 in the germline (a second positive control), and a wild-type (wt) of line 
of D. melanogaster (a second negative control).  “L” represents the ladder, or molecular weight marker 
(PageRuler prestained protein ladder). The dotted black line shows where the membrane was cut prior to 
incubation with primary antibodies during the western blotting procedure; the top half was incubated with 
anti-Cas9 antibodies whereas the bottom half was incubated with anti-Lamin antibodies. The two halves 
were realigned by hand for imaging, using the shape of the cut and the ladder staining as a guide. 
Relative intensity of the protein detected with the antibody against Lamin estimate the relative amounts of 
total protein loaded per lane. An un-annotated image of this blot is shown in Supplemental Figure S3-4. 
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Supplemental Figure S3-3. Mutation in the D. novamexicana yellow gene causes visible changes 
in body pigmentation. Photograph shows D. novamexicana white mutant adult male (left) alongside D. 
novamexicana white, yellow mutant adult male (right). Consistent with yellow null phenotypes in other 
species, D. novamexicana individuals identified as yellow mutants displayed a complete lack of black 
pigmentation on body, wings, and bristles. Phenotypically yellow males were observed only in crosses 
where the female N14 nos-Cas9-nos transgenic parent was injected with Cas9 protein along with 
sgRNAs targeting conserved sites in yellow exon 1.  
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Supplemental Figure S3-4. Uncropped and un-annotated western blot images and membranes. (A-
B) Images show combined enhanced chemiluminescence (ECL) and 700nm ladder channels (A) and 
photograph of the blocked and cut membrane (B) from Ebony western blot in Figure 3-3B. (C-D) Images 
show combined enhanced chemiluminescence (ECL) and 700nm ladder channels (C) and photograph of 
the cut membrane (D) from Cas9 western blot in Supplemental Figure S3-2.  
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Supplemental Table S3-1. Oligonucleotides used to generate sgRNAs for CRISPR/Cas9 genome 
editing and nos-Cas9-nos transgene. 

Name Purpose Sequence 

IVT_Common_Re

v 

Common reverse primer 

for generating all DNA 

templates for in-vitro 

transcription of sgRNAs 

AAAAGCACCGACTCGGTGCCACTT

TTTCAAGTTGATAACGGACTAGCCT

TATTTTAACTTGCTATTTCTAGCTCT

AAAAC 

IVT_e_ex2A_Fw Forward primer for 

generating DNA template 

for in-vitro transcription of 

sgRNA targeting one site 

in ebony exon 2. Target 

site in bold. 

GAAATTAATACGACTCACTATAGGC

TGCGCCATGCCGACAAGGGTTTTA

GAGCTAGAAATAGC 

IVT_e_ex2B_Fw GAAATTAATACGACTCACTATAGGC

TCATTTATCAGCAGGAACGTTTTA

GAGCTAGAAATAGC 

IVT_e_ex2C_Fw GAAATTAATACGACTCACTATAGGT

GCCGCCCGTCTCCTTGTGGGTTTT

AGAGCTAGAAATAGC 

IVT_e_ex2D_Fw GAAATTAATACGACTCACTATAGGC

AGCGATGGGGACTTCATCGGTTTT

AGAGCTAGAAATAGC 

IVT_e_ex2E_Fw GAAATTAATACGACTCACTATAGGG

TTTGCATGCAACCGTCGGGTTTTA

GAGCTAGAAATAGC 
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IVT_w_ex2_Fw Forward primer for 

generating DNA template 

for in-vitro transcription of 

sgRNA targeting one site 

in either white exon 2 or 3. 

Target site in bold. 

GAAATTAATACGACTCACTATAGGT

CCACATTGTGCCACGCATGTTTTA

GAGCTAGAAATAGC 

IVT_w_ex3_Fw GAAATTAATACGACTCACTATAGGA

CCACGCTGCTGAATGCCCGTTTTA

GAGCTAGAAATAGC 

IVT_yA_Fw Forward primer for 

generating DNA template 

for in-vitro transcription of 

sgRNA targeting one site 

in yellow exon 1. Target 

site in bold. 

GAAATTAATACGACTCACTATAGGA

AGGAGCAGGCGATCGCCAGGTTT

TAGAGCTAGAAATAGC 

IVT_yB_Fw GAAATTAATACGACTCACTATAGGC

CGCAGAACGGCCTGCCCGTGTTTT

AGAGCTAGAAATAGC 

IVT_yC_Fw GAAATTAATACGACTCACTATAGGT

CTTTGTCACAGTGCCGCGCGTTTT

AGAGCTAGAAATAGC 

nosCas9_GA_Fw Amplify nos-Cas9-nos 

transgene out of pnos-

Cas9-nos (Addgene 

#62208) with tailed 

primers to assemble into 

pBac{3XP3-ECFPafm}. 

TTCGAATGGCCATGGGACGTCGAC

CGGATTTCACTGGAACTAGGCTAG 

nosCas9_GA_Re

v 

ATATAGGGCCCGGGTTATAATTAC

CCGAGACCGTGACCTACATCG 
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Supplemental File S3-1. Raw data measuring CHC abundance Download at: 

https://deepblue.lib.umich.edu/data/concern/data_sets/pc289j48s 

 

Supplemental File S3-2. R code used for analyzing CHC data Download at: 

https://deepblue.lib.umich.edu/data/concern/data_sets/pc289j48s 

https://deepblue.lib.umich.edu/data/concern/data_sets/pc289j48s
https://deepblue.lib.umich.edu/data/concern/data_sets/pc289j48s
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Appendix C 

 

Supplemental Data for Chapter 4 
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Supplemental Figure S4-1: Penetrance of pigmentation phenotypes for all miRNAs included in 
competitive inhibition screen, male data, competitive inhibition crosses at 28ºC. From left to right, 
the plots represent penetrance of phenotypes observed in the posterior abdomen, anterior abdomen, and 
thorax of male flies.  Penetrance of phenotypes range from 0 (no flies observed display plotted 
phenotype) to 1 (all flies observed display plotted phenotype). Penetrance of lightening phenotypes are 
plotted extending to the left from the “0” axis, while penetrance of darkening phenotypes are plotted 
extending to the right. Competitive inhibition data is represented by blue bars without borders, while over-
expression data is represented by pink bars with black borders. Numbers of flies phenotyped for each 
penetrance value are listed on the right of the figure under “N=”, and are color coded in the same manner 
as penetrance data. All competitive inhibition data displayed was collected from crosses set at 28ºC. All 
lines and genotypes are the same as those described in Figure 4-3.
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Supplemental Figure S4-2: Penetrance of pigmentation phenotypes for all miRNAs included in 
competitive inhibition screen, female data, competitive inhibition crosses at 18ºC. From left to right, 
the plots represent penetrance of phenotypes observed in the posterior abdomen, anterior abdomen, and 
thorax of female flies.  Penetrance of phenotypes range from 0 (no flies observed display plotted 
phenotype) to 1 (all flies observed display plotted phenotype). Penetrance of lightening phenotypes are 
plotted extending to the left from the “0” axis, while penetrance of darkening phenotypes are plotted 
extending to the right. Competitive inhibition data is represented by blue bars without borders, while over-
expression data is represented by pink bars with black borders. Numbers of flies phenotyped for each 
penetrance value are listed on the right of the figure under “N=”, and are color coded in the same manner 
as penetrance data. All competitive inhibition data displayed was collected from crosses set at 18ºC. All 
lines and genotypes are the same as those described in Figure 4-3. 
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Supplemental Figure S4-3: Penetrance of pigmentation phenotypes for all miRNAs included in 
competitive inhibition screen, male data, competitive inhibition crosses at 18ºC. From left to right, 
the plots represent penetrance of phenotypes observed in the posterior abdomen, anterior abdomen, and 
thorax of male flies.  Penetrance of phenotypes range from 0 (no flies observed display plotted 
phenotype) to 1 (all flies observed display plotted phenotype). Penetrance of lightening phenotypes are 
plotted extending to the left from the “0” axis, while penetrance of darkening phenotypes are plotted 
extending to the right. Competitive inhibition data is represented by blue bars without borders, while over-
expression data is represented by pink bars with black borders. Numbers of flies phenotyped for each 
penetrance value are listed on the right of the figure under “N=”, and are color coded in the same manner 
as penetrance data. All competitive inhibition data displayed was collected from crosses set at 18ºC. All 
lines and genotypes are the same as those described in Figure 4-3.
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Supplemental Table S4-1: Phenotypes and notes on all individual flies collected in miRNA 
overexpression screen. Each row contains the gene under UAS control (“UAS_line”) for each cross, the 
miRNA associated with the line, date of collection, date of phenotyping, sex, balancers present, notes on 
phenotypes observed, classification of phenotype in posterior abdomen, anterior abdomen, and thorax (“l” 
for lightened, “d” for darkened, blank if unaffected), presence of visible developmental defects in 
abdomen, thorax, bristles, or wings (1 = defects observed), whether the defects obscure the pigmentation 
phenotype (1= slightly obscured, 2= completely obscured, 0=not obscured), and whether observed 
defects occurred in the same body segment as the observed pigmentation effects or different body 
segment (“s” = same, “d” = different). Download at: 
https://deepblue.lib.umich.edu/data/concern/data_sets/pc289j48s 

https://deepblue.lib.umich.edu/data/concern/data_sets/pc289j48s
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Supplemental Table S4-2: Phenotypes and notes on all individual flies collected in miRNA 
competitive inhibition screen. Each row contains the miRNA sponge or control (scrambled) 
sponge  under UAS control (“UAS_line”) for each cross, the miRNA(s) associated with the line, the 
rearing temperature, date of collection, date of phenotyping, sex, balancers present, copy number of 
sponge transgenes inherited (default 2 copies, one on each of 2nd and 3rd chromosome, “1” indicates 
single copy of sponge transgene), notes on pigmentation, phenotypes observed, classification of 
phenotype in posterior abdomen, anterior abdomen, and thorax (“l” for lightened, “d” for darkened, blank if 
unaffected), presence of visible developmental defects in abdomen, thorax, bristles, or wings (1 = defects 
observed), notes on non-pigment phenotypes, whether the defects obscure the pigmentation phenotype 
(1= slightly obscured, 2= completely obscured, 0=not obscured), and whether observed defects occurred 
in the same body segment as the observed pigmentation effects or different body segment (“s” = same, 
“d” = different). Download at: https://deepblue.lib.umich.edu/data/concern/data_sets/pc289j48s 

https://deepblue.lib.umich.edu/data/concern/data_sets/pc289j48s
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Supplemental Table S4-3: Summary data from overexpression and competitive inhibition screens. 
Includes: Fly strain identification numbers, miRNA annotation confidence, counts of flies collected, 
statistical tests of viability, brief descriptions of pigmentation phenotypes, and brief descriptions of non-
pigmentation phenotypes/defects observed. Sheet one contains all data. Sheet two contains descriptions 
of the contents of columns in sheet one. Download at: 
https://deepblue.lib.umich.edu/data/concern/data_sets/pc289j48s 

  

https://deepblue.lib.umich.edu/data/concern/data_sets/pc289j48s
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Supplemental Table S4-4. List of pigmentation genes. For each gene, this table lists: name, 
annotation symbol (“CG” number), categorization as transcription factor (Y = annotated as transcription 
factor, N = not annotated as transcription factor), pigmentation role (“darkens” if the gene has been 
experimentally demonstrated as either necessary or sufficient for the development of dark 
pigmentation;  “lightens” if experimental evidence shows that it is necessary to prevent the development 
of dark pigments and/or sufficient to lighten pigmentation where misexpressed), Loss-of-function effect on 
female A6 melanization, citations supporting the gene’s role in pigmentation. Citation list: [1] = (Kalay et 
al., 2016), [2] = (Rogers et al., 2014), [3] = (Dembeck et al., 2015b), [4] = (Wright, 1987), [5] = (Wittkopp 
et al., 2003), [6] = (Kopp and Duncan, 1997), [7] = (Riedel et al., 2011), [8] = (Dewey et al., 2004), [9] = 
(Wakabayashi-Ito et al., 2011), [10] = (Norgate et al., 2006), [11] = (Shakhmantsir et al., 2014), [12] = 
(Baker and Truman, 2002), [13] = (Sekine et al., 2011). 

 

Gene 
Annotation 
symbol 

Transcription 
factor 

Pigmentation 
role 

Loss-of-function effect on female A6 
melanization Citation(s) 

Abd-A CG10325 Y darkens Less melanized [2] 

Abd-B CG11648 Y 
context-
dependent Less melanized [1],[2] 

Akt1 CG4006 N darkens Unknown [11] 

Ask1 CG4720 N darkens None [13] 

ato CG7508 Y 
context-
dependent Less melanized [1] 

ATP7 CG1886 N lightens Unknown [10] 

b CG7811 N lightens More melanized [4],[5] 

bab1 CG9097 Y lightens More melanized [1],[2] 

bab2 CG9102 Y lightens More melanized [2] 

BEAF-32 CG10159 Y 
context-
dependent Less melanized [1] 

Br140 CG1845 Y darkens Less melanized [1] 

brm CG5942 Y darkens None [1] 

btn CG5264 Y darkens Less melanized [3] 

Burs CG13419 N darkens Unknown [8] 

C15 CG7937 Y darkens Less melanized [1] 

CG10348 CG10348 Y darkens Less melanized [2] 
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CG30020 CG30020 Y darkens Less melanized [1] 

Chrac-14 CG13399 Y darkens Less melanized [1] 

crol CG14938 Y 
context-
dependent Less melanized [2] 

da CG5102 Y darkens Less melanized [2] 

dalao CG7055 Y darkens Less melanized [2] 

dally CG4974 N darkens Less melanized [3] 

DAT CG3318 Y lightens Unknown [4],[5] 

Ddc CG10697 N darkens Less melanized [4],[5] 

dsb CG1887 N darkens Less melanized [3] 

dsx CG11094 Y 
context-
dependent More melanized [1],[2] 

e CG3331 N lightens More melanized [4],[5] 

Efa6 CG31158 N lightens More melanized [3] 

Eip74EF CG32180 Y lightens More melanized [2] 

Eip78C CG18023 Y 
context-
dependent Less melanized [1] 

exd CG8933 Y lightens None [2] 

Fili CG34368 N lightens More melanized [3] 

frm CG10625 N darkens Less melanized [3] 

fru CG14307 Y darkens Less melanized [1] 

Glut1 CG43946 N lightens More melanized [3] 

grh CG42311 Y lightens More melanized [2] 

Gug  CG6964 Y darkens Less melanized [2] 

hb CG9786 Y darkens Less melanized [1] 

Hesr CG5927 Y darkens Less melanized [1] 

Hr38 CG1864 Y darkens Less melanized [1] 

Hr4 CG16902 Y darkens Less melanized [2] 
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Hr46 CG33183 Y 
context-
dependent Less melanized [1] 

Hr78 CG7199 Y 
context-
dependent Less melanized [1] 

hth CG17117 Y lightens None [2] 

jing CG9397 Y darkens Less melanized [1],[2] 

kay CG33956 Y darkens Less melanized [3] 

Kcmf1 CG11984 Y lightens More melanized [1] 

kkv CG2666 N darkens Less melanized [3] 

klar CG17046 N lightens More melanized [3] 

Klp61F CG9191 N lightens More melanized [3] 

lab CG1264 Y darkens Less melanized [1] 

Lim3 CG10699 Y darkens Less melanized [1] 

lmd CG4677 Y lightens None [2] 

loco CG5248 N lightens More melanized [3] 

M1BP CG9797 Y darkens Less melanized [2] 

Mad CG12399 Y darkens Less melanized [2] 

MBD-like CG8208 Y lightens None [2] 

MBD-R2 CG10042 Y darkens Less melanized [2] 

Met CG1705 Y 
context-
dependent Less melanized [1] 

mgl CG42611 N lightens Unknown [7] 

Mi-2 CG8103 Y lightens More melanized [2] 

noc CG4491 Y darkens Less melanized [1] 

omb CG3578 Y darkens Less melanized [4],[6] 

osa CG7467 Y darkens Less melanized [2] 

pdm3 CG11641 Y lightens More melanized [2] 

pita CG3941 Y darkens Less melanized [2] 
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ple CG10118 N darkens Less melanized [4],[5] 

pns CG7852 N darkens Less melanized [3] 

pnt CG17077 Y 
context-
dependent Less melanized [1] 

rk CG8930 N darkens Less melanized [12] 

ru CG1214 N darkens Less melanized [3] 

sbb CG5580 Y darkens Less melanized [2] 

scrt CG1130 Y darkens Less melanized [2] 

sd CG8544 Y darkens Less melanized [1] 

sima CG7951 Y darkens Less melanized [1] 

sinu CG10624 N darkens Less melanized [3] 

sox102F CG11153 Y darkens Less melanized [1],[2] 

SoxN CG18024 Y darkens Less melanized [1] 

Ssrp CG4817 Y darkens Less melanized [2] 

Su(var)2-
10 CG8068 Y darkens Less melanized [2] 

Su(z)12 CG8013 Y 
context-
dependent Less melanized [1] 

Sucb CG10622 N darkens Less melanized [3] 

t CG12120 N darkens Less melanized [4],[5] 

tai CG13109 Y lightens More melanized [2] 

tfc CG9134 N darkens Less melanized [3] 

Tip60 CG6121 Y lightens More melanized [1] 

Torsin CG3024 N darkens Unknown [9] 

tx CG5441 Y darkens Less melanized [2] 

unpg CG1650 Y darkens Less melanized [2] 

ush CG2762 Y 
context-
dependent Less melanized [1] 

vfl CG12701 Y lightens More melanized [2] 
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vvl CG10037 Y darkens Less melanized [1] 

y CG3757 N darkens Less melanized [4],[5] 
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